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OBJECTIVES This study sought to determine the relationship between growth differentiation factor (GDF)-15 and

clinical outcomes in ambulatory patients with heart failure and reduced ejection fraction (HFrEF).

BACKGROUND The prognostic utility of GDF-15, a member of the transforming growth factor-b cytokine family,

among patients with HF is unclear.

METHODS We assessed GDF-15 levels in 910 patients enrolled in the HF-ACTION (Heart Failure: A Controlled Trial

Investigating Outcomes of Exercise Training) trial, a randomized clinical trial of exercise training in patients with HFrEF.

Median follow-up was 30 months. Cox proportional hazard models assessed the relationships between GDF-15 and

clinical outcomes.

RESULTS The median GDF-15 concentration was 1,596 pg/ml. Patients in the highest tertile of GDF-15 were older and

had measurements of more severe HF (higher N-terminal pro–B-type natriuretic peptide [NT-proBNP] concentrations

and lower peak oxygen uptake on cardiopulmonary exercise testing [CPX]). GDF-15 therapy was a significant predictor

of all-cause death (unadjusted hazard ratio [HR]: 2.03 when GDF-15 was doubled; p < 0.0001). This association

persisted after adjustment for demographic and clinical and biomarkers including high sensitivity troponin T (hs-TnT) and

NT-proBNP (HR: 1.30 per doubling of GDF-15; p ¼ 0.029). GDF-15 did not improve discrimination (as measured by

changes in c-statistics and the integrated discrimination improvement) in addition to baseline variables, including hs-TnT

and NT-proBNP or variables found in CPX testing.

CONCLUSIONS In demographically diverse, well-managed patients with HFrEF, GDF-15 therapy provided

independent prognostic information in addition to established predictors of outcomes. These data support a

possible role for GDF-15 in the risk stratification of patients with chronic HFrEF. (Heart Failure: A Controlled Trial

Investigating Outcomes of Exercise Training [HF-ACTION]; NCT00047437) (J Am Coll Cardiol HF 2017;5:724–34)
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AB BR E V I A T I O N S

AND ACRONYM S

BNP = B-type natriuretic

peptide

GDF = growth differentiation

factor

HF = heart failure

NT-proBNP = N-terminal

pro–B-type natriuretic peptide
C hronic heart failure (HF) affects more than 5
million people in the United States and is
one of the most common causes of rehospi-

talization (1–3). The overall prognosis remains poor,
with 5-year mortality exceeding 50%, despite ad-
vances in therapy (2,4,5). As the number of invasive
and noninvasive HF therapies increase, risk stratifica-
tion and prognostication become essential to identify
patients who would most benefit from these treat-
ments. Currently the U.S. Food and Drug Administra-
tion has approved 4 biomarkers to aid in the
prognostication for HF patients: B-type natriuretic
peptide (BNP), N-terminal pro–B-type natriuretic
peptide (NT-proBNP), galectin-3, and ST-2. Current
HF guidelines indicate that measurements of other
clinically available tests such as natriuretic peptides
(NT-proBNP and BNP) and markers of myocardial
injury (cardiac troponin T or I) may be considered
for risk stratification (5). Although a variety of other
potential prognostic biomarkers have been identified
in HF, their clinical value remains uncertain.

Growth differentiation factor (GDF)-15, a member
of the transforming growth factor-b family, is
secreted from a range of cells such as adipocytes and
myocytes in response to cellular ischemia, mechani-
cal strain, and oxidative stress (6–9). Prior studies
have suggested that GDF-15 provides prognostic
utility across a spectrum of cardiovascular diseases
in addition to existing clinical risk factors and
biomarkers (10–15). However, robust data for GDF-15
in well-treated patients with chronic HF are limited,
especially in the context of other guideline-
recommended HF biomarkers such as natriuretic
peptides and high-sensitivity troponin. A prior anal-
ysis from the ValHeFT (Valsartan Heart Failure Trial)
(16) identified the fact that GDF-15 was independently
associated with mortality; however, there was low
use of evidence-based medical therapy and a demo-
graphically homogenous patient population. An
evaluation of the prognostic role of GDF-15 in a cohort
of patients more reflective of current HF practice
was needed. Furthermore, there was a paucity of data
for the association between GDF-15 and other critical
measurements of HF status, such as exercise capac-
ity. In the current study, we evaluated, first, the
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association between GDF-15 and other bio-
logical covariates; second, the association
between GDF-15 functional status and exer-
cise capacity; and third, the relationship be-
tween GDF-15 and clinical outcomes in a well-
characterized cohort of ambulatory patients
with HF with reduced ejection fraction
(HFrEF) enrolled in the HF-ACTION (Heart
Failure: A Controlled Trial Investigating
Outcomes of Exercise Training) trial.
METHODS

The design, rationale, and primary results of the
HF-ACTION (NCT00047437) trial have been previ-
ously reported (17,18). Briefly, HF-ACTION was a
randomized clinical trial funded by National Heart,
Lung, and Blood Institute, evaluating the effects of
exercise training in addition to usual care versus
usual care alone on long-term morbidity and mortal-
ity in patients with symptomatic chronic HF and left
ventricular systolic dysfunction (New York Heart
Association [NYHA] functional classes II to IV and
left ventricular ejection fraction [LVEF] of <35%).
Patients were receiving guideline-based HF therapy
prior to randomization. The study enrolled 2,331
patients and had a primary composite endpoint of
time to all-cause death or all-cause hospitalization.
Patients had a median follow-up of 30 months.
All deaths and first cardiovascular hospitalizations
were adjudicated by a blinded, independent clinical
event committee. HF-ACTION was approved by local
institutional review boards, and all enrolled patients
provided written informed consent.

BIOMARKER ASSESSMENT. A subset of patients enrolled
in the HF-ACTION study agreed to participate in the
biomarker substudy. Blood samples were obtained on
the same day as baseline cardiopulmonary exercise
(CPX) testing was conducted but before exercise.
Samples were collected from the peripheral vein into
EDTA-containing tubes, centrifuged immediately, and
stored at �70�C for subsequent analysis.

GDF-15 concentrations were measured in a
core laboratory from baseline samples (n ¼ 910),
using sensitive sandwich-immunoassay monoclonal
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antibodies (Elecsys GDF-15 assay, Roche Diagnostics,
Indianapolis, Indiana). Details of this assay have been
previously described (19). The assay has a lower limit
of detection of 400 pg/ml, an upper limit of detection
of 20,000 pg/ml, an intra-assay coefficient of
variation of #3.0%, and an interassay coefficient
of variation of #4.6%. The core laboratory was
blinded to all clinical data.

CLINICAL OUTCOMES. The primary clinical outcome
of interest for the current analysis was the relation-
ship between GDF-15 concentrations and all-cause
mortality. The secondary outcomes of interest were,
first, the composite of all-cause death or all-cause
hospitalization (HF-ACTION primary endpoint), and
second, the composite of cardiovascular death or HF
hospitalization. We also assessed the relationship
between baseline GDF-15 and baseline assessments of
functional capacity including NYHA functional class,
6-min walk distance, and maximal oxygen con-
sumption (peak VO2) by cardiopulmonary exercise
testing (CPX).

STATISTICAL ANALYSIS. Baseline characteristics are
presented as medians (25th, 75th percentiles) and
numbers (percentages). The associations between
GDF-15 tertile and baseline characteristics were
compared using the Kruskal-Wallis test for contin-
uous and ordinal variables and the chi-square test for
categorical variables. Event rates by tertile of GDF-15
are shown with Kaplan-Meier curves. To assess the
relationship between GDF-15 and baseline clinical
and biomarker variables, a model was developed
using linear regression with backward elimination
and alpha of <0.10 for retention. Modeling for time-
to-event variables were done with complete case
analysis. There were 716 patients with complete data
for the all-cause death model, 646 for the all-cause
death or hospitalization model, and 640 for cardio-
vascular death or HF hospitalization model. GDF-15
was a continuous variable in all models but was
log transformed for analysis because it was not
normally distributed. For the clinical outcomes of
interest, Cox proportional hazards models were used.
Hazard ratios (HRs) were calculated for the log2
such that the HR represented the risk per 2-fold
greater value of GDF-15; in place of to create a
clinically more interpretable reference for the
increase in GDF-15.

Adjustment variables included demographics (age,
sex, and race) and a comprehensive set of predictors
that had previously been identified in the HF-ACTION
cohort for each endpoint (1,20) (Online Table 1a).
Because CPX testing is not routinely available in some
clinical settings, the adjusted models were examined
with and without CPX variables. The baseline CPX
variables used in the adjustment models included
peak VO2 by Weber class, ventricular conduction
abnormality, minute ventilation/carbon dioxide
production, and exercise duration (Online Table 1b).
Models were repeated with the inclusion of GDF-15 �
randomized treatment interaction term to assess for
evidence of a differential treatment response to the
study intervention based on GDF-15 concentrations.
Model discrimination and risk predictions with
and without GDF-15 were evaluated by using the
c-index, continuous net reclassification index (NRI),
and integrated discrimination improvement (IDI).
Individual biomarkers were also added to the
clinical model separately, and the measurements of
discrimination were compared. The proportional
hazards assumption was checked for each endpoint
in the full models (including demographic, clinical,
CPX, and biomarker data), and no deviations
were identified. For each model comparison, the
summary measurements were reported along with
95% bootstrap confidence intervals (CIs) based on
999 replications.

Data were analyzed using SAS version 9.4 software
(SAS, Cary, North Carolina). Statistical significance
was based on a p value of #0.05.

RESULTS

BASELINE CHARACTERISTICS. Baseline characteris-
tics for the HF-ACTION study population are shown
in Table 1. The biomarker substudy cohort was
broadly similar to the overall HF-ACTION population
(data not shown). Generally, the study population
was similar to that from other chronic HFrEF clinical
trials, with the exception of a high representation
of nonwhite patients (34%) and women (29%) in the
current study. Overall, the patients were medically
well managed: 95% were receiving beta blockers;
94% were receiving angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers; and 45%
were receiving aldosterone antagonists.

GDF-15 tertiles were identified as follows:
lowest tertile was <1,173 pg/ml; middle tertile was
1,173 to 2,252 pg/ml; and the highest tertile was
>2,252 pg/ml. Compared to patients in the lowest
tertile of GDF-15 values, patients in the highest
tertile of GDF-15 were older and had more markers
of severe HF, including higher prevalence of
comorbidities, higher NYHA functional class, higher
NT-proBNP, and higher high sensitivity troponin
T (hs-TnT). Use of evidence-based medical therapies
tended to be lower in patients with higher GDF-15
levels, and loop diuretic doses tended to be
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TABLE 1 Baseline Patient Characteristics by Tertile of GDF-15

Total HF-ACTION
Population
(N ¼ 2,331)

Lowest GDF-15 Tertile
<1,173 pg/ml
(n ¼ 303)

Intermediate GDF-15 Tertile
1,173–2,252 pg/ml

(n ¼ 304)

High GDF-15 Tertile
>2,252 pg/ml
(n ¼ 303) p Value

Age, yrs 59.3 (51.1–68.0) 50.5 (41.0–57.7) 60.9 (54.3–68.4) 66.5 (58.1–75.6) <0.0001

Females 661 (28.4) 127 (41.9) 75 (24.7) 61 (20.1) <0.0001

Whites 1,426 (62.1) 150 (50.5) 211 (69.9) 215 (71.9) <0.0001

Ischemic cause 1,197 (51.4) 81 (26.7) 175 (57.6) 204 (67.3) <0.0001

HF hospitalization in prior 6 months 610 (26.4) 85 (28.3) 68 (22.5) 90 (29.9) 0.098

LVEF, % 24.7 (20.0–30.1) 25.2 (20.0–30.1) 23.9 (18.8–30.1) 24.3 (19.8–29.6) 0.38

Systolic blood pressure, mm Hg 111 (100–126) 116 (102–126) 112 (103–127) 110 (100–127) 0.30

Heart rate, beats/min 70 (63–77) 72 (64–80) 70 (64–78) 70 (64–79) 0.56

CPX duration, min 9.6 (6.9–12.0) 11.0 (8.7–13.7) 10.0 (7.9–11.6) 7.5 (5.5–10.0) <0.0001

Peak VO2, ml/kg/min (CPX test) 14.4 (11.5–17.7) 16.5 (13.5–19.6) 14.9 (12.4–17.5) 12.3 (9.8–14.7) <0.0001

VE/VCO2 slope 32.6 (28.1–38.5) 29.6 (25.7–33.9) 32.1 (28.3–37.0) 36.7 (31.6–44.0) <0.0001

6-min walk distance, m 371 (299–435) 404 (331–466) 378 (314–439) 324 (258–388) <0.0001

Paced 536 (23.6) 42 (14.0) 83 (27.9) 113 (38.4) <0.0001

Current NYHA functional class <0.0001

II 1,477 (63.4) 218 (71.9) 204 (67.1) 147 (48.5)

III 831 (35.6) 83 (27.4) 99 (32.6) 147 (48.5)

IV 23 (1.0) 2 (0.7) 1 (0.3) 9 (3.0)

KCCQ symptom stability score 0.8279

<50 186 (8.0) 28 (9.3) 20 (6.6) 19 (6.3)

50 1,704 (73.5) 213 (70.8) 223 (73.6) 223 (74.3)

>50 427 (18.4) 60 (19.9) 60 (19.8) 58 (19.3)

Diabetes 748 (32.1) 57 (18.8) 104 (34.2) 138 (45.5) <0.0001

Myocardial infarction 979 (42.0) 63 (20.8) 145 (47.7) 167 (55.1) <0.0001

Hypertension 1,388 (59.9) 168 (55.8) 199 (65.7) 212 (70.2) 0.0008

Current smoker 388 (16.7) 47 (15.6) 53 (17.5) 48 (15.9) 0.7856

Body mass index, kg/m2 29.9 (26.0–35.1) 32.1 (27.4–37.7) 29.4 (26.4–35.1) 29.8 (25.1–34.0) <0.0001

Medication and devices

ACE inhibitor or ARB 2,199 (94.3) 293 (96.7) 296 (97.4) 277 (91.4) 0.0009

Beta-blocker 2,203 (94.5) 295 (97.4) 287 (94.4) 280 (92.4) 0.0002

Beta-blocker dose, mg (N ¼ 2,183) 38 (25–50) 50 (25–50) 37.3 (19.0–50.0) 25 (13–50) 0.023

Aldosterone receptor antagonist 1,051 (45.1) 147 (48.5) 138 (45.4) 121 (39.9) 0.0989

Digoxin 1,046 (44.9) 132 (43.6) 148 (48.7) 155 (51.2) 0.1620

Loop diuretic 1,816 (77.9) 216 (71.3) 237 (78.0) 265 (87.5) <0.0001

Loop diuretic dose, mg (N ¼ 1,783) 40 (40–80) 40 (30–80) 40 (40–80) 80 (40–120) <0.0001

Insertable cardioverter-defibrillator 938 (40.2) 93 (30.7) 142 (46.7) 160 (52.8) <0.0001

Biventricular pacemaker 419 (18.0) 29 (9.6) 66 (21.7) 85 (28.1) <0.0001

Laboratory values

hs-TnT, mg/l 14.8 (8.1–24.9) 8.0 (4.6–13.6) 14.5 (10.0–22.6) 24.9 (15.9–39.0) <0.0001

GDF-15, pg/ml 1,596 (970–2,622) 839 (645–970) 1,596 (1,364–1,836) 3,320 (2,622–4,952) <0.0001

NT-proBNP, pg/ml 815 (341–1,805) 404 (176–911) 813 (378–1,526) 2,159 (900–4,577) <0.0001

Creatinine, mg/dl 1.20 (1.00–1.50) 1.00 (0.90–1.20) 1.20 (1.00–1.50) 1.50 (1.20–1.80) <0.0001

eGFR (MDRD) creatinine clearance,
ml/min

66.4 (50.6–81.0) 79.9 (68.7–94.6) 66.4 (49.6–78.1) 49.0 (38.9–63.3) <0.0001

Blood urea nitrogen, mg/dl 20 (15–28) 16 (13–19) 21 (15–26) 28 (21–41) <0.0001

Hemoglobin, g/dl 13.5 (12.3–14.6) 13.5 (12.5–14.7) 13.4 (12.3–14.8) 12.9 (11.7–14.1) <0.0001

Values are median (quartile range [Q1–Q3]) or n (%).

ACE-i ¼ angiotensin-converting enzyme inhibitors; ARB ¼ angiotensin receptor blockers; BB ¼ beta blocker; BMI ¼ body mass index; BP ¼ blood pressure; CPX ¼
cardiopulmonary exercise; eGFR ¼ estimated glomerular filtration rate; HF ¼ heart failure; hs-TnT ¼ high sensitivity troponin T; HR ¼ hazard ratio; IVCD ¼ intraventricular
conduction delay; KCCQ ¼ Kansas City Cardiomyopathy Questionnaire; LBBB ¼ left bundle branch block; LVEF ¼ left ventricular ejection fraction; MDRD ¼ modification of diet
in renal disease; MI ¼ myocardial infarction; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; NYHA ¼ New York Heart Association; peak VO2 ¼ maximal oxygen
consumption; RBBB ¼ right bundle branch block.
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higher, again, consistent with more severe HF in
the patients with the highest GDF-15 values. In the
overall HF-ACTION cohort, some differences in
baseline characteristics were seen among patients
who were included and excluded from multivariate
modeling due to missing data; however, missing
data did not have an impact on clinical outcomes
(data not shown).



TABLE 2 Association of GDF-15 With Baseline Clinical and

Biomarker Variables

Coefficient
95% Confidence

Limits
T

Statistic p Value

Log-2 (hs-TnT) 0.18 0.12 to 0.23 6.32 <0.0001

Age, yrs 0.01 0.01 to 0.02 5.86 <0.0001

Peak VO2, ml/kg/min �0.04 �0.06 to �0.03 �5.69 <0.0001

Log-2 (creatinine) 0.35 0.22 to 0.48 5.25 <0.0001

Log-2 (NT-proBNP) 0.08 0.05 to 0.12 4.39 <0.0001

LVEF, % 0.01 0.007 to 0.02 3.75 0.0002

SBP, mm Hg for
values up to 125

�0.008 �0.01 to �0.003 �3.49 0.0005

SBP, mm Hg for
values above 125

0.008 0.002 to 0.01 2.47 0.0136

White race 0.19 0.08 to 0.31 3.29 0.0011

BMI, for values up to
35 kg/m2

�0.02 �0.03 to �0.008 �3.20 0.0015

Blood urea nitrogen,
mg/dl

0.007 0.002 to 0.01 2.98 0.0030

Diabetes 0.17 0.06 to 0.28 2.96 0.0032

Heart rate,
beats/min

0.006 0.001 to 0.01 2.64 0.0086

NYHA functional
class III/IV

0.12 0.01 to 0.23 2.19 0.0292

SBP ¼ systolic blood pressure; VO2 ¼ maximum rate of oxygen consumption; other
abbreviations as in Table 1.

FIGURE 1 GDF-15 and Symptom Status, Functional Capacity, and Exe

Associations among growth differentiation factor (GDF)-15 and (A) 6-m

(D) VE/VCO2 slope. VO2 ¼ maximal oxygen consumption; VE/VCO2 slope ¼
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BIOLOGICAL CORRELATES OF GDF-15. The inde-
pendent variable most strongly associated with
higher GDF-15 concentration was higher hs-TnT
(p < 0.0001) (Table 2). In addition, older age, lower
peak VO2, and higher creatinine and NT-proBNP
concentrations were also found to be associated
with higher GDF-15 concentrations after multivariate
adjustment.

GDF-15 AND SYMPTOM STATUS, FUNCTIONAL

CAPACITY, AND EXERCISE PERFORMANCE. Higher
GDF-15 concentrations were consistently associated
with shorter 6-min walk distances, lower exercise
durations, lower peak VO2, and higher VE/VO2 slope
(Figure 1). Those in the highest tertile of GDF-15
had the lowest exercise duration and lowest peak
VO2 (Table 1). When we assessed higher GDF-15
concentration as a continuous variable, it was
associated with a lower baseline peak VO2 (r ¼ �0.40;
p < 0.0001) and shorter 6-min walk distance
(r ¼ �0.32; p < 0.0001).

GDF-15 AND CLINICAL ENDPOINTS. The median
follow-up was 32, months and there were 171 deaths,
647 all-cause deaths or hospitalization events, and
rcise Performance

in walk distance, (B) exercise duration, (C) peak VO2, and

minute ventilation/carbon dioxide production.



FIGURE 2 Unadjusted Kaplan-Meier Curves of

GDF-15 Tertiles

Growth differentiation factor (GDF)-15 levels at lowest

tertile: <1,173 pg/ml; at middle tertile: 1,173 to 2,252 pg/ml; at

highest tertile: >2,252 pg/ml. (A) All-cause death. (B) All-cause

death and hospitalization. (C) Cardiovascular death and heart

failure hospitalization.
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301 cardiovascular deaths or HF hospitalization
events in our study cohort. Generally, higher tertiles
of GDF-15 were associated with worse clinical
outcomes across all clinical endpoints of interest
(Figure 2). In univariate analyses, a 2-fold increased
concentration of GDF-15 was associated with a
203% increase in all-cause mortality, a 32% increase
in the composite of all-cause death or all-cause
hospitalization, and a 61% increase in the composite
of cardiovascular death or HF hospitalization
(p < 0.0001) for all.

In order to assess the independent association of
GDF-15 in the context of other common clinically
available data, we created a series of multivariate
models that sequentially included clinical and de-
mographic variables, other guideline-recommended
biomarkers (NT-proBNP and hs-TnT), and variables
obtained from CPX testing. After we adjusted for de-
mographic and clinical variables only, we found a 2-
fold increase in the concentration of GDF-15 was
associated with a 71% increased risk of all-cause death
(p < 0.0001) (Figure 3A), a 27% increased risk in
all-cause death or rehospitalization (p < 0.0001)
(Figure 3B), and a 34% increased risk of cardiovascular
death or HF rehospitalization (p ¼ 0.0005) (Figure 3C).
After additionally adjusting for both hs-TnT and
NT-proBNP in addition to clinical and demographic
variables, we found a doubling of the baseline
concentration of GDF-15 was still associated with a
30% increased risk of all-cause death (p ¼ 0.03)
(Figure 3A). After we made further adjustments for
CPX variables in addition to the clinical model and
biomarkers, GDF-15 was no longer significantly asso-
ciated with any of the clinical endpoints of interest.
There were no significant interactions between
GDF-15 and randomized treatment assignment
(exercise training vs. control) for any of the clinical
endpoints (all: p > 0.14), suggesting that GDF-15 did
not identify patients more or less likely to respond to
exercise training.

PROGNOSTIC UTILITY OF GDF-15. The prognostic
utility of GDF-15 in addition to the clinical models,
biomarkers (NT-proBNP and hs-TnT), and CPX
variables are shown in Table 3. GDF-15 improved
discrimination of all-cause death in addition to
the clinical model, particularly the discrimination
of nonevents. When we compared the addition of
biomarkers to the clinical model, all biomarker
improved discrimination of all-cause death individ-
ually. However, NT-proBNP appears to have the
greatest magnitude of improvement in discrimina-
tion, followed by GDF-15 (Online Table 2). Although
the addition of GDF-15 incrementally increased
the c-index value for all-cause death in addition
to clinical, biomarker, and CPX variables, the
improvement was not significant overall. Similarly,
GDF-15 did not significantly improve discrimination
for the composite outcomes of all-cause death
or hospitalization and cardiovascular death or HF
hospitalization.

http://dx.doi.org/10.1016/j.jchf.2017.07.013


FIGURE 3 Full Adjusted Model and Adjusted Clinical Models

(A) Full model adjusted for demographic variables and serum creatinine concentration (truncated at 2.3 mg/dL), BMI, loop diuretic dose

(truncated at 100 mg furosemide equivalents), CCS angina classes (0, I, $II), and LVEF. *Biomarkers refer to NT-proBNP and hs-TnT; **CPX

refers to baseline cardiopulmonary exercise stress test variables, which include exercise duration and ventricular conduction. (B) Clinical model

adjusted for KCCQ symptom stability score (3 categories: <50, 50, >50), U.S. BUN concentration, LVEF, BB dose (truncated at 50 mg

metoprolol equivalents), moderate or severe MR. *Biomarkers refer to NT-proBNP and hs-TnT; **CPX refers to baseline cardiopulmonary

exercise stress test variables, which include peak VO2 characterized by Weber class and ventricular conduction on the baseline CPX test.

(C) Clinical model adjusted for loop diuretic dose (truncated at 100), LVEF, moderate or severe MR, KCCQ symptom stability score (3

categories: <50, 50, >50), BUN concentration (truncated at 39 mg/dL). *Biomarkers refer to NT-proBNP and hs-TnT; **CPX refers to

baseline cardiopulmonary exercise stress test variables, which include peak VO2 characterized by Weber class, VE/VCO2, and ventricular

conduction on the baseline CPX test. BB ¼ beta blocker; BMI ¼ body mass index; BUN ¼ blood urea nitrogen; CCS ¼ Canadian Cardiovascular

Society classification; CPX ¼ cardiopulmonary exercise test; hs-TnT ¼ high sensitivity troponin T; KCCQ ¼ Kansas City Cardiomyopathy

Questionnaire; LVEF ¼ left ventricular ejection fraction; MR ¼ mitral regurgitation; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide;

other abbreviations as in Figure 1.

Continued on the next page
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FIGURE 3 Continued
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DISCUSSION

Assessing the clinical utility of new and existing
biomarkers remains an important goal in HF.
The present analyses from the HF-ACTION study adds
a number of important findings regarding the role
between GDF-15 and HF: 1) a 2-fold greater concen-
tration of GDF-15 is associated with a 30% greater risk
of all-cause death, despite comprehensive multivar-
iate adjustment including hs-TnT and NT-proBNP;
2) greater GDF-15 concentrations were associated
with worse symptom burden and functional capacity,
including baseline NYHA functional class, 6-min walk
distance, and peak VO2; and 3) the strongest baseline
predictor of higher GDF-15 concentrations was greater
hs-TnT. Because it was a large multicenter cohort of
demographically diverse, ambulatory, chronic HFrEF
patients, the HF-ACTION trial allowed for a compre-
hensive assessment of GDF-15’s association with
cardiovascular outcomes. The range of outcomes in
HF-ACTION, including CPX data available through
HF-ACTION, provides a unique opportunity to eval-
uate the association between GDF-15, functional ca-
pacity, and exercise performance.

ASSOCIATION OF GDF-15 WITH BASELINE CLINICAL

AND BIOMARKER VARIABLES. Cellular expression of
GDF-15 increases in response to various stressors
including reactive oxygen species and proin-
flammatory cytokines (8,21). In murine models,
GDF-15 inhibits apoptosis, hypertrophy, and adverse
cardiac remodeling (8,9,22). GDF-15 is not normally
expressed in the heart; however, it can be induced in
experimental models of myocardial ischemia, pres-
sure/volume overload, and dilated cardiomyopathy
(8,9). Our study expands upon these findings: we
identified the fact that GDF-15 concentrations were
closely associated with hs-TnT and NT-proBNP
(Table 2), suggesting that cardiac ischemia and car-
diomyocyte stretch play a role in GDF-15 expression.
Our study also aligns with previous studies suggest-
ing that GDF-15 is closely associated with multiple
biologic pathways including renal dysfunction and
abnormal glucose regulation (11,16,23,24).

ASSOCIATION BETWEEN GDF-15 AND CARDIOVASCULAR

OUTCOMES. Current HF guidelines indicate that
natriuretic peptides and biomarkers of myocardial
injury (cardiac troponin T or I) may be considered for
ambulatory risk stratification (5). Our findings suggest
that GDF-15 may also play an important role in
ambulatory risk stratification. In the ValHeFT anal-
ysis, after adjustment for clinical and biomarker var-
iables, an increase of 100 pg/ml GDF-15 was
associated with an increased risk of all-cause death
(HR: 1.007; 95% CI: 1.001 to 1.014; p ¼ 0.02) (16).
Compared to that of ValHeFT, our patient population
was younger (median 59 vs. 63 years of age, respec-
tively), had increased nonwhite participants (36% vs.
16%, respectively), a higher proportion of patients



TABLE 3 Prognostic Utility of GDF-15

Model C Statistic Without GDF-15 C Statistic With GDF-15 Overall NRI

All-cause death

Clinical model 0.704 (0.659 to 0.749) 0.735 (0.690 to 0.779) 0.298 (0.081 to 0.516)

Clinical model þ CPX 0.751 (0.709 to 0.794) 0.759 (0.717 to 0.801) 0.150 (�0.071 to 0.377)

Clinical model þ biomarkers 0.755 (0.713 to 0.797) 0.759 (0.717 to 0.801) 0.105 (�0.124 to 0.339)

Clinical model þ biomarkers þ CPX 0.770 (0.730 to 0.810) 0.772 (0.732 to 0.812) �0.038 (�0.263 to 0.192)

All-cause death or hospitalization

Clinical model 0.612 (0.584 to 0.640) 0.623 (0.595 to 0.650) 0.090 (�0.242 to 0.378)

Clinical model þ CPX 0.637 (0.610 to 0.664) 0.640 (0.613 to 0.668) �0.181 (�0.500 to 0.111)

Clinical model þ biomarkers 0.636 (0.609 to 0.663) 0.639 (0.612 to 0.666) �0.272 (�0.632 to 0.039)

Clinical model þ biomarkers þ CPX 0.649 (0.623 to 0.676) 0.650 (0.623 to 0.676) �0.404 (�0.737 to �0.102)

CV death or HF hospitalization

Clinical model 0.715 (0.680 to 0.749) 0.725 (0.691 to 0.759) 0.111 (�0.086 to 0.317)

Clinical model þ CPX 0.730 (0.696 to 0.764) 0.733 (0.700 to 0.767) 0.028 (�0.168 to 0.238)

Clinical model þ biomarkers 0.752 (0.720 to 0.784) 0.752 (0.719 to –0.784) �0.063 (�0.250 to 0.144)

Clinical model þ biomarkers þ CPX 0.755 (0.723 to 0.787) 0.756 (0.723 to 0.788) �0.084 (�0.281 to 0.123)

TABLE 3 Continued

Model NRI for Events NRI for Nonevents IDI

All-cause death

Clinical model 0.044 (L0.131 to 0.227) 0.254 (0.155 to 0.342) 0.043 (0.025 to 0.062)

Clinical model þ CPX �0.029 (�0.201 to 0.150) 0.179 (0.087 to 0.272) 0.009 (�0.002 to 0.019)

Clinical model þ biomarkers 0.058 (�0.116 to 0.236) 0.046 (�0.050 to 0.140) 0.004 (�0.005 to 0.011)

Clinical model þ biomarkers þ CPX �0.044 (�0.217 to 0.136) 0.006 (�0.099 to 0.106) �0.001 (�0.005 to 0.004)

All-cause death or hospitalization

Clinical model �0.030 (�0.122 to 0.066) 0.120 (�0.164 to 0.369) 0.008 (0.002 to 0.015)

Clinical model þ CPX �0.101 (�0.190 to �0.002) �0.080 (�0.379 to 0.170) 0.002 (�0.002 to 0.006)

Clinical model þ biomarkers �0.105 (�0.193 to �0.009) �0.168 (�0.490 to 0.099) �0.004 (�0.007 to �0.002)

Clinical model þ biomarkers þ CPX �0.144 (�0.234 to �0.046) �0.260 (�0.569 to �0.007) 0.000 (�0.001 to 0.000)

CV death or HF hospitalization

Clinical model 0.013 (�0.113 to 0.155) 0.098 (�0.015 to 0.219) 0.007 (0.000 to 0.015)

Clinical model þ CPX �0.028 (�0.159 to 0.118) 0.056 (�0.061 to 0.177) 0.000 (�0.005 to 0.004)

Clinical model þ biomarkers �0.070 (�0.201 to 0.079) 0.007 (�0.106 to 0.123) �0.001 (�0.003 to 0.000)

Clinical model þ biomarkers þ CPX �0.091 (�0.230 to 0.057) 0.007 (�0.106 to 0.123) �0.001 (�0.001 to 0.000)

Bold text indicates results where GDF-15 significantly increased the C-statistic, overall NRI, and IDI.

CV ¼ cardiovascular; HF ¼ heart failure; IDI ¼ integrated discriminatory improvement; NRI ¼ net reclassification index; other abbreviations as in Table 1.
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with hypertension (64% vs. 7%, respectively), lower
median GDF-15 concentrations (1,596 pg/ml vs. 2,040
pg/ml, respectively), and greater use of evidence-
based medical therapy (use of beta-blocker therapy:
95% vs. 33%, respectively; and use of spironolactone:
45% vs. 2%, respectively). Despite these differences,
our study still demonstrated that, in a demographi-
cally diverse, well-medically managed group of
chronic HF patients, GDF-15 was associated with an
increased risk of all-cause mortality, even after
adjusting for commonly available demographic,
clinical, and laboratory variables.

Compared to other biomarkers, GDF-15 appears to
have a robust association with all-cause mortality.
Prior studies from HF-ACTION have evaluated the
fibrosis marker galectin-3 (25) and the interleukin
signaling ligand-soluble ST-2 (26). Galectin-3 was not
associated with an increased risk of all-cause death
after adjustment for clinical variables and NT-proBNP
(adjusted HR: 1.06; p ¼ 0.30) (25). A doubling of ST-2
was associated with increased risk of all-cause death
(adjusted HR: 1.42; p ¼ 0.007) (26); however, this
study did not adjust for troponin, which is a powerful
predictor of mortality in patients with HF (26).

In our study, GDF-15 did not provide any addi-
tional prognostic information when CPX variables
were added to demographic, clinical, laboratory, and
biomarker data. Similar results have been seen with
other biomarkers, including ST-2 and galectin-3
(25,26). Our results suggest that the unique prog-
nostic information provided by GDF-15 is also
captured by variables derived from CPX testing.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: GDF-15, a

member of the transforming growth factor-b cytokine family, is an

emerging biomarker used for risk stratification among patients

with cardiovascular diseases. In our analysis of a demographically

diverse, well-managed patients with chronic HFrEF, GDF-15

provides independent prognostic information in addition to

established predictors of outcomes including hs-TnT and

NT-proBNP.

TRANSLATIONAL OUTLOOK: Our findings suggest a possible

role for GDF-15 in the risk stratification of patients with chronic

HFrEF. Future studies evaluating the mechanistic role of GDF-15

in patients with HF may lead to new therapeutic targets.
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Abnormal CPX measurements indicate worse HF
and may reduce the association between GDF-15 and
cardiovascular outcomes. As CPX testing is not
widely available or performed in the routine
management of HF patients in clinical practice (27),
our results demonstrate the strength of GDF-15’s
association with clinical outcomes of interest in
addition to routinely available clinical and biomarker
variables.

GDF-15 significantly improved discrimination for
all-cause mortality in addition to clinical variables;
however, when CPX variables or additional bio-
markers were added to the clinical model for all-cause
death, model discrimination did not improve after the
addition of GDF-15. In the ValHeFT study, the addi-
tion of GDF-15 to clinical and biomarker variables
(BNP, high sensitivity c-reactive protein, and hs-TnT)
did improve the c-index for mortality (c-index value
from 0.73 to 0.76; p ¼ 0.02), and the IDI for mortality
was borderline significant (p ¼ 0.06) (16). Among
patients with chronic HF in a Singapore cohort, GDF-
15 also improved discrimination in addition to a
clinical model with NT-proBNP and hs-TnT (c-index
from 0.72 to 0.74; p ¼ 0.0019) (28). In our study, the
discriminatory ability of biomarkers (hs-TnT and
NT-proBNP) and CPX variables in addition to baseline
clinical variables for the outcome of all-cause mor-
tality was already high, as reflected by a c-index of
0.77 (Table 3). Although GDF-15 improved the c-index
for all-cause mortality, in addition to baseline
biomarkers and CPX variables, this increase was not
significant. This finding likely reflects the challenge
of improving discrimination in addition to an already
robust model. However, combined with the prior
analyses of GDF-15 among patients with HF, the
totality of evidence suggest that GDF-15 may improve
discrimination above and beyond clinical variables
and established biomarkers.

STUDY LIMITATIONS. This was a post hoc study and
was subject to the limitations of these types of an-
alyses. Patients enrolled in the biomarker substudy
were predominantly from the United States. As with
most clinical trials, our patient population differed
from the broader HF population seen in HF regis-
tries (29), although HF-ACTION was notable for
enrolling a higher proportion of nonwhite patients
and women than most other HF clinical trials.
Furthermore, the patients in HF-ACTION demon-
strated higher use of evidence-based therapies than
those in other studies evaluating the prognostic role
of GDF-15 among patients with HF. Attempting to
assess the association of GDF-15 and individual
outcomes relative to an optimized set of variables
might have contributed to the difficulties in
showing a significant association with outcomes
besides all-cause mortality. Patients enrolled in the
HF-ACTION trial had impaired ejection fraction
(LVEF: <0.35%); as such our results cannot be
extrapolated to other HF populations such as
patients with HF and preserved ejection fraction.
Our study revealed that patients with higher GDF-15
had worse peak VO2; however, all patients had to
consent and be able to perform a CPX test, which
may not reflect the overall HF population.

CONCLUSIONS

In this analysis of a large clinical study with well-
treated chronic HFrEF patients, increasing baseline
GDF-15 was associated with long-term adverse car-
diovascular outcomes. Even after comprehensive
multivariate adjustment, including demographics,
clinical variables, and biomarkers (hs-TnT and
NT-proBNP), doubling the concentration of GDF-15
was significantly associated with all-cause mortality.
Further adjustment for CPX-derived variables atten-
uated the value of GDF-15, but CPX testing is not
widely used in routine clinical practice. These data
suggest a potential role for GDF-15 in risk stratifica-
tion among patients with chronic HFrEF.

ADDRESS FOR CORRESPONDENCE: Dr. G. Michael
Felker, Duke Clinical Research Institute, 2400 Pratt
Street, Durham, North Carolina 27705. E-mail:
Michael.felker@dm.duke.edu.
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