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Abstract

Background: This systematic review and meta-analysis aimed to evaluate the predictive effect of Growth Differentiation Factor-15
(GDF-15) on adverse outcomes in patients undergoing cardiovascular interventions. Method: A comprehensive literature search was
performed across PubMed, EMBASE, Cochrane Library, and Web of Science databases. The meta-analysis used hazard ratios (HR)
and odds ratios (OR) to compare outcomes such as all-cause mortality, cardiovascular death, postoperative atrial fibrillation (AF), acute
kidney injury (AKI), and spontaneous myocardial infarction (MI) between high GDF-15 levels and control groups. Subgroup analyses
were conducted based on study design and GDF-15 cutoff levels. Publication bias was evaluated using funnel plot and Egger’s test.
Results: A total of 13 studies were included in the meta-analysis. The study revealed a significant association between elevated GDF-15
levels and increased all-cause mortality. Subgroup analysis showed a significant association in retrospective studies but not in prospective
studies. Higher GDF-15 cutoff levels (>2 ng/mL) were more strongly associated with increased mortality than lower cutoff levels
(≤2 ng/mL). Elevated GDF-15 levels were found to be significantly associated with increased risks of cardiovascular death, AKI, and
spontaneous MI. No significant difference was observed in the incidence of postoperative AF. The overall adverse outcomes analysis
showed no significant difference. Subgroup analyses suggested significant associations primarily observed in studies with higher GDF-
15 cutoffs. Conclusion: Elevated GDF-15 levels are associated with increased risks of all-cause mortality, cardiovascular death, AKI,
and spontaneous MI in patients undergoing cardiovascular interventions. Due to the heterogeneity of the studies, including variations
in surgical techniques, the conclusions should be interpreted with caution. The PROSPERO Registration: CRD42024582279, https:
//www.crd.york.ac.uk/PROSPERO/view/CRD42024582279.
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1. Introduction
Cardiac surgeries are essential for treating a variety of

heart diseases, including coronary artery disease and con-
genital heart defects [1,2]. However, these procedures are
associatedwith several potential complications, such as car-
diovascular death, atrial fibrillation (AF), acute kidney in-
jury (AKI), and spontaneous myocardial infarction (MI).
AF represents a common complication, affecting 30% to
50% of patients following cardiovascular interventions [3].
The development of AF is associated with increased mor-
bidity and mortality, including higher risks of stroke, heart
failure, and prolonged hospital stays [4]. AKI occurs in
a significant portion of patients undergoing cardiovascular
interventions, resulting in increased morbidity and mortal-
ity [5]. The development of AKI post-surgery necessitates
prolonged hospital stays and intensive care, significantly
impacting patient quality of life and increasing healthcare
costs [6]. Given the significant morbidity and mortality as-
sociated with these complications, it is crucial to identify
patients who are at high risk to take appropriate measures,
including monitoring of renal function, maintaining ade-
quate hydration, and so on [7,8]. Therefore, early detection
and intervention are essential in mitigating potential com-
plications.

Growth differentiation factor-15 (GDF-15), a stress-
responsive cytokine, is elevated in response to myocardial
stretch, inflammation, and oxidative stress, making it a po-
tential indicator of various complications following cardiac
procedures [9]. A study has explored the predictive effect of
GDF-15 on adverse outcomes after cardiovascular interven-
tions, highlighting its potential as a significant biomarker
for risk stratification and outcome prediction. A prospec-
tive, single-center study found that low preoperative plasma
levels of GDF-15 are a strong independent predictor of post-
operative AF in patients undergoing off-pump and on-pump
coronary artery bypass graft (CABG) surgery, adding pre-
dictive value to classic risk factors [10]. Kato et al. [11]
reported preoperative levels of GDF-15 can help identify
short-term operative risks including AKI, as well as 30-day
mortality and morbidity in patients undergoing cardiovas-
cular surgery. Preoperative biomarkers reflecting cardiac,
inflammatory, renal, and metabolic disorders are strongly
associated with cardiac surgery-associated AKI and can en-
hance the identification of at-risk elderly patients compared
to clinical risk factors alone [12]. In revascularized patients
with non-ST-elevation acute coronary syndrome, biomark-
ers N-terminal pro-B-type natriuretic peptide (NT-proBNP)
and GDF-15 could improve the prognostication of cardio-
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vascular death and spontaneous MI beyond clinical risk
factors alone [13]. Wollert et al. [14] reported that ele-
vated GDF-15 levels improve risk stratification in non-ST-
elevation acute coronary syndrome, predicting outcomes
better with an invasive strategy. Given the diverse find-
ings across multiple studies regarding the predictive value
of GDF-15 on adverse outcomes after cardiovascular inter-
ventions, conducting ameta-analysis and systematic review
is crucial to consolidate this evidence, resolve inconsisten-
cies, and provide robust, comprehensive insights.

The aim of this systematic review and meta-analysis
is to evaluate the predictive effect of GDF-15 on adverse
outcomes following cardiovascular interventions. The hy-
pothesis of this systematic review and meta-analysis is that
elevated preoperative GDF-15 are significant predictors of
adverse outcomes in patients undergoing cardiovascular in-
terventions.

2. Materials and Methods
In compliance with the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines, this systematic review and meta-analysis aimed to
evaluate the prognostic value of GDF-15 for adverse out-
comes following cardiovascular interventions [15]. We
have registered our study on the International Prospective
Register of Systematic Reviews (PROSPERO)with the reg-
istration number CRD42024582279.

2.1 Search Strategy
A comprehensive literature search was performed

across four major databases including PubMed, EMBASE,
Cochrane Library, and Web of Science up to April 1, 2024.
The objective of this search was to identify studies exam-
ining the prognostic value of GDF-15 in patients under-
going cardiovascular interventions. The search strategy
encompassed a broad range of terms related to GDF-15
and cardiac surgeries, ensuring the inclusion of all relevant
studies without language or publication date restrictions.
The search terms combined various keywords and Med-
ical Subject Headings (MeSH) terms related to GDF-15
and cardiac surgical procedures. Specific terms for GDF-
15 included “macrophage inhibitory cytokine-1 protein hu-
man”, “macrophage inhibitory cytokine-1 (MIC-1) pro-
tein human”, “GDF-15 protein human”, among other rel-
evant variations. For cardiac surgical procedures, terms in-
cluded “Cardiac Surgical Procedures”, “Heart Surgical Pro-
cedures”, and “heart surgery”. The detailed search strate-
gies for each database are outlined in Supplementary Ta-
ble 1.

2.2 Inclusion and Exclusion Criteria
The inclusion criteria for this systematic review and

meta-analysis were defined as follows: (1) patients under-
going cardiovascular interventions (excluding heart trans-
plants), (2) studies measuring GDF-15 levels, (3) studies
comparing high level GDF-15 levels patients with patients

with low GDF-15 levels, and (4) outcome measures includ-
ing AKI, mortality, postoperative AF [16], and cardiovas-
cular death. The exclusion criteria included: (1) reviews,
conference papers, research designs, case reports, and other
non-original research articles, (2) duplicate studies, and (3)
studies with non-extractable data.

2.3 Study Selection
Eligibility of the retrieved recordswas assessed by two

independent reviewers through the examination of titles and
abstracts. Subsequently, a thorough evaluation of the full
texts of potentially relevant studies was performed. Dis-
crepancies were resolved through discussion. The selection
process was documented using a PRISMA flow diagram.

2.4 Data Extraction and Quality Assessment
Data from each included study were extracted by two

independent reviewers. The extracted data comprised study
design, country of origin, patient population, sample size,
events in experimental and control groups, average age of
participants, percentage of female participants, type of in-
tervention, method of GDF-15 testing, comparison groups,
cut-off values for GDF-15 levels, and reported outcomes.
Specifically, data on the incidence of adverse outcomes
such as AKI, AF, all-cause mortality, cardiovascular death,
and spontaneous MI were collected. The methodologi-
cal quality of the included studies was assessed using the
Newcastle-Ottawa scale (NOS), a 9-point scale evaluating
studies based on selection criteria, comparability of groups,
and the determination of either exposure or outcome [17].
Discrepancies encountered during data extraction or quality
assessment were resolved through discussion. If consensus
could not be reached, a third reviewer was consulted to re-
solve disagreements.

2.5 Data Analysis
Statistical analyses were conducted using Stata 12.0

(StataCorp, College Station, TX, USA). Count data were
compared using hazard ratios (HR) or odds ratios (OR) with
their corresponding 95% CIs. The choice between HR and
OR depended on the type of data reported in the included
studies. The selection between fixed-effects and random-
effects models was determined by the observed heterogene-
ity among the included studies. Heterogeneity was assessed
using the I2 statistic, with values exceeding 50% indicating
substantial heterogeneity. Fixed-effects models were ap-
plied for studies with low heterogeneity (I2 ≤ 50%), while
random-effects models were used for studies with high het-
erogeneity (I2 > 50%). Subgroup analyses were conducted
to investigate the effects of various variables, such as study
design and GDF-15 cut-off values, on the outcomes. Sensi-
tivity analyses were conducted using leave-one-out method
to assess the robustness of the synthesized results. Publica-
tion bias was assessed visually through funnel plot inspec-
tion and statistically using Egger’s test [18]. The funnel plot
was examined for asymmetry, and Egger’s test was applied
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Fig. 1. PRISMA study selection flow diagram. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

to quantify the bias. To further address publication bias,
a trim-and-fill analysis was performed, which provides a
more accurate estimate by accounting for potential unpub-
lished studies.

3. Results
3.1 Study Selection

As shown in Fig. 1, a comprehensive search identified
521 records. After removing 126 duplicates, 395 studies re-
mained for title and abstract screening. During screening,
116 records were excluded: 72meeting abstracts, 28 review
articles, 2 meta-analyses, and 14 unrelated studies. This re-
sulted in 279 reports remaining for eligibility assessment.
Upon detailed examination, 259 reports were excluded due
to irrelevant outcomes (214 reports) and irrelevant partic-
ipants (45 reports). Additionally, 7 reports were excluded
for not being available in full text, resulting in 13 studies
included in the meta-analysis.

3.2 Characteristics of Included Studies
The meta-analysis included 13 studies, conducted be-

tween 2007 and 2024, evaluating the prognostic effect of
GDF-15 on adverse outcomes post-cardiovascular interven-
tions (Table 1, Ref. [10–14,19–26]). These geograph-
ically diverse studies included research from Germany,
the Netherlands, France, Sweden, Switzerland, Japan, and
Canada. Of the included studies, eight were prospec-
tive, while five were retrospective. The total sample size
was 21,629 patients, undergoing various cardiac procedures
such as elective cardiac surgery, ST-segment elevation MI
interventions, coronary artery bypass surgery, transcatheter
aortic valve implantation, and AF ablation. The mean age
of participants ranged from 59 to 84 years (Table 1). The
proportion of female participants ranged from 8% to 55.8%,
reflecting broad demographic variation. Various methods
were employed for measuring GDF-15 levels, including
electrochemiluminescence immunoassay (ECLIA) and en-
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Table 1. Characteristic of the included studies.
Study
(first au-
thor)

Study de-
sign

Country Patients Sample
size

Eg
(event/total)

Cg
(event/total)

Age Female % Intervention Method of
testing

Comparison Cut-off Outcome

Heringlake
2016 [22]

prospective
study

Germany after elective car-
diac surgery

1176 85/392 37/392 68 31.1 cardiac surgery ECLIA high GDF-15 vs.
low GDF-15

0.989 ng/mL OR: AKI

Bodde
2019 [19]

retrospective
study

Netherlands ST-segment ele-
vation myocardial
infarction patients

290 28/145 9/145 59 22.4 pPCI ECLIA high GDF-15 vs.
low GDF-15

37.8 pmol/L HR: all-cause
mortality

Verwijmeren
2021 [12]

prospective
study

Netherlands elderly patients 539 14/88 9/451 74.16 33.58 cardiac surgery ECLIA high GDF-15 vs.
low GDF-15

2.199 ng/mL OR: AKI

Bouchot
2015 [10]

prospective
study

France after coronary
artery bypass
surgery

100 6/34 5/66 64.02 8 Coronary
artery bypass
surgery

ELISA high GDF-15 vs.
low GDF-15

1.013 ng/mL OR: AF

Lindholm
2017 [13]

retrospective
study

Sweden Non–ST-elevation
acute coronary
syndrome

5174 59/1293 8/1293 63 25 PCI or coro-
nary artery by-
pass graft

ECLIA high GDF-15 vs.
low GDF-15

2.052 ng/mL HR: cardio-
vascular death,
spontaneous MI

El-Harasis
2024 [20]

prospective
study

Switzerland after AF ablation 1873 \ \ 66.1 36.5 AF ablation ECLIA high GDF-15 vs.
low GDF-15

\ OR: AF

Guenancia
2015 [21]

prospective
study

France after cardiac by-
pass surgery

134 \ \ 64.88 11.19 cardiac bypass
surgery

ELISA high GDF-15 vs.
low GDF-15

1.033 ng/mL OR: AKI

Kato 2021
[11]

prospective
study

Japan after cardiovascu-
lar surgery

145 \ \ 68.4 36.55 cardiovascular
surgery with
cardiopul-
monary bypass

ELISA high GDF-15 vs.
low GDF-15

1.851 ng/mL OR: AKI

Krau 2015
[24]

prospective
study

Germany after transcatheter
aortic valve im-
plantation

217 29/54 37/163 81.8 55.8 transcatheter
aortic valve
implantation

ELISA high GDF-15 vs.
low GDF-15

2.256 ng/mL HR: all-cause
mortality

Kim 2017
[23]

retrospective
study

Canada after transcatheter
aortic valve re-
placement

112 \ \ 84 34 Transcatheter
aortic valve
replacement

ELISA high GDF-15 vs.
low GDF-15

2 ng/mL HR: all-cause
mortality

Sinning
2015 [25]

prospective
study

Germany after transcatheter
aortic valve re-
placement

310 \ \ 82 46.6 transcatheter
aortic valve
replacement

ECLIA high GDF-15 vs.
low GDF-15

2.567 ng/mL HR: all-cause
mortality

Velders
2015 [26]

retrospective
study

Sweden ST-segment ele-
vation myocardial
infarction patients

5385 118/1346 18/1346 59 22.6 pPCI ELISA high GDF-15 vs.
low GDF-15

1.116 ng/mL HR: cardio-
vascular death,
spontaneous MI

Wollert
2007 [14]

prospective
study

Sweden Non–ST-elevation
acute coronary
syndrome

2079 37/253 40/416 66 30.3 coronary
artery bypass
graft

ELISA high GDF-15 vs.
low GDF-15

1.2 ng/mL HR: cardio-
vascular death,
spontaneous MI

ECLIA, electrochemiluminescence immunoassay; ELISA, enzyme-linked immunosorbent assay; GDF-15, growth differentiation factor-15; OR, odds ratios; HR, hazard ratios; AKI, acute kidney injury; AF, atrial fibrillation;
MI, myocardial infarction; Eg, experimental group; Cg, control group; pPCI, primary percutaneously coronary intervention.
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zyme-linked immunosorbent assay (ELISA), with different
cut-off values to distinguish high from low GDF-15 lev-
els. Outcome measures focused on adverse events such as
AKI, all-cause mortality, postoperative AF, cardiovascu-
lar death, spontaneous MI, and sarcopenia, evaluated us-
ing OR and HR (Table 1). The quality assessment of the
studies was performed using the NOS. The NOS scores for
included studies ranged from 7 to 9 points, demonstrating
good methodological quality (Supplementary Table 2).

3.3 Meta-Analysis of Overall Adverse Outcomes

A total of thirteen studies were pooled for the predic-
tive effect of GDF-15 on overall adverse outcomes in pa-
tients undergoing various cardiac surgeries [10–14,19–26].
The pooled OR for the incidence of overall adverse out-
comes was estimated to be 1.001 (95% CI: 0.998 to 1.005,
p = 0.575), indicating no significant difference in the inci-
dence of overall adverse outcomes between high GDF-15
levels and control groups (Fig. 2A). The subgroup analy-
sis by study design divided studies into two groups: retro-
spective and prospective. For the retrospective subgroup,
the pooled OR for overall adverse outcomes was estimated
to be 3.793 (95% CI: 1.379 to 10.429, p = 0.010), indicat-
ing a significant association between high GDF-15 levels
and overall adverse outcomes (Fig. 2B). For the prospec-
tive subgroup, the pooled OR for overall adverse outcomes
was estimated to be 1.001 (95% CI: 0.998 to 1.003, p =
0.589), indicating no significant association between high
GDF-15 levels and overall adverse outcomes (Fig. 2B). The
subgroup analysis by cut-off levels divided studies into two
groups: thosewith aGDF-15 cut-off of≤2 ng/mL and those
with a cut-off of >2 ng/mL. For the ≤2 ng/mL subgroup,
the pooled OR for overall adverse outcomes was estimated
to be 1.648 (95% CI: 1.097 to 2.475, p = 0.016), indicating
a significant association between high GDF-15 levels and
overall adverse outcomes (Fig. 2C). For the>2 ng/mL sub-
group, comprising four studies, the pooled OR for overall
adverse outcomeswas estimated to be 4.544 (95%CI: 2.690
to 7.674, p = 0.000), indicating a significant association be-
tween high GDF-15 levels and overall adverse outcomes
(Fig. 2C).

3.4 Meta-Analysis of All-Cause Mortality

The meta-analysis assessed the association between
GDF-15 levels and all-cause mortality rates in patients un-
dergoing various cardiac surgeries, which included data
from five studies [11,19,23–25]. There was significant het-
erogeneity among the studies (I2 = 93.5%, p = 0.000), and
randnom-effect model was adopted. The pooled HR for all-
cause mortality was estimated to be 1.898 (95% CI: 1.109
to 3.247), indicating a significant association between el-
evated GDF-15 levels and increased mortality rates (p =
0.019, Fig. 3A). Sensitivity analysis demonstrated the ro-
bustness of the meta-analysis results (Supplementary Fig.
1). Subgroup analysis was conducted based on study de-
sign (retrospective vs. prospective). The retrospective sub-

group included two studies [19,23]. The pooled HR for all-
cause mortality in this subgroup was 2.097 (95% CI: 1.483
to 2.966), indicating a significant association between high
GDF-15 levels and increased mortality rates in the retro-
spective studies (p < 0.01, Fig. 3B). The prospective sub-
group comprised three studies [11,24,25]. The pooled HR
for all-cause mortality in this subgroup was 1.755 (95% CI:
0.863 to 3.569), indicating that it was not statistically signif-
icant between high GDF-15 levels and increased mortality
rates in the prospective studies (p = 0.121, Fig. 3B). Fur-
thermore, a subgroup analysis was performed based on the
cutoff values of GDF-15 levels: ≤2 ng/mL and >2 ng/mL,
as included studies have reported cut-off values approxi-
mately within the range of 1 to 3 ng/mL, which justifies the
use of 2 ng/mL as a reference point to explore the impact of
different cut-off levels on the results (Table 1). The pooled
HR for all-cause mortality in subgroup of GDF-15 cutoff
value of ≤2 ng/mL was 1.388 (95% CI: 0.694 to 2.778, p
= 0.354), indicating no significant difference in mortality
rates (Fig. 3C). The pooled HR for the subgroup of studies
with a GDF-15 cutoff value of >2 ng/mL was 2.400 (95%
CI: 1.854 to 3.106, p = 0.000), indicating a significant asso-
ciation between elevated GDF-15 levels and increased mor-
tality rates (Fig. 3C).

3.5 Meta-Analysis of Cardiovascular Death
The analysis for cardiovascular death included data

from three studies [13,14,26]. The analysis showed sig-
nificant heterogeneity among the studies (I2 = 93.7%, p
= 0.000), and the random effect model was adopted. The
pooled HR for the incidence of cardiovascular death was
estimated to be 2.572 (95% CI: 1.200 to 5.510, p = 0.015,
Fig. 4), indicating a significant association between ele-
vated GDF-15 levels and increased risk of cardiovascular
death.

3.6 Meta-Analysis of Postoperative AF
The meta-analysis analyzed the association between

atrial fibrillation and GDF-15 levels in patients undergoing
cardiac surgery. The pooled OR for the incidence of post-
operative AF was estimated to be 0.562 (95% CI: 0.120
to 2.637, p = 0.465, Fig. 5), indicating no significant dif-
ference in the incidence of postoperative AF between high
GDF-15 levels and control groups.

3.7 Meta-Analysis of AKI
The analysis for AKI included data from four stud-

ies [11,12,21,22]. The pooled OR for the incidence of AKI
was estimated to be 1.485 (95% CI: 1.063 to 2.075, p =
0.020, Fig. 6), indicating a significant association between
elevated GDF-15 levels and an increased risk of AKI.

3.8 Meta-Analysis of Spontaneous MI
Three studies reported the predictive effect of GDF-15

on spontaneous MI [13,14,26]. The pooled HR for the in-
cidence of spontaneous MI was estimated to be 1.564 (95%
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Fig. 2. Meta-analysis of incidence of overall adverse outcomes. Forest plot (A), subgroup analysis by study design (B) and cut-off
(C).

CI: 1.070 to 2.284, p = 0.021, Fig. 7), indicating a signif-
icant association between elevated GDF-15 levels and an
increased risk of spontaneous MI.

3.9 Publication Bias
The funnel plot exhibited an asymmetrical distribution

of dots around the pooled effect size, indicating potential
publication bias (Supplementary Fig. 2). The Egger’s test
indicated a significant bias with a coefficient of 3.296503 (p
= 0.001), suggesting the presence of publication bias. The
trim-and-fill analysis showed a consistent pooled effect size
before and after adjustment.

4. Discussion
This meta-analysis highlights the significant associa-

tion between elevated GDF-15 levels and various adverse
outcomes in patients undergoing cardiac surgery. Elevated
GDF-15 levels were significantly linked to increased all-
cause mortality, with a more pronounced effect observed in

retrospective studies compared to prospective ones. Higher
GDF-15 cutoff levels showed a stronger association with
increased mortality, indicating that as the cutoff level for
GDF-15 increases, the disparity in outcomes between pa-
tients with high and low GDF-15 levels becomes more
pronounced. Additionally, GDF-15 levels were associated
with increased risks of cardiovascular death, acute kidney
injury, and spontaneous MI, but not with atrial fibrillation.
The analysis of overall adverse outcomes showed no sig-
nificant difference, but subgroup analyses suggested signif-
icant associations primarily in studies with higher GDF-15
cutoff levels. These findings underscore the critical role of
GDF-15 as a biomarker for predicting adverse outcomes in
cardiovascular interventions patients, emphasizing the need
for careful monitoring and management of patients with
high GDF-15 levels to improve surgical outcomes.

Postoperative AFwas a common complication, and its
occurrence ranged from 20% to 45% in those who have un-
dergone CABG surgery [10,27]. The presence of postoper-
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Fig. 3. Meta-analysis of incidence of all-cause mortality. Forest Plot (A), subgroup analysis by study design (B) and cut-off (C).
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Fig. 4. Forest plot of the incidence of cardiovascular death.

Fig. 5. Forest plot of the incidence of atrial fibrillation.

ative AF adversely affected patient outcomes by increasing
the duration of hospitalization, escalating healthcare costs,
and heightening the risks of stroke, andmortality [28]. Bou-
chot et al. [10] analyzed the postoperative AF in a total of
100 patients undergoing CABG, and demonstrated that low

plasma GDF-15 levels before CABG surgery are a strong
independent predictor of postoperative AF. However, El-
Harasis et al. [20] suggested that the inclusion of GDF-15
and other biomarkers did not enhance the predictive abil-
ity for the occurrence of AF (p = 0.09). This meta-analysis
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Fig. 6. Forest plot of the incidence of acute kidney injury.

Fig. 7. Forest plot of the incidence of spontaneous myocardial infarction.

pooled data from these two studies and found that GDF-15
levels were not associated with an increased risk of post-
operative AF following cardiovascular interventions. The
limited number of studies included in this analysis high-

lights the need for further research. The current evidence is
insufficient to draw definitive conclusions about the predic-
tive value of GDF-15 for postoperative AF. Future studies
with larger sample sizes and more rigorous designs are nec-
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essary to fully understand the relationship between GDF-15
levels and postoperative AF risk.

AKI represents a common and serious complication
following cardiovascular interventions and is linked with
adverse outcomes, including prolonged hospital stays, in-
creased healthcare costs, and higher mortality rates [21].
Guenancia et al. [21] demonstrated that pre-operative
GDF-15 plasma levels are significantly associated with
post-operative AKI in CABG patients. The predictive value
of pre-operative GDF-15 for AKI was assessed against
other biomarkers using receiver operating characteristic
(ROC) curves. GDF-15 achieved an area under the curve
(AUC) of 0.83, establishing itself as the most effective pre-
operative biomarker for predicting AKI. This performance
outperformed both the estimated glomerular filtration rate
(eGFR) with an AUC of 0.67 and NT-proBNPwith an AUC
of 0.62 [21]. This meta-analysis pooled data from four
studies, further indicates that elevated pre-operative GDF-
15 plasma levels are strongly linked to post-operative AKI.
These findings reinforce the potential application of GDF-
15 as a reliable biomarker for identifying patients at high
risk of developing AKI following cardiovascular interven-
tions. Lindholm et al. [13] demonstrated that in revascu-
larized patients with non–ST-elevation acute coronary syn-
drome, adding the extent of NT-proBNP and GDF-15 to
clinical risk variables significantly improves the prediction
of spontaneous MI. GDF-15, in particular, contributes to
better risk stratification, highlighting its potential utility in
guiding more intensive or prolonged antithrombotic treat-
ment in this patient population [13]. This meta-analysis
further indicates that elevated GDF-15 plasma levels are
strongly associatedwith post-operative spontaneousMI and
cardiovascular death in patients with cardiovascular inter-
ventions. The findings indicate that GDF-15 enhances risk
stratification and may be valuable for predicting these ad-
verse outcomes.

Higher GDF-15 cutoff levels were associated with in-
creased mortality, reflecting a greater disparity in outcomes
between patients with high and low GDF-15 levels. While
the overall analysis of adverse outcomes did not show a
significant difference, subgroup analyses suggested signif-
icant associations primarily in studies with higher GDF-15
cutoff levels. Higher cutoff values for GDF-15 displayed
more pronounced differences between groups, likely due
to increased specificity. However, this increase in speci-
ficity may come at the cost of reduced sensitivity, poten-
tially missing some high-risk patients. Therefore, further
research is necessary to determine the optimal cutoff value
through Youden index. This approach will help balance
sensitivity and specificity, ensuring that GDF-15 remains
an effective predictive biomarker for adverse outcomes af-
ter cardiovascular interventions.

This study has several limitations to be addressed.
First, significant heterogeneity was observed among the in-
cluded studies, particularly regarding the patients under-
going different cardiovascular interventions and the cutoff

values applied. This variability may affect the consistency
of the findings and limits the ability to draw definitive con-
clusions. Second, although efforts were made to include all
relevant studies, there is a possibility of publication bias,
and this bias could affect the overall results of the meta-
analysis. Third, this meta-analysis did not analyze the sen-
sitivity and specificity of GDF-15 as a predictive biomarker
for adverse outcomes after cardiovascular interventions due
to limited data. Future research should include Youden in-
dex to determine optimal cutoff values, balancing sensitiv-
ity and specificity, to enhance the clinical utility of GDF-15
in risk stratification. Fourth, this study analyzed GDF-15
as a predictor of all-cause mortality, cardiovascular death,
atrial fibrillation, AKI, and spontaneous MI as adverse out-
comes [16]. However, it did not assess bleeding events or
other adverse outcomes, indicating a limitation that future
research should address by further analyzing these factors.
Fifth, this study primarily focused on the predictive value of
GDF-15 and did not include comparisons with other estab-
lished biomarkers, such as NT-proBNP, C-reactive protein
(CRP), and albumin. This represents a limitation of our re-
search. Future large-scale randomized controlled trials are
needed to analyze the advantages of GDF-15 in relation to
other prognostic indicators. Finally, it is important to note
that 10 of the 13 studies included in this study were pub-
lished between 2015 and 2019. Changes in treatment ap-
proaches for cardiovascular diseases during this time may
influence the relevance and applicability of the findings.
This temporal limitation should be considered when inter-
preting the results of this systematic review.

5. Conclusion
In conclusion, this systematic review and meta-

analysis indicated that GDF-15 is associated with increased
risks of all-cause mortality, cardiovascular death, AKI, and
spontaneous MI in patients undergoing cardiovascular in-
terventions. Given the heterogeneity observed across the
studies, particularly with respect to the diverse surgical
techniques employed, it is imperative that the finding be
interpreted with caution. Further research is required to elu-
cidate the underlying mechanisms of these associations and
to refine the clinical application of GDF-15 as a prognostic
biomarker.

Availability of Data and Materials
All data generated or analyzed during this study are

included in this article and supplementary information files.

Author Contributions
Concept and design: XTJ, ZYQ, JM;Data acquisition:

XTJ, JWG, ZYQ; Data analysis: XTJ, JWG, ZYQ; Data in-
terpretation: All authors; Drafting of the manuscript: XTJ,
JWG, ZYQ; Revising of the manuscript: All authors; Su-
pervision: ZYQ, JM. All authors read and approved the fi-
nal manuscript. All authors have participated sufficiently

10

https://www.imrpress.com


in the work and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
This study was supported by the National Natural Sci-

ence Foundation of China (No.82372191).

Conflict of Interest
The authors declare no conflict of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/RCM28279.

References
[1] Doenst T, Haverich A, Serruys P, Bonow RO, Kappetein P,

Falk V, et al. PCI and CABG for Treating Stable Coronary
Artery Disease: JACC Review Topic of the Week. Journal of
the American College of Cardiology. 2019; 73: 964–976. https:
//doi.org/10.1016/j.jacc.2018.11.053.

[2] Doenst T, Kirov H, Moschovas A, Gonzalez-Lopez D, Safarov
R, Diab M, et al. Cardiac surgery 2017 reviewed. Clinical Re-
search in Cardiology: Official Journal of the German Car-
diac Society. 2018; 107: 1087–1102. https://doi.org/10.1007/
s00392-018-1280-9.

[3] Echahidi N, Pibarot P, O’Hara G, Mathieu P. Mechanisms, pre-
vention, and treatment of atrial fibrillation after cardiac surgery.
Journal of the American College of Cardiology. 2008; 51: 793–
801. https://doi.org/10.1016/j.jacc.2007.10.043.

[4] Gillinov AM, Bagiella E, Moskowitz AJ, Raiten JM, Groh MA,
Bowdish ME, et al. Rate Control versus Rhythm Control for
Atrial Fibrillation after Cardiac Surgery. The New England Jour-
nal of Medicine. 2016; 374: 1911–1921. https://doi.org/10.
1056/NEJMoa1602002.

[5] Holzmann MJ, Sartipy U. Relation between preoperative renal
dysfunction and cardiovascular events (stroke, myocardial in-
farction, or heart failure or death) within three months of isolated
coronary artery bypass grafting. The American Journal of Car-
diology. 2013; 112: 1342–1346. https://doi.org/10.1016/j.amjc
ard.2013.05.077.

[6] Pistolesi V, Di Napoli A, Fiaccadori E, Zeppilli L, Polis-
tena F, Sacco MI, et al. Severe acute kidney injury follow-
ing cardiac surgery: short-term outcomes in patients under-
going continuous renal replacement therapy (CRRT). Journal
of Nephrology. 2016; 29: 229–239. https://doi.org/10.1007/
s40620-015-0213-1.

[7] Gaudino M, Sanna T, Ballman KV, Robinson NB, Hameed I,
Audisio K, et al. Posterior left pericardiotomy for the prevention
of atrial fibrillation after cardiac surgery: an adaptive, single-
centre, single-blind, randomised, controlled trial. Lancet (Lon-
don, England). 2021; 398: 2075–2083. https://doi.org/10.1016/
S0140-6736(21)02490-9.

[8] Meersch M, Schmidt C, Hoffmeier A, Van Aken H, Wempe C,
Gerss J, et al. Prevention of cardiac surgery-associated AKI by

implementing the KDIGO guidelines in high risk patients iden-
tified by biomarkers: the PrevAKI randomized controlled trial.
Intensive Care Medicine. 2017; 43: 1551–1561. https://doi.org/
10.1007/s00134-016-4670-3.

[9] Andersson J, Fall T, Delicano R, Wennberg P, Jansson JH. GDF-
15 is associated with sudden cardiac death due to incident my-
ocardial infarction. Resuscitation. 2020; 152: 165–169. https:
//doi.org/10.1016/j.resuscitation.2020.05.001.

[10] Bouchot O, Guenancia C, Kahli A, Pujos C,Malapert G, Vergely
C, et al. Low Circulating Levels of Growth Differentiation
Factor-15 Before Coronary Artery Bypass Surgery May Predict
Postoperative Atrial Fibrillation. Journal of Cardiothoracic and
Vascular Anesthesia. 2015; 29: 1131–1139. https://doi.org/10.
1053/j.jvca.2015.01.023.

[11] Kato T, Nakajima T, Fukuda T, Shibasaki I, Hasegawa T,
Ogata K, et al. Preoperative Serum GDF-15, Endothelin-1 Lev-
els, and Intraoperative Factors as Short-Term Operative Risks
for Patients Undergoing Cardiovascular Surgery. Journal of
Clinical Medicine. 2021; 10: 1960. https://doi.org/10.3390/jc
m10091960.

[12] Verwijmeren L, Bosma M, Vernooij LM, Linde EM, Dijk-
stra IM, Daeter EJ, et al. Associations Between Preoperative
Biomarkers and Cardiac Surgery-Associated Acute Kidney In-
jury in Elderly Patients: A Cohort Study. Anesthesia and
Analgesia. 2021; 133: 570–577. https://doi.org/10.1213/ANE.
0000000000005650.

[13] Lindholm D, James SK, Bertilsson M, Becker RC, Cannon CP,
Giannitsis E, et al. Biomarkers and Coronary Lesions Predict
Outcomes after Revascularization in Non-ST-Elevation Acute
Coronary Syndrome. Clinical Chemistry. 2017; 63: 573–584.
https://doi.org/10.1373/clinchem.2016.261271.

[14] Wollert KC, Kempf T, Lagerqvist B, Lindahl B, Olofsson S,
Allhoff T, et al. Growth differentiation factor 15 for risk strat-
ification and selection of an invasive treatment strategy in non
ST-elevation acute coronary syndrome. Circulation. 2007; 116:
1540–1548. https://doi.org/10.1161/CIRCULATIONAHA.107.
697714.

[15] Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group.
Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. BMJ (Clinical Research Ed.).
2009; 339: b2535. https://doi.org/10.1136/bmj.b2535.

[16] Kazem N, Hammer A, Koller L, Hofer F, Steinlechner B,
Laufer G, et al. The Prognostic Potential of Growth Differen-
tiation Factor-15 on Bleeding Events and Patient Outcome af-
ter Cardiac Surgery-A Prospective Cohort Study. Thrombosis
and Haemostasis. 2022; 122: 703–714. https://doi.org/10.1055/
a-1695-8327.

[17] Lo CKL, Mertz D, Loeb M. Newcastle-Ottawa Scale: com-
paring reviewers’ to authors’ assessments. BMC Medical Re-
search Methodology. 2014; 14: 45. https://doi.org/10.1186/
1471-2288-14-45.

[18] EggerM, Davey Smith G, SchneiderM,Minder C. Bias in meta-
analysis detected by a simple, graphical test. BMJ (Clinical Re-
search Ed.). 1997; 315: 629–634. https://doi.org/10.1136/bmj.
315.7109.629.

[19] BoddeMC,HermansMPJ, van der Laarse A,Mertens B, Romijn
FPHTM, Schalij MJ, et al. Growth Differentiation Factor-15
Levels at Admission Provide Incremental Prognostic Informa-
tion on All-Cause Long-term Mortality in ST-Segment Eleva-
tion Myocardial Infarction Patients Treated with Primary Percu-
taneous Coronary Intervention. Cardiology and Therapy. 2019;
8: 29–41. https://doi.org/10.1007/s40119-019-0127-4.

[20] El-Harasis MA, Quintana JA, Martinez-Parachini JR, Jackson
GG, Varghese BT, Yoneda ZT, et al. Recurrence After Atrial
Fibrillation Ablation and Investigational Biomarkers of Cardiac
Remodeling. Journal of the American Heart Association. 2024;
13: e031029. https://doi.org/10.1161/JAHA.123.031029.

11

https://doi.org/10.31083/RCM28279
https://doi.org/10.31083/RCM28279
https://doi.org/10.1016/j.jacc.2018.11.053
https://doi.org/10.1016/j.jacc.2018.11.053
https://doi.org/10.1007/s00392-018-1280-9
https://doi.org/10.1007/s00392-018-1280-9
https://doi.org/10.1016/j.jacc.2007.10.043
https://doi.org/10.1056/NEJMoa1602002
https://doi.org/10.1056/NEJMoa1602002
https://doi.org/10.1016/j.amjcard.2013.05.077
https://doi.org/10.1016/j.amjcard.2013.05.077
https://doi.org/10.1007/s40620-015-0213-1
https://doi.org/10.1007/s40620-015-0213-1
https://doi.org/10.1016/S0140-6736(21)02490-9
https://doi.org/10.1016/S0140-6736(21)02490-9
https://doi.org/10.1007/s00134-016-4670-3
https://doi.org/10.1007/s00134-016-4670-3
https://doi.org/10.1016/j.resuscitation.2020.05.001
https://doi.org/10.1016/j.resuscitation.2020.05.001
https://doi.org/10.1053/j.jvca.2015.01.023
https://doi.org/10.1053/j.jvca.2015.01.023
https://doi.org/10.3390/jcm10091960
https://doi.org/10.3390/jcm10091960
https://doi.org/10.1213/ANE.0000000000005650
https://doi.org/10.1213/ANE.0000000000005650
https://doi.org/10.1373/clinchem.2016.261271
https://doi.org/10.1161/CIRCULATIONAHA.107.697714
https://doi.org/10.1161/CIRCULATIONAHA.107.697714
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1055/a-1695-8327
https://doi.org/10.1055/a-1695-8327
https://doi.org/10.1186/1471-2288-14-45
https://doi.org/10.1186/1471-2288-14-45
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1007/s40119-019-0127-4
https://doi.org/10.1161/JAHA.123.031029
https://www.imrpress.com


[21] Guenancia C, Kahli A, Laurent G, Hachet O, Malapert G, Gros-
jean S, et al. Pre-operative growth differentiation factor 15 as
a novel biomarker of acute kidney injury after cardiac bypass
surgery. International Journal of Cardiology. 2015; 197: 66–71.
https://doi.org/10.1016/j.ijcard.2015.06.012.

[22] Heringlake M, Charitos EI, Erber K, Berggreen AE, Heinze H,
Paarmann H. Preoperative plasma growth-differentiation factor-
15 for prediction of acute kidney injury in patients undergoing
cardiac surgery. Critical Care (London, England). 2016; 20: 317.
https://doi.org/10.1186/s13054-016-1482-3.

[23] Kim JB, Kobayashi Y, Moneghetti KJ, Brenner DA, O’Malley
R, Schnittger I, et al. GDF-15 (Growth Differentiation Factor
15) Is Associated With Lack of Ventricular Recovery and Mor-
tality After Transcatheter Aortic Valve Replacement. Circula-
tion. Cardiovascular Interventions. 2017; 10: e005594. https:
//doi.org/10.1161/CIRCINTERVENTIONS.117.005594.

[24] Krau NC, Lünstedt NS, Freitag-Wolf S, Brehm D, Petzina R,
Lutter G, et al. Elevated growth differentiation factor 15 levels
predict outcome in patients undergoing transcatheter aortic valve
implantation. European Journal of Heart Failure. 2015; 17: 945–
955. https://doi.org/10.1002/ejhf.318.

[25] Sinning JM, Wollert KC, Sedaghat A, Widera C, Radermacher
MC, Descoups C, et al. Risk scores and biomarkers for the pre-
diction of 1-year outcome after transcatheter aortic valve re-
placement. American Heart Journal. 2015; 170: 821–829. https:
//doi.org/10.1016/j.ahj.2015.07.003.

[26] Velders MA, Wallentin L, Becker RC, van Boven AJ, Himmel-
mann A, Husted S, et al. Biomarkers for risk stratification of
patients with ST-elevation myocardial infarction treated with
primary percutaneous coronary intervention: Insights from the
Platelet Inhibition and Patient Outcomes trial. American Heart
Journal. 2015; 169: 879–889.e7. https://doi.org/10.1016/j.ahj.
2015.02.019.

[27] Ommen SR, Odell JA, Stanton MS. Atrial arrhythmias af-
ter cardiothoracic surgery. The New England Journal of
Medicine. 1997; 336: 1429–1434. https://doi.org/10.1056/NE
JM199705153362006.

[28] Creswell LL. Postoperative atrial arrhythmias: risk factors and
associated adverse outcomes. Seminars in Thoracic and Cardio-
vascular Surgery. 1999; 11: 303–307. https://doi.org/10.1016/
s1043-0679(99)70073-0.

12

https://doi.org/10.1016/j.ijcard.2015.06.012
https://doi.org/10.1186/s13054-016-1482-3
https://doi.org/10.1161/CIRCINTERVENTIONS.117.005594
https://doi.org/10.1161/CIRCINTERVENTIONS.117.005594
https://doi.org/10.1002/ejhf.318
https://doi.org/10.1016/j.ahj.2015.07.003
https://doi.org/10.1016/j.ahj.2015.07.003
https://doi.org/10.1016/j.ahj.2015.02.019
https://doi.org/10.1016/j.ahj.2015.02.019
https://doi.org/10.1056/NEJM199705153362006
https://doi.org/10.1056/NEJM199705153362006
https://doi.org/10.1016/s1043-0679(99)70073-0
https://doi.org/10.1016/s1043-0679(99)70073-0
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Search Strategy
	2.2 Inclusion and Exclusion Criteria
	2.3 Study Selection
	2.4 Data Extraction and Quality Assessment
	2.5 Data Analysis

	3. Results
	3.1 Study Selection
	3.2 Characteristics of Included Studies
	3.3 Meta-Analysis of Overall Adverse Outcomes
	3.4 Meta-Analysis of All-Cause Mortality
	3.5 Meta-Analysis of Cardiovascular Death
	3.6 Meta-Analysis of Postoperative AF
	3.7 Meta-Analysis of AKI
	3.8 Meta-Analysis of Spontaneous MI
	3.9 Publication Bias

	4. Discussion
	5. Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

