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Abstract

Aims Levels of growth differentiation factor 15 (GDF-15), a cytokine secreted in response to cellular stress and inflammation, have 
been associated with multiple types of cardiovascular (CV) events. However, its comparative prognostic performance 
across different presentations of atherosclerotic cardiovascular disease (ASCVD) remains unknown.

Methods 
and results

An individual patient meta-analysis was performed using data pooled from eight trials including 53 486 patients. Baseline 
GDF-15 concentration was analyzed as a continuous variable and using established cutpoints (<1200 ng/L, 1200– 
1800 ng/L, > 1800 ng/L) to evaluate its prognostic performance for CV death/hospitalization for heart failure (HHF), major 
adverse cardiovascular events (MACE), and their components using Cox models adjusted for clinical variables and estab-
lished CV biomarkers. Analyses were further stratified on ASCVD status: acute coronary syndrome (ACS), stabilized after 
recent ACS, and stable ASCVD. Overall, higher GDF-15 concentration was significantly and independently associated with 
an increased rate of CV death/HHF and MACE (P < 0.001 for each). However, while GDF-15 showed a robust and consist-
ent independent association with CV death and HHF across all presentations of ASCVD, its prognostic association with 
future myocardial infarction (MI) and stroke only remained significant in patients stabilized after recent ACS or with stable 
ASCVD [hazard ratio (HR): 1.24, 95% confidence interval (CI): 1.17–1.31 and HR: 1.16, 95% CI: 1.05–1.28 for MI and stroke, 
respectively] and not in ACS (HR: 0.98, 95% CI: 0.90–1.06 and HR: 0.87, 95% CI: 0.39–1.92, respectively).

Conclusion Growth differentiation factor 15 consistently adds prognostic information for CV death and HHF across the spectrum of 
ASCVD. GDF-15 also adds prognostic information for MI and stroke beyond clinical risk factors and cardiac biomarkers but 
not in the setting of ACS.
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Structured Graphical Abstract

(ASCVD) settings?

GDF-15 levels consistently added prognostic information beyond clinical risk factors and established CV biomarkers for CV death and 
hospitalization for heart failure (HHF) across the spectrum of ASCVD. GDF-15 was also a useful marker for myocardial infarction (MI) 
and stroke but not in the setting of an acute coronary syndrome (ACS).
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Growth differentiation factor 15 added prognostic information beyond clinical risk factors and cardiac biomarkers for CV death and HHF across the 
spectrum of ASCVD and for MI and stroke outside of ACS.

Keywords GDF-15 • Biomarker • ASCVD • MI • Stroke

Introduction
Circulating protein biomarkers can be used to facilitate diagnosis, assess 
prognosis, guide intervention, and help manage cardiovascular (CV) dis-
eases.1 Growth differentiation factor 15 (GDF-15) is a member of the 
transforming growth factor beta superfamily that is weakly expressed in 
most organs under healthy conditions. In human disease, GDF-15 is 
strongly upregulated in response to hypoxic, mechanical, oxidative or 
inflammatory stress.2 Therefore, GDF-15 has been explored as a 

prognostic biomarker in multiple disease entities, including ischaemic 
heart disease, heart failure (HF), atrial fibrillation, diabetes mellitus, 
and cancer.

In seminal studies, higher GDF-15 concentrations in atherosclerotic 
cardiovascular disease (ASCVD) were associated with atherosclerotic 
risk factors, CV disease burden, and HF.3–7 Prior evidence has estab-
lished a strong direct association between GDF-15 concentration and 
the future risk of death and HF. In contrast, the relationship between 
GDF-15 and future ischaemic events has been inconsistent across 
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studies of patients with ASCVD,8–10 leaving its value as a prognostic 
marker for future ischaemic events uncertain.

Therefore, we performed an individual patient meta-analysis in 53 
486 patients with ASCVD with data pooled across 8 clinical trials to 
evaluate the prognostic performance of GDF-15 with respect to vari-
ous CV outcomes across differing presenting syndromes of ASCVD.

Methods
Patient-level data from 8 trials of patients with unstable or stable ASCVD 
with available measurements of baseline GDF-15 were pooled for the 
analysis: Aggrastat-to-Zocor (A2Z) Thrombolysis in Myocardial Infarction 
(TIMI) 21,11 Pravastatin or Atorvastatin Evaluation and Infection Therapy 
(PROVE IT)-TIMI 22,6,7 Metabolic Efficiency With Ranolazine for Less 
Ischemia in Non-ST-Elevation Acute Coronary Syndromes (MERLIN)-TIMI 
36,12 Early Glycoprotein IIb/IIIa Inhibition in Non-ST-Segment Elevation 
Acute Coronary Syndrome (EARLY-ACS)-TIMI 39,13 Stabilization of 
pLaques usIng Darapladib (SOLID)-TIMI 52,14 Prevention of Events with 
Angiotensin Converting Enzyme Inhibition (PEACE),15 Prevention of 
Cardiovascular Events in Patients with Prior Heart Attack Using Ticagrelor 
Compared to Placebo on a Background of Aspirin (PEGASUS)-TIMI 54,16

and Further cardiovascular Outcomes Research with PCSK9 Inhibition 
in subjects with Elevated Risk (FOURIER)-TIMI 59.17 The details of each 
trial are included in Supplementary material online, Table S1. These multi-
centre randomized controlled trials enrolled patients across the spectrum 
of ASCVD, from patients presenting with an acute coronary syndrome 
(ACS), to those stabilized after a recent ACS, to those with stable 
ASCVD. Patients stabilized after ACS represented in these trials included pa-
tients clinically stable for at least 24–48 h after acute presentation with ACS 
to no more than 30 days after hospitalization for ACS. The protocol, includ-
ing the biomarker substudy, for each trial was approved by the Institutional 
Review Board or Ethics Committee of each participating center and all study 
participants provided written informed consent.

Biomarker samples
In each trial, baseline blood samples were collected at the time of randomiza-
tion and were centrifuged on site. Isolated serum or plasma was stored at −20° 
C or colder at the site and was shipped frozen to the TIMI Clinical Trials 
Laboratory (Boston, MA) where samples were stored at −80°C or colder. 
The assay used for determination of GDF-15 concentration in each trial is spe-
cified in Supplementary material online, Table S2.18 Other CV biomarkers, in-
cluding brain natriuretic peptide (BNP) or N-terminal pro-B-type natriuretic 
peptide (NT-proBNP), high-sensitivity C-reactive protein (hsCRP), and cardiac 
troponin I were measured using established commercially available immunoas-
says (Supplementary material online, Table S2).

Endpoints
On the basis of prior work with GDF-15 in patients with ASCVD,4,7,19 we 
focused on the following CV events as our outcomes of interest for this 
study: a composite of CV death or hospitalization for HF (HHF) and its in-
dividual endpoints as well as major adverse cardiovascular events [MACE: 
CV death, myocardial infarction (MI), or stroke] and its components as 
available. As a further exploratory analysis, we also examined the associ-
ation of GDF-15 with non-CV death. All personnel performing biomarker 
testing were blinded to clinical outcomes.

Statistical analyses
Demographics and other baseline characteristics are reported as median 
and 25th and 75th percentiles for continuous variables and as counts and 
percentages for categorical variables. The χ2 test was used for categorical 
variables and the Kruskal–Wallis test was used for continuous variables 
to compare differences among groups. A general linear model with forward 
selection method with a threshold value of 0.05 was used to identify the 

baseline characteristics that were independently and most strongly asso-
ciated with GDF-15 levels.

GDF-15 concentration was analyzed both as a log-transformed continu-
ous variable and categorically using previously established cutpoints (low 
range: < 1200 ng/L, intermediate range: 1200–1800 ng/L, and high range: 
> 1800 ng/L).3,7 The cumulative incidence function (CIF) was used for esti-
mation of the incidence of the occurrence of CV death or HHF (or MACE) 
while accounting for a competing risk of non-CV death. For a single non- 
fatal endpoint such as MI or stroke or HHF, CIF was used while accounting 
for a competing risk of all-cause death.20 The association between GDF-15 
concentration and each clinical outcome was analyzed using Cox 
proportional-hazards modeling to estimate the hazard ratios (HRs) and 
95% confidence intervals (CIs) by treating those subjects who experience 
a competing event without having had an event of interest as being cen-
sored at the time of the occurrence of the competing event. These regres-
sion coefficients here onward can be interpreted as the relative effect of the 
corresponding covariate on the relative increase in the rate of occurrence 
of the event of interest in subjects who are currently event free.21

In the main analysis, the Cox regression models were adjusted for trial, 
age, sex, body mass index (BMI), current smoking, hypertension, diabetes 
mellitus, hypercholesterolaemia (defined as either low-density lipoprotein 
cholesterol ≥100 mg/dL or apolipoprotein B ≥ 90 mg/dL), estimated glom-
erular filtration rate (eGFR), history of MI, history of stroke or transient is-
chaemic attack (TIA), history of HF, prior coronary artery bypass grafting or 
percutaneous coronary intervention and index event [not ACS vs. 
non-ST-elevation ACS (NSTE-ACS) vs. ST-elevation MI (STEMI)]. In a sec-
ondary analysis, the Cox regression models were also adjusted for hsCRP, 
cardiac troponin I, and BNP or NT-proBNP in addition to the variables used 
in the main analysis. NT-proBNP and BNP, as well as cardiac troponin I 
were normalized relative to the 99th percentile of upper reference limit 
of normal population reported by manufacturers (Supplementary 
material online, Table S2). All biomarkers were further log-transformed. 
In sensitivity analyses, the five trials that had NT-proBNP and the three 
trials that had BNP were analyzed separately, which enabled us to model 
the natriuretic peptide using the raw values. In addition, the evaluation 
of the incremental value of the GDF-15 when added to clinical informa-
tion and established biomarkers was tested by the use of the likelihood 
ratio test. Concordance indices were also examined across these 
models.

We categorized each of the trials based on the setting of enrollment of 
their target patient population into one of three presentations of ASCVD: 
(i) acute ACS; (ii) stabilized after recent ACS (within the past 30 days); and 
(iii) stable ASCVD to permit analysis of the prognostic performance of 
GDF-15 in each of these presentations.

Statistical analyses were performed using SAS System V9.4 (SAS Institute, 
Cary, NC). Cumulative incidence function and 95% CI were estimated in R 
software (www.r-project.org) using the cuminc function in the cmprsk 
package. All tests were two-sided and a P-value of <0.05 was considered 
significant.

Results
A total of 53 486 patients with ASCVD from 8 clinical trials were in-
cluded in the analysis. The median follow-up was 2.2 years. The demo-
graphics of the overall combined population and each randomized 
controlled trial population are summarized in Table 1 and 
Supplementary material online, Table S1, respectively. Overall, the me-
dian age was 64 [interquartile range (IQR): 56–70) years, 25.1% were 
female, 49.7% had history of MI, and 11.8% had history of stroke/TIA. 
Patients with higher GDF-15 levels tended to be women, older, and 
have a higher prevalence of ASCVD risk factors, such as diabetes mel-
litus, hypertension, and worse eGFR, and were more likely to have a his-
tory of MI, stroke/TIA, coronary revascularization, or HF. The top three 
clinical characteristics that were independently associated with higher 
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baseline values of GDF-15 were history of diabetes, age, and baseline 
eGFR. The correlation between GDF-15 levels and age was 0.37 (P < 
0.0001). The correlations with the other CV biomarkers were all 
weak to moderate, although all statistically significant (P < 0.001), given 

the very large sample size (r = 0.10 for troponin; r = 0.15 for hsCRP; r = 
0.31 for NT-proBNP; r = 0.18 for BNP). Median (IQR) GDF-15 levels in 
patients with ACS, stabilized after a recent ACS, and with stable 
ASCVD were 1058.0 (790.5–1478.1), 1104.0 (804.2–1569.0), and 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 1 Baseline demographics

Characteristics Total 
(N = 53 486)

Enrollment GDF-15 concentration

<1200 ng/L  
(N = 28 928)

1200–1800 ng/L  
(N = 13 891)

>1800 ng/L  
(N = 10 667)

Age (years), median (IQR) 64.0 (56.0–70.0) 61.0 (54.0–67.0) 66.0 (59.0–72.0) 68.0 (62.0–74.0)

Female sex 13 397 (25.1) 6787 (23.5) 3553 (25.6) 3057 (28.7)

BMI (kg/m2), median (IQR) 28.4 (25.6–31.9) 28.4 (25.7–31.6) 28.4 (25.6–32.0) 28.7 (25.5–32.5)

Current smoker 13 967 (26.1) 7648 (26.5) 3725 (26.8) 2594 (24.3)

eGFR (mL/min/1.73 m2), median (IQR) 74.0 (62.6–86.7) 78.2 (68.2–90.0) 71.5 (60.5–83.4) 62.1 (49.1–75.9)

Hypertension 38 488 (72.0) 19 306 (66.8) 10 422 (75.0) 8760 (82.2)

Diabetes mellitus 16 052 (30.0) 5831 (20.2) 4569 (32.9) 5652 (53.0)

Dyslipidemia 22 117 (42.6) 13 059 (46.5) 5515 (40.8) 3543 (34.2)

History of MI 26 537 (49.7) 13 943 (48.2) 6955 (50.1) 5639 (52.9)

History of stroke/TIA 6327 (11.8) 2681 (9.3) 1881 (13.5) 1765 (16.6)

History of HF 9237 (18.5) 4321 (16.6) 2421 (18.2) 2495 (23.8)

Prior CABG/PCI 29 870 (55.9) 15 568 (53.9) 7891 (56.8) 6411 (60.2)

Data are shown as numbers and percentage, unless indicated otherwise. 
BMI, body mass index; eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation factor 15; IQR, interquartile range; MI, myocardial infarction; TIA, transient ischaemic 
attack; HF, heart failure; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting. P for trend <0.0001 for each baseline characteristic across GDF-15 categories.

Figure 1 Association of baseline log-transformed growth differentiation factor 15 (per 1 standard deviation) with cardiovascular outcomes. MACE, 
major adverse cardiac events; CV, cardiovascular; HHF, hospitalization for heart failure; MI, myocardial infarction; HR, hazard ratio; CI, confidence inter-
val. Hazard ratio adjusted for clinical factors and other biomarkers. An increase in 1 standard deviation of log growth differentiation factor 15 was in-
dependently associated with all the cardiovascular endpoints (P-value all <0.005).
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1176.0 (858.6–1694.0) ng/L, respectively (Supplementary material 
online, Figure S1).

Association between GDF-15 
concentration and CV events
Overall, a higher GDF-15 concentration was associated with a higher 
rate for all of the CV events examined, and this association remained 
significant after adjusting for clinical factors and established CV biomar-
kers (Figure 1, P < 0.005 for each). Particularly notable was the inde-
pendent association between GDF-15 levels and CV death or HHF, 
with an adjusted HR per 1 SD log GDF-15 (which equates to rate in-
crease seen with GDF-15 increasing by 2165 ng/L) of 1.34 (95% CI: 
1.26–1.42). The results for each of the components were very similar 
with HR of 1.33 (95% CI: 1.23–1.44, P < 0.0001) and 1.36 (95% CI: 
1.25–1.47, P < 0.0001), respectively, for CV death and HHF. In sensitiv-
ity analyses, the results for GDF-15 were similar for hospitalization for 
HF when data were analyzed separately for patients in whom the natri-
uretic peptide measured was NT-proBNP (adjusted HR per 1 SD log 
GDF-15 of 1.32 (95% CI: 1.21–1.44), P < 0.0001) or BNP [adjusted 
HR per 1 SD log GDF-15 of 1.48 (95% CI: 1.24–1.75), P < 0.0001]. 
The adjusted HR for MACE was 1.21 (95% CI: 1.16–1.26) and the 
HRs for MI and for stroke were 1.18 (95% CI: 1.12–1.25, P < 0.0001) 
and 1.15 (95% CI: 1.05–1.27, P = 0.004), respectively. Of note, 
GDF-15 levels were also associated with an increased rate of non-CV 
death (HR: 1.73, 95% CI: 1.57–1.90, P < 0.0001). There was no hetero-
geneity in the strength of the prognostic association by treatment arm 
(Pinteraction 0.63 for CV death/HHF and 0.74 for MACE).

In the pooled categorical analysis, both intermediate and high 
GDF-15 values were independently associated with all of the prespeci-
fied endpoints, with a graded increase in event rate with a higher range 
of GDF-15 (Ptrend < 0.001 for each; Figure 2, Supplementary material 
online, Figure S2). At 3 years, the cumulative incidences of CV death/ 
HF in patients with GDF-15 levels <1200 ng/L, 1200–1800 ng/L, and 
>1800 ng/L were 2.8%, 6.5%, and 11.2%, respectively. Likewise for 
MACE, the cumulative incidences were 7.8%, 11.4%, and 16.8%, re-
spectively. The differences in event rates appeared to emerge within 
6 months and continued to diverge throughout the studied period.

Different presenting syndromes of 
atherosclerotic vascular disease
An elevated concentration of GDF-15 was consistently associated with 
CV death, HHF, and the composite regardless of the presenting 
ASCVD syndrome (P < 0.05 for all), with a numerically lesser magni-
tude of association in patients with stable ASCVD (Figure 3). In contrast, 
the association with rate of MI and stroke differed by ASCVD syn-
drome. In patients with ACS, after adjusting for the specified clinical fac-
tors and established CV biomarkers, GDF-15 was not associated with 
the rate of MI (HR: 0.98, 95% CI: 0.90–1.06; Figure 3). In contrast, in pa-
tients stabilized after recent ACS [median time (IQR) from ACS was 8.0 
(4.0–17.0) days] or with stable ASCVD, GDF-15 was independently as-
sociated with the rate of future MI beyond clinical and established CV 
biomarkers (HR: 1.24, 95% CI: 1.17–1.31), with a P-interaction of 
<0.001 compared with the association seen in ACS. Separately consid-
ering those patients stabilized after recent ACS and with stable ASCVD, 
the HRs (95% CI) were 1.20 (1.06–1.35) and 1.24 (1.16–1.32), respect-
ively. There was a similar pattern for rate of future stroke, with no as-
sociation in patients with ACS (HR: 0.87, 95% CI: 0.39–1.92), whereas 
there was a significant association in the pooled cohort of patients sta-
bilized after recent ACS or with stable ASCVD (HR: 1.16, 95% CI: 1.05– 

1.28); the interaction P-value was 0.67, likely reflecting the broader CIs 
for rate of stroke in patients with ACS. In the separate subgroup of pa-
tients stabilized after recent ACS and with stable ASCVD, the HR (95% 
CI) were 1.36 (1.09–1.69) and 1.11 (1.00–1.24), respectively.

Similar to the analysis of GDF-15 as a continuous variable, the a priori 
categories of GDF-15 showed a consistent pattern of higher rate of CV 
death, and HHF across the different presenting ASCVD syndromes in 
those with higher GDF-15 levels (Supplementary material online, 
Table S3). In contrast, higher GDF-15 levels were associated with an in-
creased rate of MI and stroke in patients stabilized after recent ACS and 
with stable ASCVD but not in those with ACS (Supplementary material 
online, Figure S3).

The C-indices for the full clinical model and the full clinical model plus 
the established CV biomarkers with and without GDF-15 are shown in 
Supplementary material online, Table S4.

Discussion
In this large individual patient meta-analysis of pooled data from mul-
tiple cohorts of patients across different presenting ASCVD syn-
dromes, we observed strong associations between GDF-15 and 
multiple types of CV events. The strength of our study is its robust sam-
ples size with >34 000 patients with stable ASCVD, > 8000 patients re-
cently stabilized after an ACS, and >10 000 patients with ACS, which 
enabled us to provide new insight into the prognostic capacity of 
GDF-15 across different presentations of ASCVD and examine clinic-
ally meaningful cutpoints that can be referenced for prognostic assess-
ment in these vulnerable populations.

The main finding of our analysis is that prognostic associations of 
GDF-15 appear to differ among presentations of ASCVD. While 
GDF-15 showed a robust and consistent independent association 
with CV death and HHF across all presentations of ASCVD, an associ-
ation between GDF-15 and the rate of future MI and stroke independ-
ent of clinical characteristics and established CV biomarkers was not 
apparent when measured early after an ACS (Structured Graphical 
Abstract).

GDF-15 and cardiovascular outcomes
GDF-15 first emerged as a promising biomarker for prognostication of 
death and HHF in apparently healthy individuals in the community and 
in patients with ACS or chronic HF.22–25 GDF-15 and BNP (or 
NT-proBNP) share some of the same pathophysiological triggers, in-
cluding hemodynamic overload and myocardial stress. However, unlike 
the natriuretic peptides, which are cardiac-specific hormones secreted 
from the heart, various stressors induce GDF-15 also in endothelial 
cells, adipocytes, macrophages, and in human atherosclerotic plaque tis-
sue.26,27 We posit that this very fact enables GDF-15 to add significant 
prognostic information to the cardiomyocyte-derived natriuretic pep-
tide. Moreover, experimental data have raised a possible mediating role 
of GDF-15 in glucose metabolism.28 Therefore, it was reasonable to hy-
pothesize that a high serum concentration of GDF-15 might be asso-
ciated with a higher rate of MI or stroke. However, in contrast to the 
strong relationship between GDF-15 with HHF, CV death, and all-cause 
mortality,3,29 the association between GDF-15 and ischemic events has 
been less certain.3,4,9,29,30 Some studies in patients with stable ASCVD 
or ACS showed GDF-15 as an independent predictor of subsequent MI 
and stroke, 8,31 whereas other studies that enrolled patients with ACS, 
those stabilized after ACS, or those with stable angina found no such 
associations.4,9,32 However, these studies were relatively small.
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Figure 2 Growth differentiation factor 15 concentration (categorical) and cardiovascular events. Cumulative incidence curves of cardiovascular 
events by growth differentiation factor 15 categories while treating non-cardiovascular death as a competing risk. CV, cardiovascular; HHF, hospital-
ization for heart failure; MACE, major adverse cardiac events; HRadj, adjusted hazard ratio; Ref, reference. Each hazard ratio is compared with the low 
range growth differentiation factor 15 (growth differentiation factor 15 < 1200ng/L) after adjusting for clinical factors and established cardiovascular 
biomarkers.

Figure 3 Association between log-transformed growth differentiation factor 15 (per 1 standard deviation) and cardiovascular events stratified by trial 
category. ACS, acute coronary syndrome; SD, standard deviation; ASCVD, atherosclerotic cardiovascular disease; CV, cardiovascular; HHF, hospital-
ization for heart failure; MI, myocardial infarction; HR, hazard ratio. Hazard ratios are adjusted for clinical factors and other established cardiovascular 
biomarkers. Growth differentiation factor 15 is independently associated with myocardial infarction and stroke with exception among patients with-
acute coronary syndrome. *P < 0.05 except for MI in the acute acute coronary syndrome cohort after adjustment for clinical factors (P = 0.88), and 
after adjustment for clinical and cardiovascular biomarkers (P = 0.58) and stroke in the ACS cohort after adjustment for clinical factors (P = 0.80) 
and clinical and cardiovascular biomarkers (P = 0.72), in the stable ASCVD cohort after adjustment for clinical and cardiovascular biomarkers (P = 
0.052).
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Unlike troponin or BNP, acute myocardial injury induces only a mo-
dest increase of GDF-15 in the circulation (approximately 5% median 
increase), which occurs in the first week after an uncomplicated ACS 
event, and gradually returns back to baseline within 30 days.32,33 This 
observation is supported by studies that suggest only a weak association 
between GDF-15 and extent of myocardial damage.3,19,33 Similarly, HF 
studies have also reported low intraindividual and a higher interindivi-
dual biological variation with GDF-15.34,35

Based on these previous pathophysiological findings which support 
GDF-15 as a marker of integrated underlying CV disease burden, rather 
than a marker of acute instability of ASCVD, we analyzed our clinical 
data by different presentation of ASCVD. Importantly, our data 
showed a strong relationship between GDF-15 and CV death and 
HHF across the entire spectrum of ASCVD, whereas GDF-15 levels 
were associated with the risk of future MI and stroke in patients stabi-
lized after recent ACS and with stable ASCVD but not in those with 
ACS. While demonstrating this important epidemiology, our results 
do not directly interrogate the pathobiology underlying this observa-
tion. We can speculate that in the acute presentation of ACS factors 
related to nature of the culprit lesion may dominate the risk of recur-
rent ischemic events, whereas with time other underlying chronic fac-
tors better reflected by GDF-15 predominate as drivers of the risk of 
new ischemic events. Also, it is possible that in the acute phase GDF-15 
elevation may be protective in manner that counterbalances adverse 
processes reflected by GDF-15 expression. Given the paucity of estab-
lished biomarkers that robustly evaluate the risk of ischemic events in 
stable ASCVD, our results provide important evidence suggesting 
GDF-15 as a potentially useful marker that is incremental to clinical fac-
tors and established cardiac markers. For example, GDF-15 is now ap-
proved in Europe as an aid in risk stratification of patients with ACS. 
Looking forward, proteomic and metabolomic profiling may identify 
additional useful biomarkers.36

Limitations
This analysis was performed in selected patients participating in clinical 
trials rather than from the general population and, therefore, there are 
potential limitations to its generalizability. This limitation is particularly 
relevant to GDF-15 as a biomarker because GDF-15 is elevated in asso-
ciation with other disease processes, such as cancer, that are seen in clin-
ical practice but would be excluded from patients selected for 
enrollment in clinical trials. The median follow-up was only 2.2 years. 
While it is important to consider whether analytical imprecision or 
lack of reproducibility might adversely affect the prognostic perform-
ance of GDF-15 in some cohorts, prior studies of the analytical precision 
of GDF-15 demonstrate within-laboratory and between-laboratory im-
precision <10% over relevant concentrations.18 Moreover, reported 
low biological variation of GDF-15 (over repeated measurements in 
the same individual) supports that it may be useful for prognostication 
in individual subjects.37 It is not known whether GDF-15 is useful in iden-
tifying groups of patients who will benefit from specific cardiac interven-
tions. Although there was statistically significant heterogeneity in the HR 
for MI with higher GDF-15 levels in patients with ACS vs. in those with-
out, it should be noted that there were only three ACS trials in this da-
taset and validation of this observation in additional data sets will be 
helpful.

We did not adjust for multiple hypothesis testing. The P-values for 
the associations between GDF-15 levels and the two primary compos-
ite endpoints, CV death/HHF and MACE, were both <0.0001. 
Additional analyses, including components of the composite endpoints 

and subgroups of the overall population, were supportive analyses. 
Finally, although we have adjusted for clinical factors and other CV bio-
markers, residual confounders may exist due to incompletely measured 
or unmeasured factors.

Conclusion
In this large study across multiple populations with ASCVD, we found 
that GDF-15 is a robust biomarker for assessing the likelihood of CV 
death and HHF across the full spectrum of patients with ASCVD, re-
gardless of the type of presentation. GDF-15 is also a useful marker 
for MI and stroke beyond established clinical factors and biomarkers 
in patients with stabilized or stable ASCVD but not in the acute setting 
of ACS.

Supplementary material
Supplementary material is available at European Heart Journal online.
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