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BACKGROUND: Studies on serially measured GDF-15 (growth differentiation factor 15) in acute heart failure (HF) are limited. 
Moreover, several pathophysiological pathways contribute to HF. Therefore, we aimed to explore the (additional) prognostic 
value of serially measured GDF-15 using a multi-marker approach to more accurately predict HF risk.

METHODS: TRIUMPH (Translational Initiative on Unique and Novel Strategies for Management of Patients With Heart Failure) 
is a prospective cohort of 496 patients with acute HF who were enrolled in 14 hospitals in the Netherlands between 2009 
and 2014. Blood sampling was scheduled at 7 moments during 1-year follow-up. GDF-15, NT-proBNP (N-terminal pro-
B-type natriuretic peptide), ST2 (suppression of tumorigenicity 2), galectin-3, troponin I, and creatinine were measured in 
a central laboratory. We associated repeated measurements of these biomarkers with the composite primary end point of 
all-cause mortality and HF rehospitalization, using multivariable joint modeling.

RESULTS: Median age was 74 years, and 37% were women. Median baseline GDF-15 was 4632 pg/mL. The primary end 
point was reached in 188 (40%) patients. The average estimated GDF-15 level increased weeks before the primary end 
point was reached. The hazard ratio per 1 SD difference in log-GDF-15 was 2.14 (95% CI, 1.78–2.57) unadjusted, 1.96 
(1.49–2.53) after adjustment for clinical confounders and 1.44 (1.05–1.91) when jointly modeled with all biomarkers. The 
adjusted HRs for NT-proBNP were 2.38 (1.78–3.33) and 1.52 (1.15–2.08), respectively. The multimarker model combining 
GDF-15, NT-proBNP, and troponin I provided a favorable risk discrimination (area under the curve=0.785).

CONCLUSIONS: Sequentially measured GDF-15 independently and dynamically predicts risk of adverse outcomes during 
1-year follow-up after index admission for acute HF. NT-proBNP remains a robust predictor among potential candidates. 
Multiple biomarkers should be considered for stratification in clinical practice.

REGISTRATION: URL: https://www.trialregister.nl/trial/1783; Unique Identifier: NTR1893. (The trial can be found temporarily 
at https://trialsearch.who.int/Trial2.aspx?TrialID=NTR1893.) 
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Heart failure (HF) increasingly burdens health care 
costs1 due to high mortality rates and frequent 
hospitalization despite evidence-based treat-

ment according to current guidelines.2 In the context 
of reducing this growing burden, serum biomarkers, 
which reflect underlying biological processes, are 
becoming increasingly popular for risk stratification 
and treatment guidance. The most well-known and 

extensively studied biomarker in HF is NT-proBNP 
(N-terminal pro-B-type natriuretic peptide), which 
has been shown to provide incremental prognostic 
value to known clinical confounders. However, HF is 
a syndrome with a broad pathophysiological basis, and 
there is still need for novel circulating biomarkers that 
are expressed downstream several relevant molecular 
pathways.3 Recent examples of such novel HF bio-
markers include ST2 (suppression of tumorigenicity 
2)4 and galectin-3,5 which we have previously investi-
gated and shown to provide additional information to 
that conferred by NT-proBNP. Despite this evidence, 
these markers have not yet been adopted in the guide-
lines or routine clinical care.

A promising upcoming HF biomarker, which we 
have not previously investigated, is GDF-15 (growth 
differentiation factor 15). GDF-15 is a member of 
the transforming growth factor beta cytokine super-
family that is expressed in inflammatory state, under 
oxidative stress and reflects cardiac remodeling.6,7 A 
meta-analysis of 8 clinical studies in patients with HF 
showed that elevated levels of GDF-15 were associ-
ated with increased mortality.8 However, these studies 
relied on a single, baseline measurement of GDF-15, 
which fails to take into account disease progression 
and the dynamic pattern of biomarkers during follow-
up. Studies on the longitudinal evolution of GDF-15 
(≥3 measurements) and its relation with HF prognosis 
are limited9–12 and even more so in patients with acute 
HF.10 Furthermore, a multimarker approach might be 
necessary to account for the heterogeneity in patho-
physiology and has been insufficiently applied in this 
context.9,10 Thus, the full potency of serially measured 
GDF-15 remains unclear.

The current article describes our findings with 
respect to repeated measurements of several biomark-
ers, which we studied as prognostic markers for rel-
evant clinical outcomes, with particular interest in the 
additional prognostic value of GDF-15 as part of a mul-
timarker approach including NT-proBNP, ST2, galec-
tin-3, troponin I, and creatinine. To this end, we used 
our TRIUMPH study (Translational Initiative on Unique 
and Novel Strategies for Management of Patients With 
HF), which was typically designed for this purpose; to 
identify and validate the prognostic value of temporal 
patterns of potentially relevant biomarkers in patients 
with acute HF.4,5

METHODS
Data Integrity and Sharing
The corresponding author had full access to all the data in 
the study and takes responsibility for its integrity and the 
data analysis. The data that support the findings of this study 
are available from the corresponding author upon reason-
able request.

Nonstandard Abbreviations and Acronyms

CHAMPION  CardioMEMS Heart Sensor Allows 
Monitoring of Pressure to Improve 
Outcomes in NYHA III Heart Failure 
Patients

GDF-15 growth differentiation factor 15
HF heart failure
Hs-TnT high-sensitivity troponin T
LVEF left ventricular ejection fraction
NT-proBNP  N-terminal pro-B-type natriuretic 

peptide
RELAX-AHF relaxin in acute heart failure
ST2 suppression of tumorigenicity 2
TRIUMPH  Translational Initiative on Unique and 

Novel Strategies for Management of 
Patients With Heart Failure

WHAT IS NEW?
• Increase in GDF-15 (growth differentiation factor 

15) level is strongly associated with an increased 
composite risk of all-cause mortality and heart fail-
ure hospitalization after admission for acute heart 
failure, independent of multiple biomarkers includ-
ing NT-proBNP (N-terminal pro-B-type natriuretic 
peptide).

• Repeated measurements better reflect the dynamic 
pattern of biomarkers and take into account the nat-
ural disease progression compared with a single, 
baseline measurement.

• A multimarker panel of GDF-15, NT-proBNP, and 
troponin I has a stronger relation with the incidence 
of adverse outcomes during follow-up than a single-
marker panel.

WHAT ARE THE CLINICAL IMPLICATIONS?
• A combination of multiple, serially measured (novel 

and established) biomarkers could improve risk 
stratification on top of existing risk prediction tools 
and further facilitate clinical decision-making.

• Frequent measurement of biomarkers during outpa-
tient follow-up could provide an actionable window 
to anticipate and potentially prevent adverse events 
such as readmission, warranting further research 
into biomarker-guided management of heart failure.
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Study Design and Procedures
Full details of the TRIUMPH study have been published 
before4,5 and are briefly mentioned here. TRIUMPH was a pro-
spective, observational study conducted in 14 hospitals in the 
Netherlands between September 2009 and December 2013, 
enrolling patients admitted with acute HF. Patients were eli-
gible if they were ≥18 years and hospitalized with a diagnosis 
of acute HF, either newly diagnosed or as an exacerbation of 
known, chronic HF. During hospitalization blood samples were 
collected at day 1 (admission), day 2 to 4, and on the day of 
discharge. Hereafter, blood samples were collected during 
regular outpatient follow-up visits at 2 to 4 weeks, 3, 6, and 
9 to 12 months. The baseline blood sample was defined as 
the first measurement obtained within 48 hours after inclusion. 
HF status was assessed at each visit using New York Heart 
Association classification. Medication use was determined at 
discharge. Patients underwent physical examination, venipunc-
ture, and imaging (including echocardiography), and all relevant 
variables were systematically measured during the scheduled 
moments described above. Follow-up was up to a maximum 
of 400 days after index admission to allow assessment of 
biomarker changes near the end point. The primary end point 
(PE) was the composite of all-cause mortality and HF hospi-
talization. The secondary outcome was all-cause mortality. An 
event adjudication committee, blinded to biomarker information, 
reviewed and adjudicated the study end points.

This study complies with the Declaration of Helsinki and 
was approved by the METC Erasmus MC institutional review 
board (MEC 2009-053) as well as the review boards at all 
other participating centers. It has been registered in the national 
trial register (NTR1893). All patients provided written informed 
consent before study procedures. The procedures followed 
were according to institutional guidelines. Patients received 
care as usual by the treating physician according to the pre-
vailing HF guidelines at the time.13 The treating physician was 
blinded to study-specific biomarker data, which was measured 
after study completion.

Blood Samples and Biomarker Measurements
Nonfasting blood samples were drawn by means of venipunc-
ture and transported to the clinical chemistry laboratory of 
each participating center for further processing according to a 
standardized protocol. Samples were centrifuged at 1700 G/
relative centrifugal force, after which heparin plasma and blood 
serum were separated. All blood aliquots were stored at a tem-
perature of −80 °C within 2 hours after venipuncture.

All samples were measured in a single batch analysis of 
GDF-15, NT-proBNP, ST2, galectin-3, troponin I, and creatinine 
levels at a central laboratory. GDF-15 levels were determined 
in serum by the Cobas-e system using the Roche Diagnostics 
GDF-15 electro-chemiluminescent sandwich immunoassay 
(Elecsys GDF-15). NT-proBNP levels were determined in 
heparin plasma by using the Elecsys NT-proBNP electro-che-
miluminescent sandwich immunoassay on a Cobas 8000 ana-
lyzer (Roche Diagnostics Ltd, Rotkreuz, Switzerland). ST2 levels 
were determined in serum using a quantitative sandwich mono-
clonal ELISA (Presage ST2 Assay; Critical Diagnostics Inc, 
San Diego, CA). Galectin-3 levels were determined in serum 
using the BGM galectin-3 Test (BG Medicine Inc, Waltham, 
MA). Troponin I levels were determined in heparin plasma on 

an Access 2 immunoassay system using the Access AccuTni 
assay procedure (Beckman Coulter Inc, Fullerton, CA). creati-
nine levels were determined in heparin plasma on the Cobas 
8000 analyzer.

Analysts were blinded to patient characteristics and study 
end points.

Statistical Analysis
All continuous variables were non-normally distributed, as 
assessed by visual examination of histograms and Q-Q plots. 
Continuous variables are therefore presented as median and 
interquartile range (IQR), and differences in continuous vari-
ables between baseline GDF-15 quartiles were evaluated 
using the Jonckheere-Terpstra trend test. Categorical vari-
ables are presented as counts and percentages, and differ-
ences in categorical variables between baseline GDF-15 
quartiles were evaluated with χ2 trend tests using the Cochran-
Armitage extension or the linear-by-linear association accord-
ing to Mantel-Haenszel, as appropriate. The biomarkers were 
log-transformed and the correlation between biomarkers was 
calculated using Spearman correlation analyses. The log-trans-
formed biomarkers were then standardized, and their Z-scores 
were used for longitudinal analyses.

The association between baseline biomarker measurement 
and study end points was assessed using Cox proportional 
hazards (PH) regression models. The PH assumption was 
evaluated based on the scaled Schoenfeld residuals. The asso-
ciation between repeated biomarker measurements and study 
end points was assessed using joint models, which combine a 
linear mixed effects model for the longitudinal evolution of the 
biomarker with a time-to-event model that relates the serially 
measured biomarker levels to the incidence of the end points.14

We ran the following models:
1. Univariable or unadjusted.
2. Adjusted for age, sex, systolic blood pressure, diabetes, 

left ventricular ejection fraction, previous HF hospital-
ization within last 6 months, ischemic HF etiology, body 
mass index, estimated glomerular filtration rate15 (except 
in model with creatinine; clinical model).

3. Adjusted for clinical variables and NT-proBNP.
4. Adjusted for clinical variables and NT-proBNP plus an 

additional biomarker.
5. Only adjusted for all biomarkers (biomarker model).

The selection of potential confounders is based on previous 
analyses of TRIUMPH and represents some of the common 
variables also used in risk assessment tools like Meta-Analysis 
Global Group in Chronic HF16 and Barcelona (BCN) Bio-HF 
calculator17. Both the linear mixed effects and Cox PH regres-
sion submodels were adjusted for the same variables. We used 
cubic splines with knots set at 1 week and 1 month after index 
admission for the linear mixed effects submodel, based on clini-
cal data and biomarker evolution. The results of the models are 
presented as hazard ratios (HRs) per 1 SD difference of the 
biomarker level (on the log-scale) with 95% CIs. Measures 
of discrimination (C-index and area under the curve) are also 
presented for each of the models. The area under the curve 
was based on the “aucJM” function with measurements up to 
7 days used to predict outcomes up to 30 days for short-term 
and similarly 30 to 400 days for long-term. Data on covari-
ates were complete in at least 92%, except for left ventricular 
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ejection fraction with 78% completeness. Missing data in 
covariates were addressed by means of single imputation using 
the multivariate imputation by chained equations function.

For all tests, a P<0.05 was considered statistically signifi-
cant. Data were analyzed using SPSS Statistics for Windows, 
version 25 (IBM Corp, Armonk, NY) for data preparation and 
descriptive analyses. R Statistical Software version 3.6.3 
(Vienna, Austria) was used for the main analyses; Cox regres-
sion analysis using the “survival” package, joint modelling with 
“mvJMBayes” function within the “JMBayes” package.14

RESULTS
Baseline Characteristics
The TRIUMPH cohort study enrolled 496 patients. How-
ever, 3 patients withdrew informed consent, whereas 
18 patients were withdrawn from analysis due to a lack 
of evidence of sustained left ventricular dysfunction. 
Therefore, the analysis set included 475 patients; base-
line characteristics are presented in Table 1. Median 
age was 74 years (IQR, 65–81), and 37% were women. 
The median left ventricular ejection fraction was 30% 
(IQR, 21–41), and most patients (83%) had HF with 
reduced ejection fraction according to the prevailing HF 
guidelines at the time13 whereas this was 69% accord-
ing to the updated guidelines.2 More than half (55%) of 
the patients were in New York Heart Association class 
III. Median baseline levels of GDF-15, NT-proBNP, ST2, 
galectin-3, troponin I, and creatinine were 4632 pg/mL 
(IQR, 2859–7399), 4152 pg/mL (IQR, 2089–9387), 
72 ng/mL (IQR, 47–103), 24 ng/mL (IQR, 18–34), 46 
ng/mL (IQR, 24–99), and 126 µmol/L (IQR, 100–164), 
respectively.

Table 1 also shows the characteristics according to 
quartiles of baseline GDF-15. Kidney function was sig-
nificantly worse in the highest quartile compared with 
the lowest (34 versus 63 mL/min per 1.73 m2) and 
as expected, the prevalence of chronic kidney disease 
was higher (38% versus 7%; P<0.001). Similarly, more 
patients in the higher quartiles had undergone previ-
ous HF hospitalization in the last 6 months, had isch-
emic HF etiology and diabetes. Importantly, the opposite 
was true for patients with new-onset HF as nearly half 
of the patients in the lowest quartile of GDF-15 had 
new-onset HF compared with the highest (46% versus 
22%; P<0.001). Most patients used diuretics (93%), 
beta-blocker (78%), or ACE-i/ARB (75%) and use of 
the latter was significantly lower in the highest quartile 
(67% versus 88%; P=0.002). Across the board, baseline 
biomarker levels were significantly higher in the highest 
quartile compared with the lowest.

Study End Points
The PE was reached in 188 (40%) of the patients during 
a median follow-up of 325 days (IQR, 85–401; Table 1). 

A total of 113 patients (24%) died of any cause (68% 
cardiovascular) during follow-up. In the highest GDF-15 
quartile, 61% of the patients reached the PE, while this 
was 19% in the lowest (P <0.001). A similar pattern was 
observed for all-cause mortality.

Correlations Between Biomarkers
The correlation between all 6 biomarkers is shown in Fig-
ure 1. All biomarkers showed a near normal distribution 
on the log-scale. There was statistically significant corre-
lation between all biomarkers on the log-scale. The cor-
relation was strongest between GDF-15 and creatinine. 
The pairs GDF-15 and galectin-3, GDF-15 and ST2, as 
well as creatinine and galectin-3 also showed an associ-
ation. Based on the coefficients, these relationships were 
moderate at best.

Baseline Measurement and Prognosis
The PH assumption of the Cox PH regression analyses 
appeared satisfied. Univariable HR (model 1) per 1 SD 
difference of GDF-15 for the PE was 1.67 ([95% CI, 
1.39–2.02]; P<0.001; Table 2). According to the clinical 
model (2) the adjusted HR was 1.42 ([95% CI, 1.12–
1.80]; P=0.003) and additionally adjusted for NT-proBNP 
(model 3) it was 1.28 ([95% CI, 1.00–1.63]; P=0.05). 
Jointly modeled with NT-proBNP, ST2, galectin-3, tro-
ponin I and creatinine (biomarker model 5) the HR was 
1.41 ([95% CI, 1.11–1.80]; P=0.005). The multimarker 
model combining GDF-15, NT-proBNP, and troponin I 
provided a favorable risk discrimination (C-index=0.722) 
in comparison to a single-marker model. A similar pattern 
was observed for all-cause mortality (Table 3). Notably, 
the associations were stronger for the mortality end point 
than the composite PE. Overall, NT-proBNP was the 
strongest predictor and independently associated with 
the end points in all models followed by GDF-15 and 
ST2 as strong candidates. Furthermore, troponin I had 
significant incremental prognostic value for the mortality 
end point but not for the PE in combination model 4.

Repeated Measurements and Prognosis
The average number of repeated measurements per 
patient during follow-up was 3.6 for GDF-15, 3.9 for 
ST2 and 4.1 for NT-proBNP, galectin-3, troponin I, and 
creatinine. Figure 2 shows the longitudinal evolution of 
the average estimated GDF-15 level during index admis-
sion and during follow-up. The x axis is reversed in the 
bottom graph showing the period leading up to the PE or 
end of follow-up. The average estimated GDF-15 level 
was higher in patients who reached the PE versus those 
who did not and decreased during index admission in 
both groups following treatment for decompensation. 
The average estimated GDF-15 level increased weeks 
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Table 1. Characteristics and Study End Points Overall (n=475) and for Quartiles of Baseline GDF-15 Level (n=386)

 Overall Q1 Q2 Q3 Q4 P value* 

Demographic characteristics, median (IQR) or n (%)

 Age, y 74 (65–81) 70 (59–76) 76 (66–81) 75 (67–81) 73 (64–80) 0.029†

 Sex, female 177 (37) 41 (42) 39 (41) 33 (34) 29 (30) 0.048†

 Race, White 449 (95) 89 (92) 91 (95) 90 (94) 91 (94) 0.64

Intoxications, n (%)

 Smoking status <0.001†

  Current smoker 85 (18) 29 (30) 23 (25) 10 (11) 12 (12)  

  Previous smoker 198 (43) 36 (37) 34 (37) 43 (46) 39 (40)  

  Never smoker 179 (39) 32 (33) 36 (39) 40 (43) 46 (47)  

 Alcohol abuse 57 (24) 9 (26) 6 (24) 6 (24) 6 (21) 0.57

Baseline measurements, median (IQR) or n (%)

 Body mass index, kg/m2 27.5 (24.7–31.0) 27.4 (25.0–32.0) 26.8 (24.8–30.5) 28.1 (24.8–32.4) 26.8 (24.1–30.7) 0.58

 Systolic blood pressure, mm Hg 125 (110–147) 129 (114–146) 130 (111–146) 130 (114–148) 116 (105–139) 0.014†

 Diastolic blood pressure, mm Hg 74 (65–85) 80 (66–94) 71 (65–86) 75 (65–87) 70 (60–80) 0.003†

 Heart rate, beats/min 85 (71–100) 90 (75–107) 85 (73–100) 86 (73–99) 80 (69–95) 0.010†

 eGFR, mL/min per 1.73 m2 46 (34–62) 63 (53–71) 49 (39–61) 43 (34–55) 34 (29–44) <0.001†

 Left ventricular ejection fraction, % 30 (21–41) 30 (20–40) 30 (23–42) 31 (25–45) 30 (20–41) 0.44

 NYHA classification 0.010†

  I 4 (1) 1 (1) 2 (2) 1 (1) 0 (0)  

  II 76 (17) 28 (29) 16 (18) 8 (9) 11 (12)  

  III 248 (55) 48 (50) 41 (45) 53 (58) 58 (63)  

  IV 124 (27) 19 (20) 32 (35) 30 (33) 32 (25)  

History, n (%)

 Newly diagnosed heart failure 171 (36) 45 (46) 38 (40) 33 (35) 21 (22) <0.001†

  Heart failure with reduced ejection 
fraction‡

308 (83) 69 (88) 63 (86) 59 (82) 62 (82) 0.18

  Heart failure with reduced ejection 
fraction§

254 (69) 58 (74) 50 (68) 46 (64) 54 (71) 0.54

  Previous heart failure admission 
<6 mo

94 (20) 10 (10) 14 (15) 24 (25) 32 (33) <0.001†

 Ischemic heart failure 229 (49) 37 (38) 47 (49) 48 (51) 55 (57) 0.012†

 Myocardial infarction 190 (40) 37 (38) 36 (38) 34 (35) 44 (45) 0.38

 Hypertension 242 (51) 42 (43) 55 (57) 50 (52) 45 (46) 0.86

 Atrial fibrillation 198 (42) 40 (41) 41 (43) 37 (39) 43 (44) 0.82

 Diabetes 172 (36) 16 (16) 34 (35) 41 (43) 50 (52) <0.001†

 Stroke 81 (17) 13 (13) 16 (17) 16 (17) 15 (15) 0.71

 Peripheral arterial disease 101 (21) 15 (15) 16 (17) 24 (25) 25 (26) 0.033†

 Hypercholesterolemia 140 (30) 25 (26) 30 (31) 28 (29) 27 (28) 0.81

  Chronic obstructive pulmonary 
disease

92 (20) 15 (15) 21 (22) 19 (20) 21 (20) 0.34

 Obstructive sleep apnea syndrome 18 (4) 2 (2) 4 (4) 3 (3) 4 (4) 0.52

 Chronic kidney disease 91 (19) 7 (7) 12 (12) 24 (25) 36 (38) <0.001†

 Episode of depression 31 (7) 10 (10) 5 (5) 5 (5) 5 (5) 0.17

Interventions, n(%)

 CABG 136 (29) 19 (20) 23 (24) 30 (41) 37 (48) 0.002†

 Device implantation 141 (30) 31 (32) 24 (25) 27 (28) 34 (35) 0.56

 ICD 81 (17) 13 (14) 12 (13) 14 (15) 27 (28) 0.008†

 Pacemaker 58 (12) 17 (18) 11 (12) 12 (12) 8 (8) 0.07

 CRT 26 (6) 5 (5) 5 (5) 6 (6) 6 (6) 0.70

(Continued )
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before the PE was reached while levels remained stable 
in patients who did not reach the PE.

The univariable HR per 1 SD difference of GDF-15 
for the PE was 2.14 ([95% CI, 1.78–2.57]; P<0.001; 
Table 4). According to the clinical model, the HR was 
1.96 ([95% CI, 1.49–2.53]; P<0.001) and additionally 
adjusted for NT-proBNP it remained statistically signifi-
cant. In the biomarker model, the HR was 1.44 ([95% CI, 
1.05–1.91]; P=0.022). The multimarker model combin-
ing GDF-15, NT-proBNP, and troponin I provided a favor-
able risk discrimination (area under the curve=0.785) in 
comparison to a single-marker model. A largely similar 
pattern with stronger associations was observed for the 
mortality end point (Table 5). NT-proBNP was again the 
strongest predictor. Unlike the baseline analysis, serially 
measured troponin I had significant incremental prog-
nostic value for the PE in the biomarker model and the 
association was largely driven by all-cause mortality. In 
both analyses, the additional prognostic value of galec-
tin-3 and creatinine was mostly limited.

DISCUSSION
In this study of 475 patients with acute HF, we show 
that serially measured GDF-15 dynamically predicts the 
composite risk of all-cause mortality or HF rehospitaliza-
tion during 1-year follow-up independent of several other 
serially measured biomarkers including NT-proBNP. 

Moreover, the multimarker model combining GDF-15, 
NT-proBNP, and troponin I provides a favorable risk 
discrimination. Troponin I provides incremental prognos-
tic value mainly for all-cause mortality while galectin-3 
and creatinine have limited additional value for both end 
points. Overall, NT-proBNP remains the robust predictor 
followed by GDF-15 and ST2.

GDF-15 reflects key processes like inflammation 
and cardiac remodeling in HF.6,7 Previous studies have 
shown the prognostic value of baseline GDF-15 level 
for HF outcome.8 Studies that have analyzed elevated 
GDF-15 specifically in patients with acute HF are limited 
in number.10,18–20 Unlike a single timepoint-based mea-
surement, repeated measurements take into account the 
temporal evolution as a result of the dynamic natural dis-
ease progression. Our study underscores the usefulness 
of repeated measurements GDF-15, which provided a 
better risk discrimination than a single (baseline) mea-
surement alone. This is in accordance with the limited 
number of studies.10–12 Fluschnik et al11 demonstrated 
only a slight improvement with repeated measurements 
compared with our study, but there was a large interval 
between measurements, which could explain this dis-
crepancy. A more frequent sampling schedule seems 
to be required to detect changes in biomarker level and 
assess risk adequately. As such, the temporal pattern 
revealed average GDF-15 level increased in the weeks 
leading up to the PE, whereas it stabilized in patients 

Biomarkers (baseline), median (IQR)

 GDF-15, pg/mL 4632  
(2859–7399)

2104  
(1666–2447)

3752  
(3341–4217)

5616  
(5115–6226)

10 323  
(8468–16 725)

<0.001†

 NT-proBNP, pg/mL 4152  
(2127–9235)

2571  
(1383–4749)

4042  
(2072–7203)

5785  
(2660–11 206)

8364  
(4322–13 032)

<0.001†

 ST2, ng/mL 72 (47–103) 50 (30–78) 72 (51–113) 83 (57–104) 94 (62–130) <0.001†

 Galectin-3, ng/mL 24 (18–34) 17 (15–21) 22 (18–28) 27 (20–34) 30 (23–38) <0.001†

 Troponin I, ng/mL 46 (24–99) 34 (19–77) 37 (22–81) 54 (35–128) 53 (24–95) 0.001†

 Creatinine, µmol/L 126 (100–164) 100 (84–115) 118 (97–150) 135 (114–171) 161 (140–204) <0.001†

Medication at discharge, n (%)

 ACE-i/ARB 330 (75) 82 (88) 67 (73) 65 (74) 61 (67) 0.002†

 Beta-blocker 343 (78) 78 (84) 70 (76) 70 (80) 66 (73) 0.11

 Diuretic 407 (93) 88 (95) 86 (93) 84 (95) 83 (91) 0.46

 Digoxin 87 (20) 26 (28) 18 (20) 10 (11) 22 (24) 0.30

End points during follow-up, n (%)

 Primary end point∥ 188 (40) 18 (19) 30 (31) 42 (44) 59 (61) <0.001†

 All-cause mortality 113 (24) 8 (8) 12 (12) 28 (29) 33 (34) <0.001†

ACE-i indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CABG, coronary artery bypass graft; CRT, cardiac resynchronization 
therapy; eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation factor 15; HF, heart failure; ICD, implantable cardioverter defibrillator; IQR‚ interquartile 
range; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; Q, quartile; and ST2; suppression of tumorigenicity 2.

*P value for differences between quartiles of baseline GDF-15 level.
†Significant P values. 
‡According to the European Society of Cardiology Heart Failure guidelines of 2012
§According to the European Society of Cardiology Heart Failure guidelines of 2016.
∥Primary end point is a composite of all-cause mortality and HF hospitalization.

Table 1. Continued

 Overall Q1 Q2 Q3 Q4 P value* 
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who were event-free. A similar trend was observed for 
NT-proBNP,4 ST2,4 and galectin-35 in previous analyses 
of TRIUMPH. In the current study, serially measured tro-
ponin I was significantly associated with the PE but not 
baseline measurement, further supporting this notion.

Both baseline and repeated measurements of GDF-
15 have been shown to have incremental prognostic 
value over NT-proBNP, the golden standard biomarker in 
HF.10,12,18,20–22 Likewise, in our study, repeated measure-
ments of GDF-15 were associated with the outcomes 
independent of repeated measurements of NT-proBNP. 
This further denotes several, different underlying patho-
physiological pathways contribute to HF progression and 
suggests that GDF-15 as a marker of inflammation6 pro-
vides additional information compared with NT-proBNP, 
which reflects volume overload and myocardial stretch.23,24 
To properly assess the incremental prognostic value of 
serially measured GDF-15 and more accurately predict 
HF risk, a multimarker approach with additional biomark-
ers is necessary. An analysis of 14 serum biomarkers in 
the Bio-SHiFT study in patients with chronic HF showed 
a strong association of repeated measurements of GDF-
15, NT-proBNP, and ST2 with the composite end point 

of CV mortality, heart transplantation, left ventricular 
assisted device and HF hospitalization.9 However, these 
associations were only analyzed separately in a clinical 
model and a biomarker-adjusted only model as opposed 
to our study where we also combined both into 1 single 
model. In the multimarker analysis of 7 circulating mak-
ers in the study performed by Demissei et al,10 in patients 
with acute HF, the combination of GDF-15, NT-proBNP, 
soluble ST2, and Hs-TnT (high-sensitive troponin T) pro-
vided significant and independent prognostic information 
on cardiovascular mortality. Our results show that the 
combination of GDF-15, NT-proBNP, and troponin I pro-
vided a favorable risk discrimination for the end points, 
further emphasizing the utility of joint analysis of mul-
tiple biomarkers to capture several different underlying 
pathways. GDF-15 was not significant in model 4 with 
ST2 included, possibly due to correlation or synergistic 
pathways and the lower area under the curve, especially 
on the long term, indicates more ST2 measurements are 
needed as the event nears to properly assess risk.

Notably, GDF-15 was more strongly associ-
ated with the mortality end point than with the PE 
that also includes HF hospitalization, which is in line 

Figure 1. Correlation plot of all biomarkers.
Correlation plot showing the associations between biomarkers based on the log-transformed values. Diagonally depicted are the individual 
distributions of the biomarkers. Below the diagonal are presented the scatter plots of the correlations between biomarkers‚ and above the 
diagonal are presented the corresponding Spearman correlation coefficients with P values. BNP indicates N-terminal pro-B-type natriuretic 
peptide; CREAT, creatinine; GAL, galectin-3; GDF15, growth differentiation factor 15; log2, logarithm to the base 2; ST2, suppression of 
tumorigenicity 2; and TNI, troponin I. 
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with previous literature.25 This phenomenon was also 
observed for other biomarkers, especially troponin I, 
which is a marker of cardiomyocyte injury or necrosis.26 
While it is routinely used in the diagnosis of acute coro-
nary syndrome, previous studies have also shown the 
prognostic value of (isoforms of) this marker in HF.27,28 
A study of 238 patients with advanced HF even found 
a relative risk of 2 for mortality after adjustment for 

clinical factors and BNP.29 Our observations confirm 
this independent prognostic utility of serially measured 
troponin I. It appears that elevated levels could possibly 
provide insight into the severity and etiology of acute 
decompensation.

Galectin-3 is another marker of systemic inflammation 
and fibrosis30 and was significantly and independently 
associated with adverse outcome in previous studies.5,31 

Table 2. Association of Baseline Measurement of Biomarkers With the Primary End Point

Model* GDF-15 NT-proBNP ST2 Galectin-3 Troponin I† Creatinine C-index 

1: Single biomarker, 
unadjusted

1.67 (1.39–2.02)      0.636

P<0.001‡

2: Single biomarker, 
adjusted for clinical 
variables (clinical 
model)

1.42 (1.12–1.80)      0.696

P=0.003‡

 1.68 (1.27–2.21)     0.707

P<0.001‡

  1.35 (1.11–1.63)    0.698

P=0.002‡

   1.11 (0.88–1.40)   0.683

P=0.38

    1.10 (0.95–1.27)  0.694

P=0.19

     1.56 (1.16–1.92) 0.682

P<0.001‡

3: Two biomarkers, 
adjusted for clinical 
variables

1.28 (1.00–1.63) 1.55 (1.17–2.06)     0.714

P=0.05 P=0.003‡

 1.54 (1.16–2.05) 1.25 (1.03–1.52)    0.713

P=0.003‡ P=0.025‡

 1.66 (1.26–2.20)  1.06 (0.84–1.34)   0.707

P<0.001‡ P=0.64

 1.70 (1.27–2.26)   1.06 (0.91–1.23)  0.718

P<0.001‡ P=0.47

 1.62 (1.22–2.14)    1.31 (1.05–1.65) 0.707

P<0.001‡ P=0.019‡

4: Three biomarkers, 
adjusted for clinical 
variables

1.23 (0.96–1.57) 1.47 (1.10–1.96) 1.22 (1.00–1.49)    0.713

P=0.10 P=0.009‡ P=0.046‡

1.27 (0.99–1.63) 1.55 (1.16–2.06)  1.04 (0.82–1.31)   0.713

P=0.06 P=0.003‡ P=0.76

1.35 (1.05–1.75) 1.54 (1.15–2.07)   1.07 (0.92–1.25)  0.722

P=0.021‡ P=0.004‡ P=0.39

1.25 (0.97–1.59) 1.51 (1.13–2.02)    1.20 (0.94–1.54) 0.714

P=0.08 P=0.005‡ P=0.15

5: Six biomarkers, 
unadjusted (biomarker 
model)

1.41 (1.11–1.80) 1.33 (1.00–1.76) 1.20 (0.98–1.46) 0.98 (0.78–1.24) 1.03 (0.89–1.20) 1.10 (0.88–1.38) 0.679

P=0.005‡ P=0.048‡ P=0.08 P=0.89 P=0.66 P=0.40

Hazard ratios for the primary end point (composite of all-cause mortality and HF hospitalization) per 1 SD difference of baseline biomarker level (on the log scale) 
with corresponding (95% CIs) and P value. GDF-15 indicates growth differentiation factor 15; HF, heart failure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; 
and ST2, suppression of tumorigenicity 2.

*Clinical variables: age, sex, systolic blood pressure, diabetes, left ventricular ejection fraction, previous HF hospitalization within the last 6 months, ischemic HF etiol-
ogy, body mass index, and estimated glomerular filtration rate (except in models including creatinine).

†Patients who had an ischemic event and/or underwent revascularization during index admission (n=18) were excluded from models including troponin I.
‡Significant P value.
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However, in our study, its incremental prognostic value 
was limited when jointly modeled with other biomarkers. 
This might be due to its more systemic and less cardio-
specific nature.

Increases in creatinine, a measure of kidney func-
tion, were associated with higher 30-day mortality or 
HF hospitalization in patients admitted with acute HF.32 
However, creatinine also had limited prognostic value in 
our study after extensive adjustment. Nevertheless, cre-
atinine remains important considering the close relation 

with HF and as a confounder due to the influence of 
renal clearance on biomarker levels.

HF remains a complex disease but despite GDF-15 
being a pleiotropic protein involved in several pathologi-
cal conditions,34 it enables us to elucidate the disease 
status and impact on cardiac functioning. Noteworthy to 
mention is that GDF-15 has a lower intraindividual bio-
logical variation compared with NT-proBNP,35,36 which 
is even lower in ST2, Hs-TnT, and galectin-3.37 There-
fore, the combination of biomarkers would more reliably 

Table 3. Association of Baseline Measurement of Biomarkers With All-Cause Mortality

Model* GDF-15 NT-proBNP ST2 Galectin-3 Troponin I† Creatinine C-index 

1: Single biomarker, un-
adjusted

1.84 (1.42–2.39)      0.649

P<0.001‡

2: Single biomarker, 
adjusted for clinical vari-
ables (clinical model)

1.58 (1.14–2.20)  2.29 (1.50–3.50)     0.744

P=0.006‡ P<0.001‡     0.768

 1.65 (1.24–2.20)    0.756

P<0.001‡

  1.15 (0.83–1.58)   0.729

P=0.41

   1.26 (1.06–1.51)  0.753

P=0.010‡

    1.80 (1.32–2.45) 0.728

P<0.001‡

3: Two biomarkers, 
adjusted for clinical 
variables

1.41 (1.00–1.99) 2.11 (1.37–3.24)     0.772

P=0.047‡ P<0.001‡

1.99 (1.30–3.07) 1.49 (1.11–1.99)    0.780

P=0.002‡ P=0.007‡

2.27 (1.48–3.47)  1.10 (0.79–1.53)   0.768

P<0.001‡ P=0.56

2.21 (1.43–3.43)   1.19 (0.98–1.44)  0.782

P<0.001‡ P=0.08

2.19 (1.43–3.36)    1.36 (0.97–1.90) 0.766

P<0.001‡ P=0.07

4: Three biomarkers, 
adjusted for clinical 
variables

1.35 (0.96–1.89) 1.91 (1.25–2.94) 1.46 (1.09–1.96)    0.783

P=0.08 P=0.003‡ P=0.011‡

1.40 (1.00–1.98) 2.11 (1.37–3.23)  1.07 (0.77–1.49)   0.773

P=0.05 P<0.001‡ P=0.69

1.51 (1.06–2.15) 2.02 (1.30–3.13)   1.23 (1.01–1.50)  0.787

P=0.024‡ P=0.002‡ P=0.038‡

1.37 (0.97–1.92) 2.04 (1.32–3.14)    1.19 (0.83–1.72) 0.771

P=0.07 P=0.001‡ P=0.35

5: Six biomarkers, unad-
justed (biomarker model)

1.42 (1.01–1.99) 1.62 (1.08–2.44) 1.46 (1.09–1.94) 1.13 (0.84–1.53) 1.17 (0.97–1.41) 0.95 (0.70–1.29) 0.745

P=0.042‡ P=0.021‡ P=0.010‡ P=0.41 P=0.10 P=0.73

Hazard ratios for all-cause mortality per 1 SD difference of baseline biomarker level (on the log scale) with corresponding (95% CIs) and P value. GDF-15 indicates 
growth differentiation factor 15; NT-proBNP, N-terminal pro-B-type natriuretic peptide; and ST2, suppression of tumorigenicity 2.

*Clinical variables: age, sex, systolic blood pressure, diabetes, left ventricular ejection fraction, previous HF hospitalization within the last 6 months, ischemic HF etiol-
ogy, body mass index, and estimated glomerular filtration rate (except in models including creatinine).

†Patients who had an ischemic event and/or underwent revascularization during index admission (n=18) were excluded from models including troponin I.
‡Significant P value.
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predict risk on an individual patient-level than relying on 
a single marker.

Clinical Implications and Future Research
Based on our findings, a combination of multiple, serially 
measured biomarkers could play a role in risk stratifica-
tion in clinical practice to discriminate between patients 
at low or high risk for adverse outcomes. This individual-
ized risk assessment could be performed with a mobile/
online calculator app much like the Barcelona Bio-Heart 
Failure risk calculator to provide up-to-date risk scores 
based on repeated biomarker levels and clinical con-
founders, hereby facilitating clinical decision-making. 
Furthermore, they could also prove useful in monitoring 

of patients as medical therapy seems to lower the levels 
of GDF-15 as shown in the RELAX-AHF trial (Relaxin 
in Acute HF), a double-blinded randomized controlled 
trial where patients received serelaxin versus placebo.19 
In the CardioMEMS Heart Sensor Allows Monitoring 
of Pressure to Improve Outcomes in New York Heart 
Association Class III HF Patients trial (CHAMPION), 
CardioMEMS sensor invasively measured and success-
fully identified HF patients with elevated pulmonary pres-
sures up to 2 weeks before decompensation allowing 
the physician to uptitrate medication to prevent clinical 
worsening and subsequent hospitalization.38 In our study, 
the longitudinal evolution of GDF-15 revealed a similar 
unique window to potentially, noninvasively anticipate 
adverse events and intervene accordingly. More research 

Figure 2. Temporal pattern of average estimated GDF-15 (growth differentiation factor 15) level during index admission and 
follow-up in patients with and without the primary end point.
A, Longitudinal evolution of average estimated GDF-15 level during index admission. B, Longitudinal evolution of average estimated GDF-15 
level during follow-up until the event or end of follow-up. Patients who reached the primary end point during follow-up are shown in red and 
those who did not in black. The y axis is on a logarithmic scale with the raw values shown. Solid bold lines represent mean values; dashed lines 
represent the corresponding 95% CI. Dots represent individual measurements. The average GDF-15 level is based on a linear mixed effects 
model adjusted for age, sex, systolic blood pressure, diabetes, left ventricular ejection fraction, previous heart failure (HF) hospitalization within 
last 6 months, ischemic HF etiology, body mass index, estimated glomerular filtration rate‚ and NT-proBNP (N-terminal pro-B-type natriuretic 
peptide). log2 indicates logarithm to the base 2. Adapted from Abstracts of the Heart Failure 2021 and the World Congress on Acute Heart 
Failure33 with permission. Copyright ©2021, European Society of Cardiology.
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into biomarker level-guided treatment of HF is therefore 
warranted.39

Strengths and Limitations
In this large, prospective, cohort study, specifically 
designed for the purpose of studying clinically relevant 

biomarkers in patients with acute HF, patients under-
went a protocolized high-frequency (7) blood sampling 
during 1-year follow-up. Furthermore, a comprehensive 
overview is given with the analysis of both single and 
repeated measurements of multiple biomarkers further 
underscoring the merit of sequentially measuring a com-
bination of biomarkers. Also, state-of-the-art statistical 

Table 4. Association of Repeated Measurements of Biomarkers With the Primary End Point

Model* GDF-15 NT-proBNP ST2 Galectin-3 Troponin I† Creatinine AUCs‡ AUCl‡ 

1: Single bio-
marker, unad-
justed

2.14 (1.78–2.57)      0.678 0.699

P<0.001§

2: Single bio-
marker, adjusted 
for clinical vari-
ables (clinical 
model)

1.96 (1.49–2.53)      0.741 0.713

P<0.001§

 2.38 (1.78–3.33)     0.763 0.712

P<0.001§

  2.58 (1.60–4.57)    0.727 0.679

P<0.001§

   1.56 (1.15–2.10)   0.736 0.688

P=0.006§

    1.70 (1.25–2.26)  0.781 0.695

P<0.001§

     1.71 (1.36–2.11) 0.718 0.682

P<0.001§

3: Two biomark-
ers, adjusted for 
clinical variables

1.98 (1.43–2.79) 2.26 (1.55–3.42)     0.737 0.668

P<0.001§ P<0.001§

 2.04 (1.48–2.83) 1.79 (1.27–2.53)    0.794 0.704

P<0.001§ P<0.001§

 2.27 (1.65–3.14)  1.21 (0.87–1.66)   0.766 0.731

P<0.001§ P=0.24

 2.25 (1.65–3.28)   1.39 (1.03–1.87)  0.786 0.726

P<0.001§ P=0.042§

 2.20 (1.64–2.92)    1.26 (0.99–1.58) 0.760 0.733

P<0.001§ P=0.06

4: Three biomark-
ers, adjusted for 
clinical variables

1.29 (0.73–2.07) 2.12 (1.38–3.55) 2.12 (1.11–4.87)    0.750 0.676

P=0.33 P<0.001§ P=0.012§

1.63 (1.21–2.20) 1.89 (1.37–2.76)  1.23 (0.85–1.76)   0.768 0.729

P=0.002§ P<0.001§ P=0.28

1.43 (1.03–2.00) 1.84 (1.27–2.75)   1.32 (0.92–1.87)  0.785 0.724

P=0.022§ P<0.001§ P=0.14

1.51 (1.12–1.96) 2.00 (1.48–2.78)    1.06 (0.81–1.39) 0.771 0.734

P=0.006§ P<0.001§ P=0.64

5: Six biomarkers, 
unadjusted (bio-
marker model)

1.44 (1.05–1.91) 1.52 (1.15–2.08) 1.34 (0.98–1.85) 1.06 (0.79–1.47) 1.39 (1.01–1.93) 0.96 (0.74–1.22) 0.743 0.720

P=0.022§ P=0.002§ P=0.06 P=0.69 P=0.044§ P=0.72

Hazard ratios for the primary end point (composite of all-cause mortality and HF hospitalization) per 1 SD difference of repeatedly measured biomarker level (on the 
log scale) with corresponding (95% CIs) and P value. This represents the instantaneous risk for the end point at any given timepoint during follow-up. AUC indicates 
area under the curve; AUCI‚ area under the curve incremental; GDF-15, growth differentiation factor 15; HF, heart failure; NT-proBNP, N-terminal pro-B-type natriuretic 
peptide; and ST2, suppression of tumorigenicity 2.

*Clinical variables: age, sex, systolic blood pressure, diabetes, left ventricular ejection fraction, previous HF hospitalization within the last 6 months, ischemic HF etiol-
ogy, body mass index, and estimated glomerular filtration rate (except in models including creatinine).

†Patients who had an ischemic event and/or underwent revascularization during index admission (n=18) were excluded from models including troponin I.
‡AUCs: short-term (longitudinal information up to 7-day prediction until 30 days); AUCl: long-term (30–400 days).
§Significant P value.
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methods are applied to study the complex data that were 
generated by these measurements in relation to the inci-
dence of clinically relevant end points.

Still, several limitations should also be acknowledged. 
First, TRIUMPH was an observational study in which 
the treating physician was recommended to provide HF 
management according to the prevailing guidelines13; 
however, adherence to these guidelines was not explicitly 

checked. Guideline-directed medical therapy has also 
been updated since (including quadruple therapy)40 and 
could therefore also affect our results and generalizabil-
ity of our findings to a contemporary cohort. Furthermore, 
while the observational nature of the study (no stringent 
exclusion criteria) allowed a wide range of consecutive 
patients to be included, the cohort might not be fully rep-
resentative of the HF population at large, for example, 

Table 5. Association of Repeated Measurements of Biomarkers With All-Cause Mortality

Model* GDF-15 NT-proBNP ST2 Galectin-3 Troponin I† Creatinine AUCs‡ AUCl‡ 

1: Single biomark-
er, unadjusted

2.58 (1.95–3.33)      0.741 0.689

P<0.001§

2: Single biomark-
er, adjusted for 
clinical variables 
(clinical model)

2.61 (1.85–3.81)      0.734 0.752

P<0.001§

 3.38 (2.25–5.39)     0.799 0.759

P<0.001§

  3.90 (2.53–6.93)    0.733 0.733

P<0.001§

   1.70 (1.15–2.61)   0.625 0.749

P=0.010§

    2.55 (1.77–3.65)  0.759 0.768

P<0.001§

     1.70 (1.32–2.17) 0.639 0.719

P=0.002§

3: Two biomarkers, 
adjusted for clini-
cal variables

2.08 (1.39–3.11) 2.53 (1.66–4.34)     0.822 0.779

P=0.002§ P<0.001§

 2.44 (1.57–3.88) 2.55 (1.61–4.05)    0.815 0.763

P<0.001§ P<0.001§

 3.12 (2.03–4.77)  1.29 (0.86–1.93)   0.790 0.781

P<0.001§ P=0.21

 2.37 (1.56–3.66)   1.90 (1.31–2.84)  0.817 0.802

P<0.001§ P=0.004§

 3.48 (2.22–5.47)    1.02 (0.72–1.43) 0.783 0.774

P<0.001§ P=0.82

4: Three biomark-
ers, adjusted for 
clinical variables

1.66 (1.03–2.59) 2.46 (1.53–4.13) 2.02 (1.23–3.36)    0.841 0.769

P=0.042§ P<0.001§ P=0.006§

1.84 (1.21–2.79) 2.50 (1.56–4.06)  1.13 (0.72–1.78)   0.810 0.779

P=0.012§ P<0.001§ P=0.58

1.87 (1.32–3.02) 1.84 (1.18–3.00)   2.12 (1.33–3.28)  0.836 0.795

P=0.002§ P=0.010§ P<0.001§

2.07 (1.34–3.18) 2.82 (1.80–4.52)    0.76 (0.51–1.10) 0.817 0.780

P<0.001§ P<0.001§ P=0.15

5: Six biomarkers, 
unadjusted (bio-
marker model)

1.48 (0.92–2.29) 1.86 (1.16–3.04) 1.97 (1.17–3.40) 1.17 (0.80–1.74) 1.91 (1.20–2.88) 0.67 (0.45–0.96) 0.881 0.745

P=0.11 P=0.008§ P=0.016§ P=0.48 P=0.010§ P=0.030§

Hazard ratios for all-cause mortality per 1 SD difference of repeatedly measured biomarker level (on the log scale) with corresponding (95% CIs) and P value. This 
represents the instantaneous risk for the end point at any given timepoint during follow-up. AUC indicates area under the curve; AUCI‚ area under the curve incremen-
tal; GDF-15, growth differentiation factor 15; NT-proBNP, N-terminal pro-B-type natriuretic peptide; and ST2, suppression of tumorigenicity 2.

*Clinical variables: age, sex, systolic blood pressure, diabetes, left ventricular ejection fraction, previous HF hospitalization within the last 6 months, ischemic HF etiol-
ogy, body mass index, and estimated glomerular filtration rate (except in models including creatinine).

†Patients who had an ischemic event and/or underwent revascularization during index admission (n=18) were excluded from models including troponin I.
‡AUCs: short term (longitudinal information up to 7-day prediction until 30 days); AUCl: long term (30–400 days).
§Significant P value.
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37% of the patients were women. Although, despite 
this difference in sex distribution, we did not observe an 
important relation of sex on the association between the 
biomarkers and outcomes. Finally, while the large number 
of events and measurements available enabled us to run 
various multimarker models with adjustment for a multi-
tude of potential confounders, we were ultimately limited 
by model performance (convergence) and therefore we 
cannot exclude the possibility of residual confounding.

Conclusions
This multimarker analysis of the TRIUMPH study 
shows that repeated measurements of GDF-15 are 
associated with adverse outcomes in patients with 
acute HF, independent of several other biomarkers 
including NT-proBNP, which remained the most robust 
predictor. The multimarker model combining GDF-15, 
NT-proBNP, and troponin I provided a favorable risk dis-
crimination for the end points. Our findings underscore 
the usefulness of both repeated measurements and a 
multimarker panel for improved individual patient-level 
prognostication. Additional studies are warranted to 
evaluate if these biomarkers can be (jointly) used for 
patient-tailored guided therapy.
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