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Abstract
B-type natriuretic peptide (BNP) is often used as a complementary finding in the diagnostic

work-up of patients with aortic stenosis (AS). Whether soluble ST2, a new biomarker of car-

diac stretch, is associated with symptomatic status and outcome in asymptomatic AS is

unknown. sST2 and BNP levels were measured in 86 patients (74±13 years; 59 asymptom-

atic, 69%) with AS (<1.5 cm2) and preserved left ventricular ejection fraction who were fol-

lowed-up for 26±16 months. Both BNP and sST2 were associated with NYHA class but

sST2 (>23 ng/mL, AUC = 0.68, p<0.01) was more accurate to identify asymptomatic

patients or those who developed symptoms during follow-up. sST2 was independently

related to left atrial index (p<0.0001) and aortic valve area (p = 0.004; model R2 = 0.32). A

modest correlation was found with BNP (r = 0.4, p<0.01). During follow-up, 29 asymptom-

atic patients (34%) developed heart failure symptoms. With multivariable analysis, peak

aortic jet velocity (HR = 2.7, p = 0.007) and sST2 level (HR = 1.04, p = 0.03) were indepen-

dent predictors of cardiovascular events. In AS, sST2 levels could provide complementary

information regarding symptomatic status, new onset heart failure symptoms and outcome.

It might become a promising biomarker in these patients.

Introduction
Aortic stenosis (AS) is the most common valvular heart disease in western countries. Risk strat-
ification in asymptomatic patients and identifying characteristics of poor prognosis in symp-
tomatic subjects have become key elements in the evaluation of AS [1–3]. Aortic valve
replacement (AVR) is indicated in patients with severe AS when symptoms and/or left ventric-
ular (LV) systolic dysfunction (LV ejection fraction< 50%) develop [4–5]. However, LV ejec-
tion fraction often remains normal for long despite latent and potentially irreversible

PLOSONE | DOI:10.1371/journal.pone.0138940 September 21, 2015 1 / 10

a11111

OPEN ACCESS

Citation: Lancellotti P, Dulgheru R, Magne J, Henri
C, Servais L, Bouznad N, et al. (2015) Elevated
Plasma Soluble ST2 Is Associated with Heart Failure
Symptoms and Outcome in Aortic Stenosis. PLoS
ONE 10(9): e0138940. doi:10.1371/journal.
pone.0138940

Editor: Elena Aikawa, Brigham and Women's
Hospital, Harvard Medical School, UNITED STATES

Received: June 11, 2015

Accepted: September 6, 2015

Published: September 21, 2015

Copyright: © 2015 Lancellotti et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by the Belgian
National Fund for Scientific Research (F.R.SFNRS
T.0028.14). C.O. is a Senior Research Associate at
the F.R.S.-FNRS. C.D. holds a FRIA fellowship. C.H.
received grants from the Montreal Heart Institute
Foundation (Bourse du Bal du Coeur), the
Department of Medicine of the University of Montreal
and the Association des Cardiologues du Québec.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0138940&domain=pdf
http://creativecommons.org/licenses/by/4.0/


alterations in LV myocardial structure and function. Such LV remodelling process is already
observed in patients with moderate AS, precedes symptoms development and can trigger bio-
markers release (i.e. B-type natriuretic peptide (BNP)) [6]. In AS, the BNP level correlates with
valve area, diastolic function, functional status and symptomatic deterioration and may
improve risk stratification [7–9]. ST2, a member of the interleukin-1 receptor family, is a novel
biomarker of mechanical stress. ST2 is expressed both in a soluble isoform (measured in
serum) and in a transmembrane receptor isoform for which IL-33 serves as a ligand [10]. ST2
expression is upregulated in isolated cardiomyocytes exposed to mechanical strain and in
explanted aortic valve of patients with non-rheumatic AS [11–12]. Serum soluble ST2 (sST2)
levels are elevated and associated with outcomes in patients with acute myocardial infarction
and heart failure, independently of BNP [13–19]. Whether sST2 is increased in relation to the
symptomatic status and represents an independent marker of poor prognosis in AS is
unknown. In the present study, we evaluated sST2 in patients with AS as a potential marker of
disease severity, new onset heart failure symptoms and outcome.

Materials and Methods
The present study consisted of patients with moderate to severe AS (aortic valve area<1.5
cm2) and preserved left ventricular (LV) ejection fraction (>50%) examined at our Heart
Valve Clinic, CHU of Liège. All enrolled patients agreed to participate in our blood sample col-
lection (Biobank) for valvular heart disease. The institutional review board (« Comité d'Ethique
Hospitalo-Facultaire Universitaire de Liège ») approved the protocol and all patients gave writ-
ten informed consent. Demographics and clinical data were recorded in our Institutional elec-
tronic medical record at the time of initial visit in the echo lab. Use of cardiac medications,
laboratory results, and symptomatic status at the time of the initial echocardiogram were
recorded. Absence of symptoms was confirmed by a normal exercise testing. None of the
patients had concomitant moderate or severe valvular conditions other than AS, previous valve
surgery, complex congenital heart disease, supravalvular or subvalvular aortic stenosis, hyper-
trophic cardiomyopathy, plasma creatinine level>13 mg/dL, significant arrhythmia, acute and
chronic inflammatory disease.

A comprehensive transthoracic echocardiography was performed using VIVID 7 ultra-
sound system (General Electric Healthcare, Little Chalfont, UK) in all patients. All Doppler-
echocardiographic recordings were stored in digital format on a dedicated workstation for off-
line subsequent analysis. All echocardiographic measurements were performed as previously
described by our group. Of note, LV stroke volume was calculated using both the Doppler (LV
outflow tract area x LV outflow tract velocity—time integral measured by pulsed-wave Dopp-
ler) and the volumetric (bi-apical Simpson’s method) methods. Moreover, multiple transducer
positions were used to record peak aortic jet velocities. The highest transaortic velocity was
used for tracing of the time-velocity integral and to calculate pressure gradients. For each mea-
surement, at least two cardiac cycles were averaged. The peak E-wave of the mitral inflow was
measured using pulsed-wave Doppler. Tissue Doppler imaging with pulsed-wave Doppler at
the level of septal and lateral mitral annulus was used to measure e’ velocities. The average of
septal and lateral mitral annulus e’ peak velocity was used to calculate the E/e’ ratio.

Venous blood samples for BNP and sST2 measurements were drawn before echocardiogra-
phy, after 10 minutes of supine rest. Chilled ethylenediaminetetraacetic acid tubes were centri-
fuged immediately at 1000 x g (4°C) for 15 minutes. Separated plasma samples were processed
for BNP measurements by immunoassay (Biosite, Beckman Coulter, San Diego, California).
The inter- and intra-assay variation was 5% and 4%, respectively. The assay detection limit was
1 pg/ml. A predictive risk score, including BNP, gender and aortic valve peak velocity, was
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calculated for each patient according to the recent work of Monin et al [9]. The ratio between
measured serum BNP level and maximal normal BNP level for age and sex (BNP ratio) was
also calculated for each patient [20,21]. Soluble ST2 was measured by a sandwich double
monoclonal antibody ELISA method (Quantikine1 ELISA, R&D Systems, Minneapolis, MN)
according to manufacturer’s instructions. The inter- and intra-assay variation was 6% and 5%,
respectively.

Follow-up information was obtained from interviews with the patients, their relatives or
their physicians every six to twelve months, according to current guidelines [4,5]. The begin-
ning of follow-up was considered the date of the initial echocardiogram at our institution and
the end points were the occurrence of new onset heart failure symptoms related events (death,
dyspnea, acute pulmonary edema) in the asymptomatic patients.

Data are given as mean values ± standard deviation (SD); categorical variables are described
as number and percentages. Differences between groups were analyzed for statistical signifi-
cance with the 1-way analysis of variance (ANOVA), χ2 test, or Fisher exact test as appropriate.
Correlations between echocardiographic data and biomarkers were assessed with linear regres-
sions. Independent predictors of biomarker levels were obtained with the use of stepwise multi-
ple linear regressions. Stepwise logistic regression analysis was used to determine the
predictors of symptomatic status. Probabilities of end point-free survival were obtained by
Kaplan-Meier estimates for the 2 groups and then compared by a 2-sided log-rank test. Cox
proportional-hazards models were used both in individual and multivariable analyses to iden-
tify the independent predictors of the occurrence of end-points. Variables with a univariable
value of p<0.10 were incorporated into the multivariable models. The selection of variables
included in the multivariate model was performed with a special care. To avoid colinearity
among a subset of several variables measuring the same phenomenon (e.g., aortic valve area,
peak aortic pressure gradient, mean aortic pressure gradient), we entered in the multivariate
models the variable that had the strongest association with event on univariable analysis. Val-
ues of p<0.05 were considered significant. Receiver-operator characteristic (ROC) curve analy-
sis was performed to determine the cut-off values that best distinguished the issue (e.g.,
symptoms, death or combined events) (AUC: Area under the curve). All statistical analyses
were performed with STATISTICA version 10 (StatSoft Inc, Tulsa, Okla).

Results
Of the 86 enrolled patients, 27 (31%) were classified as symptomatic at baseline (i.e. inclusion
visit) (Fig 1). Patients were followed-up for 26±16 months. During this period, a total of 8 (9%)
patients died from cardiovascular death. Of the 27 symptomatic patients, 12 had surgical aortic
valve replacement (4 with revascularization), 13 underwent a transcatheter aortic valve implan-
tation with a CoreValve bioprosthesis (high-surgical risk), and 2 refused any intervention. Six
of them died during follow-up and 2 were hospitalized for worsening symptoms (1 in acute
atrial fibrillation). Of the 59 asymptomatic patients, 25 patients developed heart failure symp-
toms (dyspnea in 23, dyspnea and angina in 3), 2 were hospitalized for acute pulmonary
edema, 20 underwent aortic valve replacement combined with coronary artery by-pass grafting
in 4, and 2 died (1 from refractory heart failure and 1 with heart failure symptoms treated med-
ically because of prohibitive high surgical risk). Hence, a total of 29 patients developed new
onset heart failure symptoms.

Compared with the 59 (69%) asymptomatic patients, symptomatic patients at study entry
did not differ in gender and presence of risk factors but were older (p = 0.03), had higher aortic
pressure gradients (p<0.001), smaller aortic valve area (p<0.001) and higher BNP (p<0.001)
and sST2 levels (p = 0.006) (Table 1). BNP and sST2 levels were not statistically different
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according to gender. BNP was well correlated with age (r = 0.34, p<0.001), which was also true
for sST2 though at a lower extent (r = 0.26, p = 0.02). Both biomarkers increased with the
symptomatic status (BNP: 100±122 vs. 270±322 pg/mL; sST2: 21±8 vs. 27±11 ng/mL; p<0.001
for all) and the NYHA class (BNP: NYHA class I 100±122, class II 141±125, class III-IV 358
±256 pg/mL; sST2: NYHA class I 18±4, class II 20±8, class III-IV 33±9 ng/mL; p<0.001 for
class I/II vs. III-IV) (Fig 2). Risk score and BNP ratio were also higher in symptomatic patients
(p<0.05). In multivariable logistic regression analysis, after adjustment for age, severity of AS,
BNP, left atrial size, E/e’, and LV mass, independent determinants of symptoms were sST2
(odds-ratio [OR] = 1.1, 95% confidence interval [CI] = 1.0–1.3; p = 0.037) and mitral E/e’
(OR = 1.35, CI = 1.02–1.8; p = 0.025). Similar results were obtained when BNP ratio was used
instead of age and BNP (sST2: OR 1.07, CI = 1.008–1.15; p = 0.028; E/e’: OR 1.22, CI = 1.07–
1.40; p = 0.0036). Using ROC curve analysis, the best cut-off value to identify symptomatic
patients was 23 ng/mL for sST2 (AUC = 0.68, sensitivity = 60%, specificity = 74%, p<0.01).

In the overall population, plasma levels of BNP and sST2 were correlated with the severity
of AS, the degree of LV hypertrophy, the diastolic burden (left atrial area, E/e’) and with the LV
ejection fraction (Table 2). sST2 levels were also modestly correlated with BNP levels (r = 0.4,
p<0.01) (Fig 3). With multiple linear regression analysis, left atrial index (p<0.0001) and aor-
tic valve area (p = 0.004; model R2 = 0.32) were correlated with sST2 levels. Left atrial index
(p = 0.025) and E/e’ (p = 0.03; model R2 = 0.29) were determinants of BNP. In asymptomatic
patients, mean aortic pressure gradient and E/e’ were correlated with BNP, whereas aortic
valve area, LV mass, and left atrial size were correlated with sST2. E/e’ (p<0.001; model R2 =

Fig 1. Study population and follow-up.

doi:10.1371/journal.pone.0138940.g001
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0.47) was the only independent determinant of BNP. Aortic valve area (p = 0.006) and LV
mass (p = 0.004) were independent determinants of sST2 (model R2 = 0.27).

In the group of asymptomatic patients, those who experienced events (29 patients) during
follow-up tended to be older (p = 0.086), had more severe AS (higher aortic peak jet velocity
(p<0.001), smaller aortic valve area (p = 0.001)), larger left atrium (p = 0.011), higher BNP
(p = 0.013) and sST2 (p = 0.001) levels (Table 3). For the other clinical and echocardiographic
parameters, no significant correlation with the outcome was found (p> 0.1 for all). In the mul-
tivariable analysis, peak aortic jet velocity (HR = 2.7, p = 0.007) and sST2 level (HR = 1.04,
p = 0.03) were predictive of the outcome. When BNP ratio was used in the multivariable
model, peak aortic jet velocity (HR = 2.8, p = 0.007) and sST2 (HR = 1.04; p = 0.043) remained
predictive of the outcome. Using the previously identified cut-off (23 ng/mL) in the multivari-
able model, yielded to similar results where only peak aortic jet velocity (HR = 2.9, CI = 1.47–
5.7, p = 0.002) and sST2> 23 ng/mL (HR = 2.42, CI = 1.07–5.44, p = 0.033) remained indepen-
dent predictors. When the sST2 tertiles were used in the univariable models, significant differ-
ences were obtained between T1 and T3 (p = 0.026) but not between T1 and T2 (p = 0.17) or
T2 and T3 (p = 0.09) in terms of outcome.

Table 1. Demographic, Clinical and Echocardiographic characteristics according to the symptomatic status at study entry and follow-up.

Variables Asymptomatic all along,
(n = 30, 35%)

Symptomatic at follow-up,
(n = 29, 34%)

Symptomatic at study entry,
(n = 27, 31%)

P
value

Clinical variables

Age—years 70±16 72±13 82±6 <0.01

Male gender—no (%) 22 (73) 18 (62) 16 (59) 0.49

Hypertension—no (%) 19 (63) 20 (67) 20 (74) 0.68

Diabetes mellitus—no (%) 4 (13) 6 (21) 8 (30) 0.32

Hypercholesterolemia—no (%) 16 (53) 16 (55) 10 (37) 0.33

Current smoking—no (%) 7 (23) 9 (31) 13 (48) 0.14

Aortic Stenosis Severity

Aortic valve area—cm2 1.03±0.2 0.90±0.22 0.73±0.19 <0.01

Peak aortic velocity—m/sec 3.7±0.6 3.9±0.6 4.3±0.6 <0.01

Mean pressure gradient—mm Hg 33±11 42±15 47±15 <0.01

LV function

Indexed LV end-diastolic volume
—ml/m2

52±18 53±20 55±27 0.97

Indexed LV end-systolic volume—
ml/m2

21±8 20±8 20±6 0.96

LV ejection fraction—% 65±7 67±5 63±6.5 0.23

LV mass—g/m2 80±20 94±22 112±29 <0.01

Mitral E/e’ 11±5 12±5 17±6 <0.01

Left atrial area index 9.1±3 11±3 14±5 <0.01

Biomarkers

BNP (pg/mL) 76±74 126±154 270±322 <0.01

BNP ratio 0.97±1.05 1.7±3.3 2.9±3.7 0.04

Risk score 10±1.6 11.5±1.6 12.6±1.7 <0.01

sST2 (ng/mL) 17±4.4 24±10 27±11 <0.01

Values are means ± SD. LV denotes left ventricular.

doi:10.1371/journal.pone.0138940.t001
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Discussion
The main findings of this study are: (1) sST2 appears to be a new promising biomarker to sepa-
rate symptomatic from asymptomatic patients with AS, (2) sST2 is related to AS severity and
the extent of diastolic burden as assessed by the left atrial area, (3) high sST2 levels are likely
associated with outcomes in asymptomatic AS.

In the present study, there was a good association between the symptomatic status and
plasma levels of sST2. Interestingly, sST2 levels gradually increased with the NYHA class.

Fig 2. Plasma levels of sST2 at study entry in association with NYHA class.

doi:10.1371/journal.pone.0138940.g002

Table 2. Echocardiographic correlates of biomarkers.

Entire population Asymptomatic patients Symptomatic patients

Variables Log BNP Log sST2 Log BNP Log sST2 Log BNP Log sST2

r p r p r p r p r p r p

Aortic Stenosis Severity

Aortic valve area 0.36 <0.01 0.33 <0.01 0.23 0.07 0.29 0.029 0.26 0.022 0.21 0.048

Peak aortic velocity 0.27 0.01 0.21 0.06 0.24 0.06 0.28 0.039 0.14 0.28 0.15 0.23

Mean pressure gradient 0.28 0.008 0.28 0.11 0.32 0.012 0.37 0.006 0.11 0.49 0.08 0.59

LV function

LV end-diastolic volume 0.22 0.16 0.08 0.64 0.23 0.17 0.06 0.72 0.17 0.38 0.22 0.09

LV end-systolic volume 0.19 0.25 0.06 0.71 0.19 0.25 0.014 0.93 0.21 0.10 0.19 0.11

LV ejection fraction 0.30 0.01 0.28 0.034 0.14 0.33 0.03 0.83 0.53 0.038 0.52 0.02

LV mass 0.29 0.016 0.43 <0.01 0.04 0.76 0.37 0.01 0.21 0.34 0.27 0.06

Mitral E/e’ 0.45 <0.01 0.26 0.036 0.66 <0.001 0.22 0.13 0.14 0.51 0.11 0.59

Left atrial area index 0.49 <0.01 0.49 <0.01 0.24 0.086 0.37 0.008 0.44 0.035 0.41 0.03

LV denotes left ventricular.

doi:10.1371/journal.pone.0138940.t002
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Conversely, although BNP was univariately associated with the NYHA class and correlated
modestly with sST2 levels, it did not emerge as an independent determinant of the symptom-
atic status. Although adjusted for age and sex, BNP ratio [20, 21] did not improve the predic-
tive accuracy of BNP. sST2 could thus be considered as an accurate discriminator between
early symptoms of heart failure and normal effort tolerance. Similarly, both BNP (BNP ratio)
and sST2 levels univariately predicted the onset of symptoms during follow-up in asymptom-
atic patients with AS. However, in the multivariable Cox regression analysis, only sST2 pre-
dicted symptomatic deterioration over time. Our data extended those described in patients
with heart failure in whom sST2 concentrations correlated with clinical indices of severity,
such as NYHA functional class [14–16]. BNP is known to be produced by the myocardium in
response to pressure overload whereas sST2 protein is released under chronic inflammatory

Fig 3. Correlation between sST2 and BNP levels.

doi:10.1371/journal.pone.0138940.g003

Table 3. Univariable data included in the multivariable outcomemodels in asymptomatic patients.

Variables Onset of Heart failure symptoms

HR (95 percent CI) P

Age 1.03 (0.90–1.06) 0.086

Aortic valve area . . . . . .*

Peak aortic velocity 2.8 (1.6–5.07) <0.001

Left atrial area index 1.19 (1.04–1.38) 0.011

BNP 2.5 (1.21–5.23) 0.013

sST2 1.05 (1.02–1.09) 0.001

HR denotes Hazard-Ratio, CI denotes confidence interval, LV left ventricular.

*The ellipsis means that the aortic valve area, though significant in our univariable analysis (p = 0.001),

was not included in the multivariable model because it was less predictive than peak aortic velocity for

heart failure symptoms (p<0.001).

doi:10.1371/journal.pone.0138940.t003
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conditions and in response to cardiac mechanical stress [10–12]. sST2 acts as a “decoy recep-
tor” for IL-33, negatively regulating IL-33 signalling at membrane bound ST2. IL-33 bound to
sST2 is removed from the biologically active pool and can no longer serve its functions. IL-33
exerts antihypertrophic effects in cultured cardiomyocytes that are antagonized by administra-
tion of sST2, and reduces myocardial fibrosis and cardiomyocyte hypertrophy in response to
pressure overload in mice [11]. In patients with pressure overload (AS) hypertrophy, diastolic
load is the predominant hemodynamic factor that contributes to ST2 production [22]. Main
sources of circulating sST2 include the endothelial cells and cardiomyocytes [23]. Moreover,
inflammatory conditions of AS may enhance the capacity of these cells to secrete sST2 [24]. In
our study, sST2 related to indexes of diastolic burden (left atrial size, E/e’), LV hypertrophy,
severity of AS and LV systolic function (ejection fraction); factors that are the hallmark of a
more advanced disease process. Similar findings were observed in patients with myocardial
infarction, acute dyspnea or heart failure [14–16, 25]. Interestingly, it was recently shown that
ST2 expression levels were markedly up-regulated in non-rheumatic AS compared with aortic
regurgitant valves, suggesting that IL-33/ST2 pathway may be involved in the pathophysiology
of AS [12]. Furthermore, in addition to its role as a decoy receptor for IL-33, excessive amounts
of sST2 may induce direct effects, modulating extracellular matrix remodeling and turnover
[26], progression of AS and consequent clinical deterioration.

The prognostic power of circulating sST2 has been demonstrated in patients with acute
myocardial infarction or in the context of acute dyspnea with or without heart failure
[13,15,17,18, 25]. Elevated sST2 levels were predictive of clinical deterioration and short and
mid-term prognosis in an additive manner to BNP. In the present study, sST2 levels were also
associated with increased cardiovascular risk. In the group of asymptomatic AS patients, sST2
and peak aortic jet velocity predicted symptom-free survival, whereas other clinical or echocar-
diographic variables or biomarkers (BNP or BNP ratio) did not. Asymptomatic AS patients
with a plasma sST2 level>23 ng/mL were more likely to develop symptoms and require aortic
valve surgery during follow-up. Interestingly, all these patients were truly asymptomatic since
they had a normal exercise test at study entry. These results demonstrate that sST2 could be
used to enhance the predictive value of BNP in patients with AS [27,28]. This is probably
related to the fact that the IL-33/ST2 pathway and sST2 directly participate in the regulation of
extracellular matrix remodelling and inflammation, two major events involved in the patho-
physiology of AS.

We acknowledge that our study has some limitations. Despite the examination of a reason-
able number of patients with AS, the subgroup of symptomatic AS patients remained relatively
small. sST2 measurements were not repeated during the follow-up period, and therefore the
prognostic value of serial sST2 changes could not be assessed. The relationship between ST2
and global and regional myocardial function was not assessable. In order to confirm the associ-
ation of sST2 with AS, further studies that would analyse serial changes of sST2 during patient
follow-up are required.

Acknowledgments
We thank M. Carmine Celentano for excellent technical assistance.

Author Contributions
Conceived and designed the experiments: PL CO AN LP. Performed the experiments: PL RD
LS NB CL CH. Analyzed the data: JM PL CO AN AA CM LD. Contributed reagents/materials/
analysis tools: CO CL. Wrote the paper: PL CO AN.

sST2 in Aortic Stenosis

PLOS ONE | DOI:10.1371/journal.pone.0138940 September 21, 2015 8 / 10



References
1. Lancellotti P, Donal E, Magne J, Moonen M, O'Connor K, Daubert JC, et al. Risk stratification in asymp-

tomatic moderate to severe aortic stenosis: the importance of the valvular, arterial and ventricular inter-
play. Heart. 2010; 96: 1364–71. doi: 10.1136/hrt.2009.190942 PMID: 20483891

2. Otto CM, Burwash IG, Legget ME, Munt BI, Fujioka M, Healy NL, et al. Prospective study of asymptom-
atic valvular aortic stenosis. Clinical, echocardiographic, and exercise predictors of outcome. Circula-
tion. 1997; 95: 2262–70. PMID: 9142003

3. Rosenhek R, Zilberszac R, Schemper M, Czerny M, Mundigler G, Graf S, et al. Natural history of very
severe aortic stenosis. Circulation. 2010; 121: 151–6. doi: 10.1161/CIRCULATIONAHA.109.894170

4. Vahanian A, Alfieri O, Andreotti F, Antunes MJ, Baron-Esquivias G, Baumgartner H, et al. Guidelines
on the management of valvular heart disease (version 2012): The Joint Task Force on the Management
of Valvular Heart Disease of the European Society of Cardiology (ESC) and the European Association
for Cardio-Thoracic Surgery (EACTS). Eur Heart J. 2012; 33: 2451–96. doi: 10.1093/eurheartj/ehs109
PMID: 22922415

5. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP 3rd, Guyton RA, et al. 2014 AHA/ACC
Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American Colle-
gof Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation. 2014; 129:
2440–92. doi: 10.1161/CIR.0000000000000029 PMID: 24589852

6. Lancellotti P, Moonen M, Magne J, O'Connor K, Cosyns B, Attena E, et al. Prognostic effect of long-
axis left ventricular dysfunction and B-type natriuretic peptide levels in asymptomatic aortic stenosis.
Am J Cardiol. 2010; 105: 383–8. doi: 10.1016/j.amjcard.2009.09.043 PMID: 20102953

7. Lim P, Monin JL, Monchi M, Garot J, Pasquet A, Hittinger L, et al. Predictors of outcome in patients with
severe aortic stenosis and normal left ventricular function: role of B-type natriuretic peptide. Eur Heart
J. 2004; 25: 2048–53. PMID: 15541842

8. Bergler-Klein J, Klaar U, Heger M, Rosenhek R, Mundigler G, Gabriel H, et al. Natriuretic peptides pre-
dict symptom-free survival and postoperative outcome in severe aortic stenosis. Circulation. 2004; 109:
2302–8. PMID: 15117847

9. Monin JL, Lancellotti P, Monchi M, Lim P, Weiss E, Piérard L, et al. Risk score for predicting outcome in
patients with asymptomatic aortic stenosis. Circulation. 2009; 120: 69–75. doi: 10.1161/
CIRCULATIONAHA.108.808857 PMID: 19546391

10. Kakkar R, Lee RT. The IL-33/ST2 pathway: therapeutic target and novel biomarker. Nat Rev Drug Dis-
cov. 2008; 7: 827–40. doi: 10.1038/nrd2660 PMID: 18827826

11. Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN, Lee RT. IL-33 and ST2 comprise a criti-
cal biomechanically induced and cardioprotective signaling system. J Clin Invest. 2007; 117: 1538–49.
PMID: 17492053

12. Sawada H, Naito Y, Hirotani S, Akahori H, Iwasaku T, Okuhara Y, et al. Expression of interleukin-33
and ST2 in nonrheumatic aortic valve stenosis. Int J Cardiol. 2013; 168: 529–31. doi: 10.1016/j.ijcard.
2012.12.059 PMID: 23332814

13. Shimpo N, Morrow D, Weinberg E, Sabatine M, Murphy S, Antman E, et al. Serum levels of the interleu-
kin-1 receptor family member ST2 predict mortality and clinical outcome in acute myocardial infarction.
Circulation. 2004; 109: 2186–2190. PMID: 15117853

14. Sabatine MS, Morrow DA, Higgins LJ, MacGillivray C, GuoW, Bode C, et al. Complementary roles for
biomarkers of biomechanical strain ST2 and N-terminal prohormone B-type natriuretic peptide in
patients with ST-elevation myocardial infarction. Circulation. 2008; 117: 1936–44. doi: 10.1161/
CIRCULATIONAHA.107.728022 PMID: 18378613

15. Gruson D, Lepoutre T, Ahn SA, Rousseau MF. Increased soluble ST2 is a stronger predictor of long-
term cardiovascular death than natriuretic peptides in heart failure patients with reduced ejection frac-
tion. Int J Cardiol. 2014; 172: e250–2. doi: 10.1016/j.ijcard.2013.12.101 PMID: 24467978

16. Felker GM, Fiuzat M, Thompson V, Shaw LK, Neely ML, Adams KF, et al. Soluble ST2 in ambulatory
patients with heart failure: Association with functional capacity and long-term outcomes. Circ Heart Fail.
2013; 6: 1172–9. doi: 10.1161/CIRCHEARTFAILURE.113.000207 PMID: 24103327

17. Ky B, French B, McCloskey K, Rame JE, McIntosh E, Shahi P, et al. High-sensitivity ST2 for prediction
of adverse outcomes in chronic heart failure. Circ Heart Fail. 2011; 4: 180–7. doi: 10.1161/
CIRCHEARTFAILURE.110.958223 PMID: 21178018

18. Pascual-Figal DA, Ordoñez-Llanos J, Tornel PL, Vázquez R, Puig T, Valdés M, et al. MUSIC Investiga-
tors. Soluble ST2 for predicting sudden cardiac death in patients with chronic heart failure and left ven-
tricular systolic dysfunction. J Am Coll Cardiol. 2009; 54: 2174–9. doi: 10.1016/j.jacc.2009.07.041
PMID: 19942089

sST2 in Aortic Stenosis

PLOS ONE | DOI:10.1371/journal.pone.0138940 September 21, 2015 9 / 10

http://dx.doi.org/10.1136/hrt.2009.190942
http://www.ncbi.nlm.nih.gov/pubmed/20483891
http://www.ncbi.nlm.nih.gov/pubmed/9142003
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.894170
http://dx.doi.org/10.1093/eurheartj/ehs109
http://www.ncbi.nlm.nih.gov/pubmed/22922415
http://dx.doi.org/10.1161/CIR.0000000000000029
http://www.ncbi.nlm.nih.gov/pubmed/24589852
http://dx.doi.org/10.1016/j.amjcard.2009.09.043
http://www.ncbi.nlm.nih.gov/pubmed/20102953
http://www.ncbi.nlm.nih.gov/pubmed/15541842
http://www.ncbi.nlm.nih.gov/pubmed/15117847
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.808857
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.808857
http://www.ncbi.nlm.nih.gov/pubmed/19546391
http://dx.doi.org/10.1038/nrd2660
http://www.ncbi.nlm.nih.gov/pubmed/18827826
http://www.ncbi.nlm.nih.gov/pubmed/17492053
http://dx.doi.org/10.1016/j.ijcard.2012.12.059
http://dx.doi.org/10.1016/j.ijcard.2012.12.059
http://www.ncbi.nlm.nih.gov/pubmed/23332814
http://www.ncbi.nlm.nih.gov/pubmed/15117853
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.728022
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.728022
http://www.ncbi.nlm.nih.gov/pubmed/18378613
http://dx.doi.org/10.1016/j.ijcard.2013.12.101
http://www.ncbi.nlm.nih.gov/pubmed/24467978
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.113.000207
http://www.ncbi.nlm.nih.gov/pubmed/24103327
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.110.958223
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.110.958223
http://www.ncbi.nlm.nih.gov/pubmed/21178018
http://dx.doi.org/10.1016/j.jacc.2009.07.041
http://www.ncbi.nlm.nih.gov/pubmed/19942089


19. Weinberg E, Shimpo M, Hurwitz S, Tominaga S, Rouleau J, Lee R. Identification of serum soluble ST2
receptor as a novel heart failure biomarker. Circulation. 2003; 107: 721–726. PMID: 12578875

20. Redfield MM, Rodeheffer RJ, Jacobsen SJ, Mahoney DW, Bailey KR, Burnett JC Jr. Plasma brain natri-
uretic peptide concentration: impact of age and gender. J Am Coll Cardiol. 2002; 40: 976–82. PMID:
12225726

21. Clavel MA, Malouf J, Michelena HI, Suri RM, Jaffe AF, Mahoney DW, et al. B-Type Natriuretic Peptide
Clinical Activation in Aortic Stenosis. Impact on Long-Term Survival. J Am Coll Cardiol. 2014; 63:
2016–25. doi: 10.1016/j.jacc.2014.02.581 PMID: 24657652

22. Bartunek J, Delrue L, Van Durme F, Muller O, Casselman F, DeWiest B, et al. Nonmyocardial produc-
tion of ST2 protein in human hypertrophy and failure is related to diastolic load. J Am Coll Cardiol. 2008;
52: 2166–74. doi: 10.1016/j.jacc.2008.09.027 PMID: 19095135

23. Demyanets S, Kaun C, Pentz R, Krychtiuk KA, Rauscher S, Pfaffenberger S, et al. Components of the
interleukin-33/ST2 system are differentially expressed and regulated in human cardiac cells and in cells
of the cardiac vasculature. J Mol Cell Cardiol. 2013; 60: 16–26. doi: 10.1016/j.yjmcc.2013.03.020
PMID: 23567618

24. Mildner M, Storka A, Lichtenauer M, Mlitz V, Ghannadan M, Hoetzenecker K, et al. Primary sources
and immunological prerequisites for sST2 secretion in humans. Cardiovasc Res. 2010; 87: 769–777.
doi: 10.1093/cvr/cvq104 PMID: 20363761

25. Shah RV, Chen-Tournoux AA, Picard MH, van Kimmenade RR, Januzzi JL. Serum levels of the inter-
leukin-1 receptor family member ST2, cardiac structure and function, and long-termmortality in patients
with acute dyspnea. Circ Heart Fail. 2009; 2: 311–9. doi: 10.1161/CIRCHEARTFAILURE.108.833707
PMID: 19808354

26. Martínez-Martínez E, Miana M, Jurado-López R, Rousseau E, Rossignol P, Zannad F, et al. A role for
soluble ST2 in vascular remodeling associated with obesity in rats. PLoS One. 2013; 8: e79176 doi: 10.
1371/journal.pone.0079176 PMID: 24265755

27. Henri C, Magne J, Dulgheru R, Davin L, Laaraibi S, Voilliot D, et al. Usefulness of serial B-type natri-
uretic peptide assessment in asymptomatic aortic stenosis. Am J Cardiol. 2014; 114: 441–8. doi: 10.
1016/j.amjcard.2014.04.053 PMID: 24948495

28. Henri C, Magne J, Dulgheru R, Laaraibi S, Voilliot D, Kou S, et al. Brain natriuretic peptide release in
patients with aortic stenosis: resting and exercise echocardiographic determinants. Int J Cardiol. 2014;
172: 611–3. doi: 10.1016/j.ijcard.2014.01.084 PMID: 24502879

sST2 in Aortic Stenosis

PLOS ONE | DOI:10.1371/journal.pone.0138940 September 21, 2015 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/12578875
http://www.ncbi.nlm.nih.gov/pubmed/12225726
http://dx.doi.org/10.1016/j.jacc.2014.02.581
http://www.ncbi.nlm.nih.gov/pubmed/24657652
http://dx.doi.org/10.1016/j.jacc.2008.09.027
http://www.ncbi.nlm.nih.gov/pubmed/19095135
http://dx.doi.org/10.1016/j.yjmcc.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23567618
http://dx.doi.org/10.1093/cvr/cvq104
http://www.ncbi.nlm.nih.gov/pubmed/20363761
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.108.833707
http://www.ncbi.nlm.nih.gov/pubmed/19808354
http://dx.doi.org/10.1371/journal.pone.0079176
http://dx.doi.org/10.1371/journal.pone.0079176
http://www.ncbi.nlm.nih.gov/pubmed/24265755
http://dx.doi.org/10.1016/j.amjcard.2014.04.053
http://dx.doi.org/10.1016/j.amjcard.2014.04.053
http://www.ncbi.nlm.nih.gov/pubmed/24948495
http://dx.doi.org/10.1016/j.ijcard.2014.01.084
http://www.ncbi.nlm.nih.gov/pubmed/24502879

