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Abstract: Introduction: Myocardial infarction with ST-segment elevation (STEMI) is the coronary
artery disease associated with the highest risk of morbimortality; however, this risk is heterogeneous,
usually being evaluated by clinical scores. Risk assessment is a key factor in personalized clinical
management of patients with this disease. Aim: The aim of this study was to assess whether some
new cardiac biomarkers considered alone, combined in a multibiomarker model or in association
with clinical variables, improve the short- and long-term risk stratification of STEMI patients. Materi-
als and Methods: This was a retrospective observational study of 253 patients with STEMI. Blood
samples were obtained before or during the angiography. The assessed biomarkers were C-terminal
fragment of insulin-like growth factor binding protein-4 (CT-IGFBP4), high sensitive cardiac troponin
T (hs-cTnT), N-terminal fragment of probrain natriuretic peptide (NT-proBNP), and growth differen-
tiation factor 15 (GDF-15); they reflect different cardiovascular (CV) physiopathological pathways
and underlying pathologies. We registered in-hospital and follow-up mortalities and their causes
(cardiovascular and all-cause) and major adverse cardiac events (MACE) during a two year follow-up.
Discrimination, survival analysis, model calibration, and reclassification of the biomarkers were
comprehensively evaluated. Results and Discussion: In total, 55 patients (21.7%) died, 33 in-hospital
and 22 during the follow-up, most of them (69.1%) from CV causes; 37 MACE occurred during
follow-up. Biomarkers showed good prognostic ability to predict mortality, alone and combined with
the multibiomarker model. A predictive clinical model based on age, Killip–Kimball class, estimated
glomerular filtration rate (eGFR), and heart rate was derived by multivariate analysis. GDF-15 and
NT-proBNP significantly improved risk assessment of the clinical model, as shown by discrimination,
calibration, and reclassification of all the end-points except for all-cause mortality. The combination of
NT-proBNP and hs-cTnT improved CV mortality prediction. Conclusions: GDF-15 and NT-proBNP
added value to the usual risk assessment of STEMI patients.

Keywords: cardiovascular; STEMI; risk assessment; biomarkers; multibiomarker; clinical model;
NT-proBNP; GDF-15; CT-IGFBP-4

1. Introduction

Cardiovascular diseases are the leading cause of death globally, causing around one-
third of all registered deaths [1]. Atherosclerosis is one of the causes more frequently
related to cardiovascular diseases in general and to coronary heart disease in particular.
Acute myocardial infarction (AMI) is one of the most life-threatening complications of
atherosclerosis. Two types of AMI can be differentiated on the basis of the ECG tracing:
ST-segment elevation myocardial infarction (STEMI) and non-ST-segment elevation my-
ocardial infarction (NSTEMI). Currently, depending on the age of the population, it is
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estimated that 25–40% of AMI are STEMI [2,3]. Percutaneous coronary intervention (PCI)
is the gold-standard treatment for STEMI. Coronarography permits one to evaluate the
extent of coronary lesions [4] and identify the culprit lesion when multivessel disease is
found [5]. However, despite being the most adequate therapy, the rate of in-hospital and
post-discharge complications in STEMI is high and heterogeneous, related not only to
the extension of the myocardial injury but also to other factors such as age, culprit vessel
size and flow, the presence of comorbidities [6,7], or the existence of atheroma plaques
prone to rupture [8]. Apart from coronarography lesions and the result of their treatment,
the assessment of short- and long-term risk of STEMI patients relies on biomarkers of
myocardial injury and clinical scores such as GRACE 2.0 (Global Registry of Acute Coro-
nary Event) [9]. Some studies have shown that biomarkers other than those of cardiac
injury could improve risk prognosis in STEMI patients [10,11]. Of these, heart failure (HF)
biomarkers are among the more common and B-type natriuretic peptides (BNPs) have an
established role in risk assessment of MI patients [12]. Other biomarkers could also be
helpful in refining the risk assessment in STEMI signaling processes before or during the
MI. Pregnancy-associated plasma protein-A (PAPP-A) is a metalloproteinase synthesized
by the syncytiotrophoblast during pregnancy, but also, among other cells, by monocytes
and macrophages [13]. PAPP-A was suggested to be an early biomarker of acute coronary
syndromes (ACS) when it was found in eroded atherosclerotic plaques, but not in stable
ones [14,15]. Later, some studies demonstrated that PAPP-A induces a pro-thrombotic
phenotype in endothelial cells by inducing expression of functionally active tissue fac-
tor [16] and that transcoronary PAPP-A levels are significantly higher in ACS patients as
compared to patients with stable coronary artery disease, indicating that PAPP-A plays
a role in the pathophysiology of ACS [17]. Unfortunately, the potential of PAPP-A as
a biomarker in ACS cannot be fully translated into clinical practice in patients treated
with unfractioned heparin, since this drug, widely used in the ACS context, promotes an
acute release of PAPP-A from cell surface to the circulation [18]. PAPP-A proteolyzes the
insulin-like growth factor binding protein 4 (IGFBP-4) that, in turn, unbinds the insulin
growth factor-1 (IGF-1), promoting low-density cholesterol uptake, macrophage activation,
and proinflammatory cytokines release [13,19]. Consequently, IGFBP-4 fragments reflect
the PAPP-A activity in the IGF-1/IGFBP-4 atherosclerotic pathway and are insensitive to
heparin’s action [20]. IGFBP-4 fragments (amino- and carboxi-terminal) have demonstrated
a capacity to predict complications in patients with symptoms of myocardial ischemia [21]
and association with increased all-cause and cardiovascular mortality rates in type 1 di-
abetes patients [22]. Growth differentiation factor 15 (GDF-15) is a transforming growth
factor beta superfamily (TGFβ) cytokine secreted by macrophages and cardiomyocytes
in response to oxidative stress and inflammation. It has been confirmed that GDF-15 is
expressed in atheroma plaques located on coronary arteries [23]. The relationship between
GDF-15 concentration and cardiovascular risk factors [24], and other biomarkers such as
C-reactive protein (CRP), cardiac troponin (cTn), or BNPs has been established. In STEMI,
GDF-15 concentrations are slightly increased after the episode [25] and are suggested to
identify patients at high risk of adverse left ventricular remodeling and hospitalization
for HF after an ACS [26]. Different studies have demonstrated that high concentrations
of GDF-15 are associated with an increased risk of mortality in patients with ACS [27].
GDF-15 has been also proposed as a biomarker of frailty, a state of functional decline,
which increases the vulnerability of patients to suffering adverse effects and worsens the
prognosis of all cardiovascular diseases, including STEMI [28]. In this context, we propose
that risk assessment in STEMI patients could be improved by recently developed cardiac
biomarkers considered alone or combined with cTn and BNPs or analyzed together with
clinical variables.
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2. Material and Methods
2.1. Study Design and Patients

This retrospective observational study included patients with STEMI, older than
18 years and recruited between January 2013 and November 2014, as a sub-study of a
national registry (Red de Investigación Cardiovascular (RIC)) of ACS at one university
hospital. Patients referred from other hospitals where they had undergone PCI and those
without coronary occlusion in the angiography were excluded. Demographic and anthro-
pometric variables, severity scores, and infarction-related characteristics were registered.
Patients were followed up for 2 years after discharge by appointments or phone calls, or
through electronic health records. The assessed outcomes were death from all or cardiovas-
cular causes, both in-hospital and in follow-up, and major adverse cardiac events (MACE)
defined as the composite of the need of additional PCI or coronary artery bypass graft
(CABG), reinfarction, or cardiovascular death. Cardiovascular death included death by
cardiogenic shock, heart failure, arrhythmic storm, or myocardial rupture.

2.2. Laboratory Variables

All blood samples were obtained within the first 30 min after the patient’s arrival at
the hospital (in the emergency department or in the catheterization laboratory). Most sam-
ples were obtained before the catheterization, but depending on the clinical workout (e.g.,
patients with previous arrest or in poor cardiac condition), some samples were obtained
from peripheral veins a few minutes after the cardiologists had begun the catheterization.
After centrifugation (15 min, 4500× g), plasma aliquots were frozen at −80 ◦C until anal-
ysis. Long-term stability of the study biomarkers at −80 ◦C have shown negligible or
minimum decreases in their immunoreactivity, otherwise not affecting their clinical mean-
ing [22,29,30]. Routine biochemical and hematological measurements were determined at
baseline. Regarding study biomarkers, we measured in microtiter plates the CT-IGFBP-4
concentrations by a research-use-only enzyme-linked immunosorbent assay (ELISA) pro-
vided by Mercodia AB (Uppsala, Sweden). The ELISA uses a sandwich of two monoclonal
antibodies directed against separate antigenic determinants of the molecule. A 5-point-
calibration curve (4.9–180 µg/L) was run in each plaque. Validation parameters of the
research version assay were not provided by the manufacturer; however, in a recent paper,
within- and total-assay imprecision of <6.0% and <9.7%, respectively, were reported [31].
Amino-terminal portion of the probrain natriuretic peptide B (NT-proBNP), GDF-15, and
high sensitivity cTnT (hs-cTnT) were measured by electrochemiluminescent immunoassays
(Roche Diagnostics, Basel, Switzerland). According to the manufacturer, the limit of detec-
tion (LoD) of the NT-proBNP assay is 5 ng/L, and the maximum detectable concentration
is 35,000 ng/L. The intra- and inter-assay imprecisions were <2.4% and <2.6%, respectively,
in a concentration range between 130 and 4942 ng/L. In patients with suspected acute
HF, a determination of NT-proBNP < 300 ng/L provides a very high negative predictive
value of the condition [32]. LoD of the GDF-15 assay is 400 ng/L, and the maximum
reportable concentration is 20,000 ng/L. The intra- and inter-assay imprecisions were <0.9%
and <2.3%, respectively, in a concentration range between 1100 and 18,600 ng/L. Different
decision values had been previously proposed [26]. Regarding hs-cTnT assay, a measuring
range of 5–10,000 ng/L is reported by the manufacturer. Intra- and inter-assay imprecisions
were <3.6% and <1.9%, respectively, in a range of 27.2–2278 ng/L. Myocardial injury is
considered to exist when the hs-cTnT concentration exceeds 14 ng/L, the upper reference
limit of the assay [33].

2.3. Statistical Analysis

The evaluation of the different biomarkers was performed following the most up
to date recommendations [34,35]. Continuous variables were expressed as median and
interquartile range (IQR) and were compared using the Mann–Whitney U test. Categorical
variables were expressed as absolute values and percentage, and were compared using the
χ2 test. The role of biomarkers in discrimination of patients with and without outcomes
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was assessed in several ways. First, by receiver operating characteristic (ROC) curves; the
univariate areas under the curve (AUC) were compared with a multibiomarker model,
including the four biomarkers by DeLong’s method. The best prognostic cutoff values
obtained in the ROC analysis were used in Kaplan–Meier survival analysis, and incidence
distributions in patients with and without the outcomes were compared using the log-rank
test. Survival analyses were also performed using Cox proportional hazards models. A
model integrating biomarkers and clinical variables to assess patients’ risk was derived
by lineal regression. The power of the biomarkers to increase outcome prediction was
evaluated by calibration (Hosmer–Lemeshow test, Brier Score (BS), and Akaike Information
Criterion (AIC)), discrimination (Integrated Discrimination Index (IDI)), and reclassification
analyses. Category-free net reclassification index (NRI) was calculated as the sum of the
“event NRI” (NRIe) and the “nonevent NRI” (NRIne); upwards movements in patients
meeting an outcome implied improved classification, whereas downward movements im-
plied worse reclassification. Statistical analysis was performed with the statistical packages
SPSS 24.0 (IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version 24.0 IBM
Corp. Armonk, NY, USA) and R (www.R-project.org).

3. Results
3.1. Basal Variables

The study included 253 STEMI patients, 66 (26.1%) of whom were women who were
older than the men (median age 75 vs. 63 years; p < 0.01). No other relevant differences
were observed between genders. Characteristics of the patients and patient’s infarction
and the results of laboratory variables are summarized in Table 1 (and extensively detailed
in Table S1). In our cohort, door-to-balloon time was <30 min in 85.6% of these patients.
Median (IQR) ischemia times (time from onset of symptoms-balloon) were 183 (157–315)
min. Among the 253 patients included, emergent coronary angiography was performed in
249 patients (98.4%). There were four patients (1.58%) in whom coronary angiography was
not performed due to previous high comorbidity and/or deteriorated vital status. Among
patients who underwent coronary angiography, two patients (0.79%) died during the
procedure. PCI was performed in 94.9% of cases, and successful coronary reflow (TIMI flow
3–4) was obtained in 93.8% of patients. Regarding outcomes, 33 patients (13.0%) died in-
hospital, and 22 (8.7%) more during the two year follow-up (median follow-up of 912 days),
yielding an overall mortality of 21.7% (Figure 1). No patients were lost to follow-up. All
patients were discharged with double antiplatelet therapy: aspirin 220/220 (100%), second
anti-platelet agent: clopidogrel 146/220 (66.36%), prasugrel 51/220 (23.18%), ticagrelor
22/220 (10.0%); angiotensin-converting enzyme inhibitors/angiotensin II receptor blockers
(ACRI/ARB) 162/12 (78.63%), aldosterone receptor antagonists (MRA) 47/220 (21.36%),
cardioselective beta-blockers 162/220 (73.63%) and statins 218/220 (99.1%). A total of
17/220 (7.72%) were also discharged with anticoagulant therapy (acenocumarol).

Two-thirds (69.1%) of deaths were due to cardiovascular causes. After the two-year
follow-up, we registered 75 MACE (24 in-hospital, 51 after discharge). Patients who
died during hospitalization presented more frequently high-risk criteria such as higher
Killip class—93.3% of patients with Killip class IV died during the study—and GRACE
2.0 score, lower LVEF, hypotension, multivessel disease, and cardiac arrest at presentation
(data not shown). Regarding laboratory variables, patients who died in-hospital had
significantly higher concentrations of glucose and creatinine, higher AST and ALT activities,
and more leukocytosis. Table S1 shows detailed demographic and clinical characteristics
of the patients and compares such characteristics between patients with and without
the outcomes.

www.R-project.org
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Table 1. Baseline characteristics of patients and their myocardial infarction (STEMI) and routine
laboratory results.

Demography and Antecedents (n = 253, Unless Otherwise Indicated)

Patients and STEMI Characteristics Laboratory Analysis

Sex, woman 66 (26.1) Sodium (mmol/L) 138 (136–140)
Age (years) 66 (55–76) Potassium (mmol/L) 3.80 (3.43–4.10)
BMI (kg/m2) 26.1 (24.9–29.1) Glucose (mmol/L) 8.90 (7.10–12.60)
Hypertension 157 (62.1) Urea (mmol/L) 7.00 (5.00–9.00)
Dyslipidemia 124 (49.0) Creatinine (µmol/L) 82.0 (69.0–106)

Smoking status 110 (43.5) eGFR (CKD-EPI;
mL/min/1.73 m2) 81.5 (62.5–90)

Type 2 diabetes 55 (21.7) AST (U/L) 63.0 (28.0–168)
Killip–Kimball class 1 CK (U/L) 290 (139–804)

I 125 (49.4) Total cholesterol
(mmol/L) 4.34 (3.59–5.09)

II 42 (16.6) HDL cholesterol
(mmol/L) 0.97 (0.82–1.15)

III 21 (8.30) LDL cholesterol
(mmol/L) 2.66 (2.02–3.39)

IV 65 (25.7) Hemoglobin (g/L) 136 (123–152)
Cardiac arrest 21 (8.30) Hematocrit (L/L) 40.0 (36.0–44.0)
GRACE 2.0 Risk
Score 1 179 (145–232) Platelets (×109/L) 212 (169–252)

Ischemia time (min) 208 (160–320) Leukocytes (×109/L) 11.9 (9.42–14.8)
Systolic BP (mm Hg) 115 (85–135) HbA1c (%) 5.70 (5.40–6.10)
Diastolic BP (mm Hg) 70 (53–80)
LVEF % 44 (35–55)
PCI 240 (94.9)

Data presented as number of cases (% occurrence) or median (interquartile range). 1 Killip–Kimball class and
GRACE risk score are variables evaluating the vital risk of an individual patient; Killip–Kimball III and IV are
associated with worse, even fatal outcomes, and a GRACE score > 150 is associated with a >12% mortality in
the 6 month period following an acute MI. Abbreviations: BMI: body mass index, PCI: percutaneous coronary
intervention, GRACE 2.0: Global Registry of Acute Coronary Events, BP: blood pressure, LVEF: left ventricular
ejection fraction, eGFR CKD-EPI: estimated glomerular filtration rate by the Chronic Kidney Disease Epidemiology
Collaboration formula, AST: aspartate amino transferase, CK: creatine kinase, HDL and LDL: high- and low-
density lipoproteins, HbA1c: glycated hemoglobin A1c.

Figure 1. Diagram describing all the events registered during the 2 years of follow-up. The assessed
outcomes are marked in gray. Abbreviations: CABG: coronary artery bypass graft, HF: heart failure,
MACE: major adverse cardiac events, PCI: percutaneous coronary intervention.
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3.2. Cardiovascular Biomarkers

Median concentrations of the studied biomarkers are shown in Table 2. Unsurpris-
ingly, median hs-cTnT concentrations were extremely high, corresponding to extensive
myocardial damage caused by the STEMI; CT-IGFB4 and GDF-15 median values were 1.5 to
2 times higher than the associated to lower frequency or severity of the assessed outcomes.
Finally, although median NT-proBNP values were below described cutoff values, median
concentrations of patients meeting any of the outcomes were above such cutoffs (Table S1).

Table 2. Biomarkers of the study.

Biomarker
Total Group

Median (IQR)
(n = 253)

Deceased Patients
Median (IQR)

(n = 55)

Surviving Patients
Median (IQR)

(n = 198)
Reference Values

CT-IGFBP-4, µg/L 48.7 (32.9–67.8) 69.9 (42.6–91.1) 45.0 (30.1–60.5)

Not evaluated in the literature; a
concentration < 34.3 µg/L is
associated with the lowest
mortality and MACE occurrence
in STEMI patients [20]

hs-cTnT, ng/L 373 (84.0–1614) 1148 (146–3868) 351 (80–1209) A concentration > 14 ng/L
indicates myocardial injury

NT-proBNP, ng/L 508 (99.0–1897) 2201 (519–14,004) 329 (84–1197)
Depending on the patient’s
age < 300 or <900 or <1800 ng/L
rules-out acute heart failure

GDF-15, ng/L 2297 (1328–5323) 6989 (3215–20,000) 1918 (1187–3496)
A concentration > 1200 ng/L is
associated to incresed mortality
in STEMI patients [36]

When comparing the variables between the patients with and without the outcome,
we found that patients with outcomes were older than those without, except for MACE.
Higher Killip–Kimball class and GRACE 2.0 score values, higher number of affected vessels
and revascularization success, higher glycemia, worse renal function, and increased con-
centrations of CV biomarkers were significantly more frequent in patients with outcomes
in all outcome subgroups (Table S1).

3.3. Risk Assessment

The discrimination ability of the CV biomarkers to predict outcomes was assessed
for each single biomarker by the AUC of the ROC curve and compared against a multi-
biomarker model including all the biomarkers (Table 3). The multibiomarker model im-
proved the AUC of the single biomarkers to predict mortality except for (a) GDF-15 for
predicting in-hospital and all-cause mortality, and (b) NT-proBNP for predicting cardio-
vascular mortality. In contrast, the multibiomarker model did not improve the capacity of
prediction of MACE of any single biomarker.

The best prognostic cutoff values to predict outcomes were calculated by ROC analysis.
We found that a concentration of 63.0 µg/L for CT-IGFBP-4, 988 ng/L for hs-cTnT, and
1454 ng/L for NT-proBNP were predictive of all outcomes, except mortality in the follow-
up that was predicted by a slightly lower value. GDF-15 cutoff values ranged between 2724
and 3124 ng/L, depending on the outcome (Table S2). These cutoff values were applied to
a survival analysis using the log-rank test of the Kaplan–Meier survival analysis (detailed
in Table S3) and a Cox proportional hazard model analysis. All biomarkers were predictors
of outcomes in a univariate analysis. However, when adjusted for the GRACE 2.0 score,
the better association was found between GDF-15 and in-hospital (Hazard ratio (HR) of
14.28) and all-cause (HR 4.60) mortalities and for NT-proBNP and cardiovascular mortality
(HR 4.05); MACE was predicted by hs-cTnT (HR 2.18) and NT-proBNP (HR 2.32) (Table 4).
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Table 3. Discrimination capacity—AUC of ROC curves of CT-IGFBP-4, hs-cTnT, NT-proBNP, GDF-15,
and multibiomarker strategy—for predicting different outcomes.

Biomarker
In-Hospital Mortality Follow-Up Mortality Cardiovascular

Mortality All-Cause Mortality MACE

AUC
(95%CI)

p-
Value

AUC
(95%CI)

p-
Value

AUC
(95%CI)

p-
Value

AUC
(95%CI)

p-
Value

AUC
(95%CI)

p-
Value

CT-IGFBP-4
0.656

<0.001
0.765

(0.658–0.872) 0.002
0.731

<0.001
0.713

<0.001
0.625

0.379(0.539–0.772) (0.640–0.822) (0.628–0.798) (0.541–0.709)

hs-cTnT
0.632

<0.001
0.610

(0.488–0.732) <0.001
0.697

<0.001
0.611

<0.001
0.608

0.215(0.531–0.732) (0.609–0.785) (0.528–0.695) (0.528–0.688)

NT-proBNP 0.716
0.003

0.746
(0.632–0.861) 0.001

0.809
0.138

0.740
0.002

0.661
0.791(0.612–0.820) (0.731–0.887) (0.660–0.819) (0.579–0.743)

GDF-15
0.874

0.457
0.717

(0.604–0.829) 0.005
0.808

0.042
0.819

0.130
0.616

0.055(0.802–0.946) (0.727–0.889) (0.749–0.888) (0.528–0.704)

Multibiomarker
0.877

Ref
0.810

(0.722–0.899) Ref
0.865

Ref
0.848

Ref
0.668

Ref(0.809–0.946) (0.806–0.924) (0.790–0.907) (0.583–0.754)

Abbreviations: 95%CI: 95% confidence interval; p-value of the comparison (DeLong’s test) with the multibiomarker
strategy; Ref: reference model for comparison.

Table 4. Kaplan–Meier analysis and Cox regression survival analysis (univariate and adjusted for
GRACE 2.0.) of CT-IGFBP-4, hs-cTnT, NT-proBNP, and GDF-15 for the different outcomes using the
predefined cut-off values.

Biomarker

In-Hospital Mortality Follow-Up Mortality Cardiovascular Mortality

Log-Rank χ2

(p-Value)
Univariate HR

(95%CI)

Adjusted for
GRACE 2.0 HR

(95%CI)

Log-Rank χ2

(p-Value)
Univariate HR

(95%CI)

Adjusted for
GRACE 2.0 HR

(95%CI)

Log-Rank χ2

(p-Value)
Univariate HR

(95%CI)

Adjusted for
GRACE 2.0 HR

(95%CI)

CT-IGFBP-4 14.33 (<0.001) 3.48 (1.74–6.94) NS 23.56 (<0.001) 6.80 (2.77–16.69) 4.85 (1.92–12.23) 23.99 (<0.001) 4.48 (2.31–8.66) 2.46 (1.26–4.81)
hs-cTnT 7.33 (0.007) 2.48 (1.25–4.93) NS 4.48 (0.034) NS NS 20.92 (<0.001) 4.20 (2.14–8.21) 3.21 (1.63–6.30)

NT-proBNP 22.90 (<0.001) 4.77 (2.34–9.70) 2.30 (1.13–4.70) 14.41 (<0.001) 9.83 (2.30–42.06) 6.95 (1.60–30.30) 40.71 (<0.001) 7.07 (3.50–14.27) 4.05 (1.99–8.24)

GDF-15 61.67 (<0.001) 55.02 (7.51–402.8) 14.28
(1.84–110.88) 16.39 (<0.001) 5.58 (2.19–14.27) 3.44 (1.16–10.17) 38.01 (<0.001) 10.64 (4.10–27.26) 3.65 (1.28–10.38)

Biomarker

All-Cause Mortality MACE

Log-Rank χ2

(p-Value)
Univariate HR

(95%CI)

Adjusted for
GRACE 2.0 HR

(95%CI)

Log-Rank χ2

(p-Value)
Univariate HR

(95%CI)

Adjusted for
GRACE 2.0 HR

(95%CI)

CT-IGFBP-4 35.43 (<0.001) 4.50 (2.61–7.77) 2.49 (1.43–4.33) 23.99 (<0.001) 1.86 (1.12–3.08) NS
hs-cTnT 9.43 (0.002) 2.24 (1.32–3.81) NS 9.43 (0.002) 2.41 (1.47–3.96) 2.18 (1.32–3.58)

NT-proBNP 35.74 (<0.001) 4.49 (2.61–7.01) 2.41 (1.39–4.19) 35.74 (<0.001) 2.91 (1.77–4.76) 2.32 (1.38–3.90)
GDF-15 62.72 (<0.001) 12.22 (5.52–27.04) 4.60 (1.93–10.99) 62.72 (<0.001) 2.51 (1.51–4.16) NS

Abbreviations: 95%CI: 95% confidence interval; HR: hazard ratio; NS: not significant (p > 0.05).

In order to integrate biomarkers and the clinical variables used in daily practice,
we calculated a lineal regression model. All candidate variables were incorporated into
a statistical model if they had showed statistical differences (p < 0.05) for the different
outcomes (Table S1). The final clinical model included age, Killip–Kimball class, estimated
glomerular filtration rate (eGFR by CKD-EPI), and heart rate. To evaluate the incremental
usefulness of CT-IGFBP-4, hs-cTnT, NT-proBNP, and GDF-15 over the clinical model, we
conducted discrimination, calibration, and reclassification tests. Non-normally distributed
variables were log-transformed prior to these analyses. Results of the discriminating
capacity (as AUC and IDI) are shown in Table S4.

Discrimination results, especially AUC comparison, showed that although the infor-
mation provided by some biomarkers was valuable, they provided a small addition to the
robust baseline clinical model. According to the IDI results, the discriminating capacity of
the clinical model’s value improved by adding GDF-15 (2.97%) for in-hospital mortality,
NT-proBNP+hs-cTnT (5.58%) for cardiovascular mortality, and hs-cTnT (2.02%) for MACE;
all-cause and follow-up mortality discrimination was not improved by any biomarker used
alone or in combination.

To evaluate the correlation between the predictions of the different models and the
observed outcomes, we performed a series of calibration tests (Table S5). The AIC and Brier
Score (BS) were calculated for each model; lower values indicate a better model. According
to the results, the best-calibrated model for in-hospital mortality was the one that included
the clinical model and GDF-15 (BS 0.067; AIC 119). The clinical model plus hs-cTnT and
NT-proBNP was the most accurate at predicting cardiovascular mortality (BS 0.073; AIC
135). Clinical model and NT-proBNP showed good performance for MACE (BS 0.157; AIC
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262). Regarding reclassification of patients, the addition of the multibiomarker strategy
to the clinical model reclassified patients in all the events except follow-up mortality. For
in-hospital mortality, the addition of GDF-15 and the multibiomarker strategy improved the
overall prediction (NRI 55.8% and 67.3%, respectively), particularly improving the ability
to predict events (NRIe 39.4% and 45.45%, respectively); the model including GDF-15 also
improved all-cause mortality prediction (NRI: 35.5%; NRIe: 27.3%). For cardiovascular
mortality, the addition of NT-proBNP, hs-cTnT, or both also allowed us to reclassify patients
(NRI 56.5%, 69.2%, or 74.8%; NRIe 42.1%, 47.4%, and 47.4%, respectively). Finally, only the
combined clinical and multibiomarker model produced a significant reclassification (NRI
43.8%), again with a predominance of event reclassification (NRIe 30.2%) in patients with
MACE (Table 5).

Table 5. Reclassification (Net Reclassification Index) of the clinical model plus the addition of
the log-transformed concentrations of CT-IGFBP-4, hs-cTnT, NT-proBNP, and GDF-15 for the
different outcomes.

In-Hospital Mortality Follow-Up Mortality Cardiovascular Mortality

NRIe %
(p-Value)

NRIne %
(p-Value)

NRI %
(p-Value)

NRIe %
(p-Value)

NRIne %
(p-Value)

NRI %
(p-Value)

NRIe %
(p-Value)

NRIne %
(p-Value)

NRI %
(p-Value)

CM + log CT-IGFBP-4 21.21 (NS) 5.45 (NS) 26.67 (NS) 0 (NS) 15.2 (0.020) 15.2 (NS) −10.53 (NS) 6.05 (NS) −4.48 (NS)
CM + log hs-cTnT 9.09 (NS) 0 (NS) 9.09 (NS) 9.09 (NS) 1.3 (NS) 10.39 (NS) 26.30 (NS) 19.19 (0.004) 45.40 (0.008)

CM + log NT-proBNP 21.21 (NS) −7.27 (NS) 13.94 (NS) 0 (NS) 3.9 (NS) 3.9 (NS) 42.10 (0.004) 14.40 (0.032) 56.50 (<0.001)
CM + log hs-cTnT + log

NT-proBNP - - - - - - 47.40 (<0.001) 21,90 (<0.001) 69.20 (<0.001)

CM + log GDF-15 39.40 (0.014) 16.40 (0.014) 55.80 (0.001) −9.09 (NS) 3.9 (NS) −5.19 (NS) 21.05 (NS) 0.465 (NS) 21.52 (NS)
CM + Multibiomarker 45.45 (0.003) 21.80 (<0.001) 67.30 (<0.001) 9.09 (NS) 10.82 (NS) 19.91 (NS) 47.40 (<0.001) 27.40 (<0.001) 74.80 (<0.001)

All-Cause Mortality MACE

NRIe %
(p-value)

NRIne %
(p-Value)

NRI %
(p-Value)

NRIe %
(p-Value)

NRIne %
(p-Value)

NRI %
(p-Value)

CM + log CT-IGFBP-4 −5.45 (NS) 2.02 (NS) −3.43 (NS) 7.94 (NS) 6.32 (NS) 14.25 (NS)
CM + log hs-cTnT 9.09 (NS) 6.06 (NS) 15.15 (NS) 14.29 (NS) 7.37 (NS) 21.65 (NS)

CM + log NT-proBNP 20.0 (NS) 6.06 (NS) 26.06 (NS) 2.02 (0.022) 14.70 (0.040) 29.00 (0.043)
CM + log GDF-15 27.27 (0.035) 8.08 (NS) 35.35 (0.017) −1.59 (NS) 1.05 (NS) −0.54 (NS)

CM + Multibiomarker 9.09 (NS) 16.16 (0.020) 25.25 (NS) 30.2 (0.012) 13.70 (0.050) 43.80 (0.001)

Abbreviations: CM: clinical model; NRI: Net Reclassification Index; NRIe: event NRI; NRIne: nonevent NRI; NS:
not significant (p > 0.05).

Taking into account all the obtained results, we summarize the best strategies for
predicting outcomes in STEMI and the evidence supporting them in Table 6.

Table 6. Best risk assessment strategy for each analyzed outcome and its statistical analysis evidence.

In-Hospital
Mortality

Follow-Up
Mortality

Cardiovascular
Mortality

All-Cause
Mortality MACE

Best risk
assessment

strategy

Clinical model 1 +
GDF-15

Clinical model
Clinical model +

hs-cTnT +
NT-proBNP

Clinical model Clinical model +
NT-proBNP

Evidence

Discrimination
(IDI)
Survival analysis
(HR)
Calibration (Brier
Score, AIC)
Reclassification
(NRIe/NRIne)

Discrimination
(IDI)
Calibration (Brier
Score, AIC)
Reclassification
(NRIe/NRIne)

Survival analysis
(HR)
Calibration (Brier
Score, AIC)
Reclassification
(NRIne)

1 Clinical model based on age, Killip–Kimball class, eGFR by CKD-EPI and heart rate. Abbreviations: AIC: Akaike
Information Criterion; HR: hazard ratio; IDI: Integrated Discrimination Index; NRI: Net Reclassification Index;
NRIe: event NRI; NRIne: nonevent NRI.

4. Discussion

Mortality associated with STEMI is high, around 5–6% during hospital admission and
up to 18% at 6 months after discharge [37]. STEMI mortality is heterogeneous and difficult
to predict because it is multifactorial; clinical factors such as advanced age, the extent of
the infarcted area, or the existence of comorbidities increase the average mortality. In the
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present group, we registered a mortality rate of 21.7% after a 2 year follow-up; most of
them (13%) occurred during hospitalization. Cardiovascular were the most frequent cause
of death (69% of all deaths) during the whole observational study. The observed mortality
was high compared to that reported in other studies in STEMI patients. This could have
been due to two reasons: First, our hospital is a referral center for patients with STEMI
initially diagnosed at other health centers; second, the population that attends our hospital
is older than in similar centers and has a higher frequency of age-associated risk factors
or comorbidities. This justifies our study being enriched with a high proportion of STEMI
patients with severe conditions—as shown by a Killip–Kimball class IV presented by 25.7%
of patients, a median GRACE 2.0 risk score of 179, or higher frequency of cardiac arrest
at presentation (8.30%) or atrial fibrillation (5.5%). In this context, the elevated in-hospital
mortality rate is not surprising. The largest Spanish registry of ACS (MASCARA registry)
observed an in-hospital mortality rate in STEMI patients of 5.7% [38], more than two times
lower than that observed in the present group. In our population, 93.9% of patients who
died during admission were Killip IV; the mortality of these patients was as high as 47.7%.
High mortality associated with Killip IV was already described in the original article that
originated this classification [39] and has been corroborated in several studies, such as
the CardShock study in patients with cardiogenic shock, in which mortality rose up to
a 40% [40]. The high risk profile of our population is also corroborated by the fact that
one-third of patients developed a major adverse cardiac event.

Median concentrations of NT-proBNP and GDF-15 were much higher in patients
who had any of the studied outcomes. The capacity of GDF-15 to predict in-hospital
mortality, all-cause mortality, and MACE was not improved by a model that included all
the assessed biomarkers; the same was observed for the prediction of NT-proBNP and
cardiovascular mortality. In a multivariate analysis adjusted for the GRACE 2.0 score,
NT-proBNP and GDF-15 concentrations above the calculated cut offs continued to be
associated with a higher risk of in-hospital death, specifically, 2.3-fold for NT-proBNP and
14.3-fold for GDF-15, and with death in the follow-up (NT-proBNP 6.95-fold). Regarding
cardiovascular mortality, the biomarker that individually best predicted the outcome was
NT-proBNP (AUC 0.809, 95%CI 0.731–0.887). For MACE prediction, the four assessed
biomarkers presented a similar predictive capacity, but were clearly lower (AUC between
0.608 and 0.661) than those found for any type of mortality. Evaluation of association and
discrimination capacity is helpful for the evaluation of new biomarkers prior to their use in
clinics, but it is not enough. Biomarker values and clinical scores should be combined with
calibration and reclassification studies to improve their clinical potential. A typical example
of such combination is the GRACE 2.0 score, validated for risk assessment in many clinical
conditions including STEMI [41]. However, the score includes only a qualitative evaluation
of cardiac biomarkers—positive/negative—instead of a quantitative result obtained with
the best biomarker and technology available (i.e., a cardiac troponin measured with a
high-sensitivity method). Given the lack of optimization of the GRACE 2.0 score, we
derived a clinical model in our population that finally included age, Killip–Kimball class,
eGFR-CKD-EPI, and heart rate. The clinical model showed excellent discrimination for
in-hospital, cardiovascular, and all-cause mortality with AUC > 0.890 (>0.700 for MACE).
The good performance of the clinical model is not surprising because it includes powerful
morbidity and mortality predictors such as age, Killip class, and renal function status. In
fact, age is the only variable of the model that is also included in all the scores used for
risk stratification in STEMI: GRACE 2.0, TIMI (Thrombolysis in Myocardial Infarction)
and dynamic TIMI, CADILLAC (Controlled Abciximab and Device Investigation to Lower
Late Angioplasty Complications), Zwolle, and PAMI (Primary Angioplasty in Myocardial
Infarction) [42].

Deviation between observed and predicted risk was assessed using different cali-
bration methods. When biomarkers were added to the clinical model, we observed that
GDF-15 and the combination of hs-cTnT and NT-proBNP significantly improved the predic-
tion of in-hospital and cardiovascular mortality of the clinical model, respectively, whereas
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MACE prediction was ameliorated by NT-proBNP. Biomarkers did not improve prediction
of follow-up and all-cause mortality compared to the clinical model. Given the predom-
inance of cardiovascular deaths in our population, the ability of biomarkers to predict
all-cause mortality and MACE could be decreased by the low number of noncardiovascular
outcomes. If we analyze the capacity of biomarkers to improve prognosis by the increase
they promote on the AUC of the clinical model, any of them improve its discrimination
for any outcome. The fact that the predictive capacity of the clinical model was so high
prevented biomarkers from improving their discrimination [43]. However, using IDI, we
found that some strategies did improve outcome prediction. It has been stated that the
IDI is a better alternative to AUC comparison that overcomes its limitations and could be
considered a more powerful statistical test [44]. Regarding reclassification, we calculated
continuous NRI to allow comparisons with other studies. Otherwise, when risk categories
are used, the NRI result can be influenced by the arbitrary choice of risk levels. It has also
been stated that the use of reclassification strategies with poorly calibrated models can lead
to misinterpretation of the results [45]. This situation was observed in two of the outcomes
assessed (follow-up and all-cause mortality) where poor calibrated models, shown by a
non-reduction in Brier Score and AIC after adding the biomarkers, produced false reclassi-
fication proportions. On the other hand, for in-hospital and cardiovascular mortality, the
addition of biomarkers to the clinical model showed a significant reclassification of patients.
Pencina et al. [43] suggested interpretations of the continuous NRI: NRI < 20% is weak,
NRI 20–40% is intermediate, and NRI > 60% is considered strong. Continuous NRI in the
present study ranged between 29.0% and 74.8%. Most patients reclassified on the basis of
NRI were reclassified as “event”, indicating that they were at a higher and missed risk by
the clinical model alone. The identification of such patients will be helpful in improving
their clinical management. Different studies have found an association between IGFBP-4
fragments and an increased risk of all-cause mortality, cardiovascular mortality, and MACE
in patients with STEMI [46], as well as with all-cause mortality in patients with AHF [31]
after adjustment for clinical variables and other biomarkers such as NT-proBNP and CRP.
In our cohort, on the basis of the whole statistical analysis results, we cannot confirm
these findings. We found that after adjustment for clinical variables, the only biomarker
not associated with an improvement of the risk prediction was CT-IGFBP-4. In the last
10 years, several studies suggest that the most useful tools to predict MACE are imaging
techniques, such as cardiovascular magnetic resonance or cardiac computed tomography
angiography [47,48].

5. Conclusions

In a population of STEMI patients treated according to recommendations and through
measuring for the first time a combination of four biomarkers (CT-IGFBP-4, hs-cTnT, NT-
proBNP, and GDF-15) with more recent and automated technology available, we found
that:

− The STEMI patient group was enriched with critical patients and comorbid patients
compared to other studies. This circumstance provides great support to the biomarkers’
prognostic value and could be highlighted as a strength of the study.

− A determination of GDF-15 on admission improved the prognostic capacity of in-
hospital mortality compared to a model based only on clinical variables. It could help
to grade the treatment required by patients.

− The combination of NT-proBNP and hs-cTnT improved the ability of a powerful
clinical model to predict cardiovascular mortality.

− CT-IGFBP-4, proposed as a biomarker of unstable atheroma plaques implicated in
STEMI, was not associated with a significant improvement of the risk models with
clinical variables and other biomarkers.
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6. Limitations

Given the composition of the study group, enriched with older and critical patients
compared to other groups, our results should be corroborated in different STEMI pop-
ulations. Some blood samples from our study were obtained a few minutes after the
cardiologist had begun the catheterization. Reflow of the obstructed coronary artery leads
to an abrupt release of biomarkers into the circulation; this fact may represent a confound-
ing factor compared to studies that obtained the samples prior to PCI. However, previous
publications have demonstrated that biomarkers obtained after PCI are as useful for risk
assessment as those measured in prePCI samples [49–52]. Even though patients were
recruited several years ago, the reference population and characteristics of our hospital has
not changed; our role in the local STEMI network is the same, and thus the spectrum of
patients is nowadays similar to the time of recruitment. Furthermore, the guidelines for the
treatment of these patients and the internal protocols have not significantly changed either.
In regard to the applicability of the studied biomarkers, both hs-cTnT and NT-proBNP
are well-introduced in routine clinical practice. In contrast, GDF-15 has been analyzed in
many clinical situations, but its measurement is not recommended in guidelines for clinical
practice; moreover, its cost is usually higher than that of hs-cTnT or NT-proBNP. Finally,
there is no CT-IGFBP-4 commercial assay available, and only some manufacturers offer
specific antibodies to develop in-house measurement methods. The number of patients
included was low. The findings should be corroborated in more extensive cohorts.
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GDF-15 for the different outcomes.

Author Contributions: Conceptualization, A.G.-O., A.S. and J.O.-L.; data curation, A.G.-O., J.S.-R.
and A.A.-A.; methodology, J.S.-R.; software, A.G.-O. and A.F.-G.; writing—original draft, A.G.-O.;
writing—review and editing, A.G.-O. and J.O.-L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research did not receive external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Institut d’Investigació Biomédica Sant
Pau (Investigación fisiopatológica del infarto agudo de miocardio code C.0001354, 29 November 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Acknowledgments: Reagents for biomarker measurement were donated by the manufacturers
(Roche Diagnostics, Mercodia) that did not contribute to the design, data acquisition, or management
and did not help in writing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries and territories,

1990–2019: A systematic analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [CrossRef]
2. Dégano, I.R.; Elosua, R.; Marrugat, J. Epidemiología del síndrome coronario agudo en España: Estimación del número de casos y

la tendencia de 2005 a 2049. Rev. Esp. Cardiol. 2013, 66, 472–481. [CrossRef] [PubMed]
3. McManus, D.D.; Gore, J.; Yarzebski, J.; Spencer, F.; Lessard, D.; Goldberg, R.J. Recent trends in the incidence, treatment, and

outcomes of patients with ST and non-ST-segment acute myocardial infarction. Am. J. Med. 2011, 124, 40–47. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jcm11051266/s1
https://www.mdpi.com/article/10.3390/jcm11051266/s1
http://doi.org/10.1016/S0140-6736(20)30925-9
http://doi.org/10.1016/j.recesp.2013.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24776050
http://doi.org/10.1016/j.amjmed.2010.07.023
http://www.ncbi.nlm.nih.gov/pubmed/21187184


J. Clin. Med. 2022, 11, 1266 12 of 14

4. Otsuka, F.; Joner, M.; Prati, F.; Virmani, R.; Narula, J. Clinical classification of plaque morphology in coronary disease. Nat. Rev.
Cardiol. 2014, 11, 379–389. [CrossRef]

5. Elgendy, I.Y.; Mahmoud, A.; Kumbhani, D.J.; Bhatt, D.L.; Bavry, A.A. Complete or Culprit-Only Revascularization for Patients with
Multivessel Coronary Artery Disease Undergoing Percutaneous Coronary Intervention: A Pairwise and Network Meta-Analysis
of Randomized Trials. JACC Cardiovasc. Interv. 2017, 10, 315–324. [CrossRef]

6. Goldberg, R.J.; Darling, C.E.; Fisher, K.A.A.; McManus, D.D.; Coles, A.H.; Spencer, F.A.; Gore, J.M. Survival after hospital
discharge for ST-segment elevation and non-ST-segment elevation acute myocardial infarction: A population-based study. Clin.
Epidemiol. 2013, 5, 229–236. [CrossRef] [PubMed]

7. Pedersen, F.; Butrymovich, V.; Kelbæk, H.; Wachtell, K.; Helqvist, S.; Kastrup, J.; Holmvang, L.; Clemmensen, P.; Engstrøm, T.;
Grande, P.; et al. Short- and Long-Term Cause of Death in Patients Treated with Primary PCI for STEMI. J. Am. Coll. Cardiol. 2014,
64, 2101–2108. [CrossRef] [PubMed]

8. Vancraeynest, D.; Pasquet, A.; Roelants, V.; Gerber, B.; Vanoverschelde, J.-L.J. Imaging the Vulnerable Plaque. J. Am. Coll. Cardiol.
2011, 57, 1961–1979. [CrossRef]

9. Fox, K.A.A.; Fitzgerald, G.; Puymirat, E.; Huang, W.; Carruthers, K.F.; Simon, T.; Coste, P.; Monsegu, J.; Steg, P.G.; Danchin, N.; et al.
Should patients with acute coronary disease be stratified for management according to their risk? Derivation, external validation
and outcomes using the updated GRACE risk score. BMJ Open 2014, 4, e004425. [CrossRef]

10. Velders, M.A.; Wallentin, L.; Becker, R.C.; van Boven, A.J.; Himmelmann, A.; Husted, S.; Katus, H.A.; Lindholm, D.; Morais, J.;
Siegbahn, A.; 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. Am. Heart J. 2015, 169,
879–889.e7. [CrossRef]

11. Klingenberg, R.; Aghlmandi, S.; Räber, L.; Gencer, B.; Nanchen, D.; Heg, D.; Carballo, S.; Rodondi, N.; Mach, F.; Windecker, S.;
et al. Improved risk stratification of patients with acute coronary syndromes using a combination of hsTnT, NT-proBNP and
hsCRP with the GRACE score. Eur. Heart J. Acute Cardiovasc. Care 2018, 7, 129–138. [CrossRef] [PubMed]

12. O’Donoghue, M.L.; Morrow, D.A.; Cannon, C.P.; Jarolim, P.; Desai, N.R.; Sherwood, M.W.; Murphy, S.A.; Gerszten, R.E.; Sabatine,
M.S. Multimarker Risk Stratification in Patients with Acute Myocardial Infarction. J. Am. Heart Assoc. 2016, 5, e002586. [CrossRef]
[PubMed]

13. Bayes-Genis, A.; Conover, C.A.; Schwartz, R.S. The Insulin-Like Growth Factor Axis: A Review of Atherosclerosis and Restenosis.
Circ. Res. 2000, 86, 125–130. [CrossRef]

14. Bayes-Genis, A.; Conover, C.A.; Overgaard, M.T.; Bailey, K.R.; Christiansen, M.; Holmes, D.R.; Virmani, R.; Oxvig, C.; Schwartz,
R.S. Pregnancy-Associated Plasma Protein A as a Marker of Acute Coronary Syndromes. N. Engl. J. Med. 2001, 345, 1022–1029.
[CrossRef]

15. Iversen, K.K.; Dalsgaard, M.; Teisner, A.S.; Schoos, M.; Teisner, B.; Nielsen, H.; Clemmensen, P.; Grande, P. Usefulness of
Pregnancy-Associated Plasma Protein A in Patients with Acute Coronary Syndrome. Am. J. Cardiol. 2009, 104, 1465–1471.
[CrossRef]

16. Cirillo, P.; Conte, S.; Pellegrino, G.; Ziviello, F.; Barra, G.; De Palma, R.; Leonardi, A.; Trimarco, B. Pregnancy-associated plasma
protein-A promotes TF procoagulant activity in human endothelial cells by Akt–NF-κB axis. J. Thromb. Thrombolysis 2016, 42,
225–232. [CrossRef]

17. Cirillo, P.; Cimmino, G.; Conte, S.; Pellegrino, G.; Morello, A.; Golino, P.; Trimarco, B. Relationship between Pregnancy-associated
Plasma Protein-A and tissue factor levels in the coronary circulation of patients with acute coronary syndrome. Int. J. Cardiol.
2018, 258, 14–16. [CrossRef]

18. Terkelsen, C.J.; Oxvig, C.; Nørgaard, B.L.; Glerup, S.; Poulsen, T.S.; Lassen, J.F.; Møller, H.J.; Thuesen, L.; Falk, E.; Nielsen, T.T.; et al.
Temporal Course of Pregnancy-Associated Plasma Protein-A in Angioplasty-Treated ST-Elevation Myocardial Infarction Patients
and Potential Significance of Concomitant Heparin Administration. Am. J. Cardiol. 2009, 103, 29–35. [CrossRef]

19. Sangiorgi, G.; Mauriello, A.; Bonanno, E.; Oxvig, C.; Conover, C.A.; Christiansen, M.; Trimarchi, S.; Rampoldi, V.; Holmes,
D.R.; Schwartz, R.S.; et al. Pregnancy-Associated Plasma Protein-A Is Markedly Expressed by Monocyte-Macrophage Cells in
Vulnerable and Ruptured Carotid Atherosclerotic Plaques: A Link Between Inflammation and Cerebrovascular Events. J. Am.
Coll. Cardiol. 2006, 47, 2201–2211. [CrossRef]

20. Hjortebjerg, R.; Lindberg, S.; Hoffmann, S.; Jensen, J.S.; Oxvig, C.; Bjerre, M.; Frystyk, J. PAPP-A and IGFBP-4 fragment levels
in patients with ST-elevation myocardial infarction treated with heparin and PCI. Clin. Biochem. 2015, 48, 322–328. [CrossRef]
[PubMed]

21. Postnikov, A.; Smolyanova, T.; Kharitonov, A.; Serebryanaya, D.; Kozlovsky, S.; Tryshina, Y.; Malanicev, R.; Arutyunov, A.;
Murakami, M.; Apple, F.; et al. N-terminal and C-terminal fragments of IGFBP-4 as novel biomarkers for short-term risk
assessment of major adverse cardiac events in patients presenting with ischemia. Clin. Biochem. 2012, 45, 519–524. [CrossRef]

22. Hjortebjerg, R.; Tarnow, L.; Jorsal, A.; Parving, H.-H.; Rossing, P.; Bjerre, M.; Frystyk, J. IGFBP-4 Fragments as Markers of
Cardiovascular Mortality in Type 1 Diabetes Patients with and without Nephropathy. J. Clin. Endocrinol. Metab. 2015, 100,
3032–3040. [CrossRef] [PubMed]

23. Schlittenhardt, D.; Schober, A.; Strelau, J.; Bonaterra, G.A.; Schmiedt, W.; Unsicker, K.; Kinscherf, R. Involvement of growth
differentiation factor-15/macrophage inhibitory cytokine-1 (GDF-15/MIC-1) in oxLDL-induced apoptosis of human macrophages
in vitro and in arteriosclerotic lesions. Cell Tissue Res. 2004, 318, 325–333. [CrossRef]

http://doi.org/10.1038/nrcardio.2014.62
http://doi.org/10.1016/j.jcin.2016.11.047
http://doi.org/10.2147/CLEP.S45646
http://www.ncbi.nlm.nih.gov/pubmed/23901296
http://doi.org/10.1016/j.jacc.2014.08.037
http://www.ncbi.nlm.nih.gov/pubmed/25457398
http://doi.org/10.1016/j.jacc.2011.02.018
http://doi.org/10.1136/bmjopen-2013-004425
http://doi.org/10.1016/j.ahj.2015.02.019
http://doi.org/10.1177/2048872616684678
http://www.ncbi.nlm.nih.gov/pubmed/28029055
http://doi.org/10.1161/JAHA.115.002586
http://www.ncbi.nlm.nih.gov/pubmed/27207959
http://doi.org/10.1161/01.RES.86.2.125
http://doi.org/10.1056/NEJMoa003147
http://doi.org/10.1016/j.amjcard.2009.07.017
http://doi.org/10.1007/s11239-016-1353-4
http://doi.org/10.1016/j.ijcard.2018.02.031
http://doi.org/10.1016/j.amjcard.2008.08.027
http://doi.org/10.1016/j.jacc.2005.11.086
http://doi.org/10.1016/j.clinbiochem.2014.11.022
http://www.ncbi.nlm.nih.gov/pubmed/25489725
http://doi.org/10.1016/j.clinbiochem.2011.12.030
http://doi.org/10.1210/jc.2015-2196
http://www.ncbi.nlm.nih.gov/pubmed/26046968
http://doi.org/10.1007/s00441-004-0986-3


J. Clin. Med. 2022, 11, 1266 13 of 14

24. Lind, L.; Wallentin, L.; Kempf, T.; Tapken, H.; Quint, A.; Lindahl, B.; Olofsson, S.; Venge, P.; Larsson, A.; Hulthe, J.; et al.
Growth-differentiation factor-15 is an independent marker of cardiovascular dysfunction and disease in the elderly: Results from
the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) Study. Eur. Heart J. 2009, 30, 2346–2353. [CrossRef]
[PubMed]

25. Kempf, T.; Eden, M.; Strelau, J.; Naguib, M.; Willenbockel, C.; Tongers, J.; Heineke, J.; Kotlarz, D.; Xu, J.; Molkentin, J.; et al. The Trans-
forming Growth Factor-β Superfamily Member Growth-Differentiation Factor-15 Protects the Heart From Ischemia/Reperfusion
Injury. Circ. Res. 2006, 98, 351–360. [CrossRef] [PubMed]

26. Wollert, K.C.; Kempf, T.; Wallentin, L. Growth Differentiation Factor 15 as a Biomarker in Cardiovascular Disease. Clin. Chem.
2016, 63, 140–151. [CrossRef]

27. Zhang, S.; Dai, D.; Wang, X.; Zhu, H.; Jin, H.; Zhao, R.; Jiang, L.; Lu, Q.; Yi, F.; Wan, X.; et al. Growth differentiation factor–15
predicts the prognoses of patients with acute coronary syndrome: A meta-analysis. BMC Cardiovasc. Disord. 2016, 16, 82.
[CrossRef]

28. Afilalo, J.; Karunananthan, S.; Eisenberg, M.J.; Alexander, K.P.; Bergman, H. Role of Frailty in Patients with Cardiovascular
Disease. Am. J. Cardiol. 2009, 103, 1616–1621. [CrossRef]

29. Wee, T.; Tang, M.; Zrno, I.; Hamilton, J.; Holmes, D.T. N-Terminal Pro–B-Type Natriuretic Peptide (NT-proBNP) Immunoreactivity
Is Reduced After 6 Years of Storage at −70 ◦C. J. Appl. Lab. Med. 2016, 1, 300–305. [CrossRef]

30. Agarwal, S.K.; Avery, C.L.; Ballantyne, C.M.; Catellier, D.; Nambi, V.; Saunders, J.; Sharrett, A.R.; Coresh, J.; Heiss, G.; Hoogeveen,
R.C. Sources of Variability in Measurements of Cardiac Troponin T in a Community-Based Sample: The Atherosclerosis Risk in
Communities Study. Clin. Chem. 2011, 57, 891–897. [CrossRef]

31. Konev, A.A.; Kharitonov, A.V.; Rozov, F.N.; Altshuler, E.P.; Serebryanaya, D.V.; Lassus, J.; Harjola, V.; Katrukha, A.G.; Postnikov,
A.B. CT-IGFBP-4 as a novel prognostic biomarker in acute heart failure. ESC Heart Fail. 2020, 7, 434–444. [CrossRef] [PubMed]

32. Mueller, C.; McDonald, K.; de Boer, R.A.; Maisel, A.; Cleland, J.G.; Kozhuharov, N.; Coats, A.J.; Metra, M.; Mebazaa, A.;
Ruschitzka, F.; et al. Heart Failure Association of the European Society of Cardiology practical guidance on the use of natriuretic
peptide concentrations. Eur. J. Heart Fail. 2019, 21, 715–731. [CrossRef] [PubMed]

33. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D.; ESC Scientific Document Group. Fourth
universal definition of myocardial infarction (2018). Eur. Heart J. 2019, 40, 237–269. [CrossRef]

34. Hlatky, M.; Greenland, P.; Arnett, D.K.; Ballantyne, C.M.; Criqui, M.H.; Elkind, M.S.; Go, A.S.; Harrell, F.E.; Hong, Y.; Howard,
B.V.; et al. Criteria for Evaluation of Novel Markers of Cardiovascular Risk. Circulation 2009, 119, 2408–2416. [CrossRef] [PubMed]

35. Januzzi, J.L.; van Kimmenade, R.R. Importance of Rigorous Evaluation in Comparative Biomarker Studies. J. Am. Coll. Cardiol.
2014, 63, 167–169. [CrossRef] [PubMed]

36. Kempf, T.; Björklund, E.; Olofsson, S.; Lindahl, B.; Allhoff, T.; Peter, T.; Tongers, J.; Wollert, K.C.; Wallentin, L. Growth-
differentiation factor-15 improves risk stratification in ST-segment elevation myocardial infarction. Eur. Heart J. 2007, 28,
2858–2865. [CrossRef]

37. Arós, F.; Heras, M.; Vila-Domènech, J.S.; Sanz, H.; Ferreira-González, I.; Permanyer-Miralda, G.; Cuñat, J.; López-Bescós, L.;
Cabadés, A.; Loma-Osorio, Á.; et al. Reducción de la mortalidad precoz y a 6 meses en pacientes con IAM en el periodo 1995-2005.
Datos de los registros PRIAMHO I, II y MASCARA. Rev. Esp. Cardiol. 2011, 64, 972–980. [CrossRef] [PubMed]

38. Ferreira-González, I.; Permanyer-Miralda, G.; Marrugat, J.; Heras, M.; Cuñat, J.; Civeira, E.; Arós, F.; Rodríguez, J.J.; Sánchez, P.L.;
Bueno, H. Estudio MASCARA (Manejo del Síndrome Coronario Agudo. Registro Actualizado). Resultados globales. Rev. Esp.
Cardiol. 2008, 61, 803–816. [CrossRef]

39. Killip, T.; Kimball, J.T. Treatment of myocardial infarction in a coronary care unit. Am. J. Cardiol. 1967, 20, 457–464. [CrossRef]
40. Harjola, V.-P.; Lassus, J.; Sionis, A.; Køber, L.; Tarvasmäki, T.; Spinar, J.; Parissis, J.; Banaszewski, M.; Silva-Cardoso, J.; Carubelli,

V.; et al. Clinical picture and risk prediction of short-term mortality in cardiogenic shock. Eur. J. Heart Fail. 2015, 17, 501–509.
[CrossRef]

41. Ibanez, B.; James, S.; Agewall, S.; Antunes, M.J.; Bucciarelli-Ducci, C.; Bueno, H.; Caforio, A.L.P.; Crea, F.; Goudevenos, J.A.;
Halvorsen, S.; et al. 2017 ESC Guidelines for the management of acute myocardial infarction in patients presenting with
ST-segment elevation. Eur. Heart J. 2018, 39, 119–177. [CrossRef] [PubMed]

42. Littnerova, S.; Kala, P.; Jarkovsky, J.; Kubkova, L.; Prymusova, K.; Kubena, P.; Tesak, M.; Toman, O.; Poloczek, M.; Spinar, J.; et al.
GRACE Score among Six Risk Scoring Systems (CADILLAC, PAMI, TIMI, Dynamic TIMI, Zwolle) Demonstrated the Best
Predictive Value for Prediction of Long-Term Mortality in Patients with ST-Elevation Myocardial Infarction. PLoS ONE 2015,
10, e0123215. [CrossRef] [PubMed]

43. Pencina, M.J.; D’Agostino, R.B.; Pencina, K.M.; Janssens, A.C.J.W.; Greenland, P. Interpreting Incremental Value of Markers
Added to Risk Prediction Models. Am. J. Epidemiol. 2012, 176, 473–481. [CrossRef] [PubMed]

44. Pencina, M.J.; D’Agostino, R.B., Sr.; D’Agostino, R.B., Jr.; Vasan, R.S. Evaluating the added predictive ability of a new marker:
From area under the ROC curve to reclassification and beyond. Stat. Med. 2008, 27, 157–172. [CrossRef] [PubMed]

45. Hilden, J.; Gerds, T.A. A note on the evaluation of novel biomarkers: Do not rely on integrated discrimination improvement and
net reclassification index. Stat. Med. 2014, 33, 3405–3414. [CrossRef]

46. Hjortebjerg, R.; Lindberg, S.; Pedersen, S.; Mogelvang, R.; Jensen, J.S.; Oxvig, C.; Frystyk, J.; Bjerre, M. Insulin-Like Growth Factor
Binding Protein 4 Fragments Provide Incremental Prognostic Information on Cardiovascular Events in Patients with ST-Segment
Elevation Myocardial Infarction. J. Am. Heart Assoc. 2017, 6, e005358. [CrossRef]

http://doi.org/10.1093/eurheartj/ehp261
http://www.ncbi.nlm.nih.gov/pubmed/19561023
http://doi.org/10.1161/01.RES.0000202805.73038.48
http://www.ncbi.nlm.nih.gov/pubmed/16397141
http://doi.org/10.1373/clinchem.2016.255174
http://doi.org/10.1186/s12872-016-0250-2
http://doi.org/10.1016/j.amjcard.2009.01.375
http://doi.org/10.1373/jalm.2016.021642
http://doi.org/10.1373/clinchem.2010.159350
http://doi.org/10.1002/ehf2.12590
http://www.ncbi.nlm.nih.gov/pubmed/31967738
http://doi.org/10.1002/ejhf.1494
http://www.ncbi.nlm.nih.gov/pubmed/31222929
http://doi.org/10.1093/eurheartj/ehy462
http://doi.org/10.1161/CIRCULATIONAHA.109.192278
http://www.ncbi.nlm.nih.gov/pubmed/19364974
http://doi.org/10.1016/j.jacc.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24076530
http://doi.org/10.1093/eurheartj/ehm465
http://doi.org/10.1016/j.recesp.2011.05.011
http://www.ncbi.nlm.nih.gov/pubmed/21803474
http://doi.org/10.1157/13124991
http://doi.org/10.1016/0002-9149(67)90023-9
http://doi.org/10.1002/ejhf.260
http://doi.org/10.1093/eurheartj/ehx393
http://www.ncbi.nlm.nih.gov/pubmed/28886621
http://doi.org/10.1371/journal.pone.0123215
http://www.ncbi.nlm.nih.gov/pubmed/25893501
http://doi.org/10.1093/aje/kws207
http://www.ncbi.nlm.nih.gov/pubmed/22875755
http://doi.org/10.1002/sim.2929
http://www.ncbi.nlm.nih.gov/pubmed/17569110
http://doi.org/10.1002/sim.5804
http://doi.org/10.1161/JAHA.116.005358


J. Clin. Med. 2022, 11, 1266 14 of 14

47. Reichek, N. Meta-Analysis of MACE in MI: What’s the MO? JACC Cardiovasc. Imaging 2014, 7, 953–955. [CrossRef]
48. Baggiano, A.; Italiano, G.; Guglielmo, M.; Fusini, L.; Guaricci, A.I.; Maragna, R.; Giacari, C.M.; Mushtaq, S.; Conte, E.; Annoni,

A.D.; et al. Changing Paradigms in the Diagnosis of Ischemic Heart Disease by Multimodality Imaging. J. Clin. Med. 2022, 11, 477.
[CrossRef]

49. Ravkilde, J.; Nissen, H.; Mickley, H.; Andersen, P.E.; Thayssen, P.; Horder, M. Cardiac troponin T and CK-MB mass release after
visually successful percutaneous transluminal coronary angioplasty in stable angina pactoris. Am. Heart J. 1994, 127, 13–20.
[CrossRef]

50. Nageh, T.; Sherwood, R.A.; Harris, B.M.; Thomas, M.R. Prognostic role of cardiac troponin I after percutaneous coronary
intervention in stable coronary disease. Heart 2005, 91, 1181–1185. [CrossRef]

51. Schellings, D.A.A.M.; Van’t Hof, A.W.J.; Berg, J.M.T.; Elvan, A.; Giannitsis, E.; Hamm, C.; Suryapranata, H.; Adiyaman, A.
NT-proBNP during and after primary PCI for improved scheduling of early hospital discharge. Neth. Heart J. 2016, 25, 243–249.
[CrossRef] [PubMed]

52. Buchner, S.; Debl, K.; Barlage, S.; Griese, D.; Fredersdorf, S.; Jeron, A.; Lubnow, M.; Müller, T.; Muders, F.; Holmer, S.; et al.
Dynamic changes in N-terminal pro-brain natriuretic peptide in acute coronary syndromes treated with percutaneous coronary
intervention: A marker of ischemic burden, reperfusion and outcome. Clin. Chem. Lab. Med. 2010, 48, 875–881. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.jcmg.2014.07.005
http://doi.org/10.3390/jcm11030477
http://doi.org/10.1016/0002-8703(94)90504-5
http://doi.org/10.1136/hrt.2004.042911
http://doi.org/10.1007/s12471-016-0935-2
http://www.ncbi.nlm.nih.gov/pubmed/27943177
http://doi.org/10.1515/CCLM.2010.164
http://www.ncbi.nlm.nih.gov/pubmed/20441480

	Introduction 
	Material and Methods 
	Study Design and Patients 
	Laboratory Variables 
	Statistical Analysis 

	Results 
	Basal Variables 
	Cardiovascular Biomarkers 
	Risk Assessment 

	Discussion 
	Conclusions 
	Limitations 
	References

