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Vanessa Xanthakis, PhD; Martin G. Larson, ScD; Kai C. Wollert, MD; Jayashri Aragam, MD, FACC; Susan Cheng, MD; Jennifer Ho, MD;
Erin Coglianese, MD; Daniel Levy, MD, FACC; Wilson S. Colucci, MD, FACC; G. Michael Felker, MD, FACC;
Emelia J. Benjamin, MD, ScM, FACC; James L. Januzzi, MD, FACC; Thomas J. Wang, MD, FACC; Ramachandran S. Vasan, MD, FACC

Background-—Currently available screening tools for left ventricular (LV) hypertrophy (LVH) and systolic dysfunction (LVSD) are
either expensive (echocardiography) or perform suboptimally (B-type natriuretic peptide [BNP]). It is unknown whether newer
biomarkers are associated with LVH and LVSD and can serve as screening tools.
Methods and Results-—We studied 2460 Framingham Study participants (mean age 58 years, 57% women) with measurements of
biomarkers mirroring cardiac biomechanical stress (soluble ST-2 [ST2], growth differentiation factor-15 [GDF-15] and high-sensitivity
troponin I [hsTnI]) and BNP. We deﬁned LVH as LV mass/height2 ≥the sex-speciﬁc 80th percentile and LVSD as mild/greater
impairment of LV ejection fraction (LVEF) or a fractional shortening <0.29. Adjusting for standard risk factors in logistic models, BNP,
GDF-15, and hsTnI were associated with the composite echocardiographic outcome (LVH or LVSD), odds ratios (OR) per SD increment
in log-biomarker 1.29, 1.14, and 1.18 (95% CI: 1.15 to 1.44, 1.004 to 1.28, and 1.06 to 1.31), respectively. The C-statistic for the
composite outcome increased from 0.765 with risk factors to 0.770 adding BNP, to 0.774 adding novel biomarkers. The continuous
Net Reclassiﬁcation Improvement was 0.212 (95% CI: 0.119 to 0.305, P<0.0001) after adding the novel biomarkers to risk factors plus
BNP. BNP was associated with LVH and LVSD in multivariable models, whereas GDF-15 was associated with LVSD (OR 1.41, 95% CI:
1.16 to 1.70), and hsTnI with LVH (OR 1.22, 95% CI: 1.09 to 1.36). ST2 was not signiﬁcantly associated with any outcome.
Conclusions-—Our community-based investigation suggests that cardiac stress biomarkers are associated with LVH and LVSD but
may have limited clinical utility as screening tools. ( J Am Heart Assoc. 2013;2:e000399 doi: 10.1161/JAHA.113.000399)
Key Words: biomarkers • echocardiography • heart failure • hypertrophy • screening

From the Framingham Heart Study, Framingham, MA (V.X., M.G.L., S.C., J.H., D.L.,
E.J.B., R.S.V.); Departments Biostatistics (V.X.) and Epidemiology (E.J.B.), Boston
University School of Public Health, Boston, MA; Sections of Preventive Medicine
and Epidemiology (V.X., E.J.B., R.S.V.) and Cardiology (J.H., W.S.C., E.J.B., R.S.V.),
Boston University School of Medicine, Boston, MA; Cardiology Division,
Massachusetts General Hospital, Harvard Medical School, Boston, MA (J.L.J.);
Division of Molecular and Translational Cardiology, Department of Cardiology and
Angiology, Hannover Medical School, Hannover, Germany (K.C.W.); Veterans
Administration Hospital, West Roxbury, MA (J.A.); Division of Cardiovascular
Medicine, Department of Medicine, Brigham and Women’s Hospital, Harvard
Medical School, Boston, MA (J.A., S.C.); Center for Population Studies, National
Heart, Lung, & Blood Institute, Bethesda, MD (D.L.); Department of Mathematics
and Statistics, Boston University, Boston, MA (M.G.L.); Division of Cardiology,
Loyola University, Chicago, IL (E.C.); Division of Cardiology, Duke University
School of Medicine, Durham, NC (G.M.F.); Division of Cardiovascular Medicine,
Division of Medicine, Vanderbilt University, Nashville, TN (T.J.W.).
This manuscript was handled independently by Viola Vaccarino, MD, PhD, as a
Guest Editor. The editors had no role in the evaluation of the article or the
decision about its acceptance.
Correspondence to: Vanessa Xanthakis, PhD, Section of Preventive Medicine
and Epidemiology, Department of Medicine, Boston University School of
Medicine, 801 Massachusetts Avenue, Suite 470, Boston, MA 02118. E-mail:
vanessax@bu.edu
Received August 8, 2013; accepted October 20, 2013.
ª 2013 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley Blackwell. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.

DOI: 10.1161/JAHA.113.000399

T

he high lifetime risk of heart failure (HF) combined with
the aging population has led to a dramatic rise in HF
prevalence worldwide.1,2 Up to half of HF patients have a
preserved left ventricular (LV) ejection fraction (HFPEF),
whereas the remainder has a reduced ejection fraction
(HFREF). Both forms of HF are associated with substantial
morbidity, mortality, and cost to the health care system.3–5
Thus, preventing HF is critical, and attention has turned
toward screening for HF risk by identifying “high-risk”
individuals (Stage A in the American Heart Association
[AHA]/American College of Cardiology [ACC] classiﬁcation
schema).6,7 Myocardial damage leading to LV systolic
dysfunction (LVSD) is the primary precursor to HFREF, and
LV hypertrophy (LVH) due to hypertension is the major
antecedent of HFPEF.8,9 Therefore, LVH and LVSD represent
key preclinical phenotypes (Stage B HF)7 that can be screened
for within the community. Indeed, HF meets several of the
criteria for a “screenable” condition: its prevalence is high, its
incidence is rising, and treatment is available for its preclinical
stages (ie, LVSD, and LVH on the basis of hypertension).10,11
However, the high prevalence of hypertension and relatively
lower prevalence of myocardial infarction (MI) among
older adults renders these 2 risk factors inadequate for
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5% for LVDD, from 2% to 2.9% for diastolic posterior wall
thickness, from 3.6% to 6.5% for the interventricular septum in
diastole, and from 0.8% to 4% for calculated LV mass.
Corresponding ﬁgures for intraobserver variability ranged from
0.3% (LVDD) to 4% (interventricular septal thickness).14 Digital
M-mode measurements from ≥3 cardiac cycles were averaged
to estimate LV internal dimensions in end-systole and enddiastole, and thicknesses of the interventricular septum and LV
posterior wall at end-diastole (in accordance with the American
Society of Echocardiography [ASE] guidelines).15 Fractional
shortening (FS) was calculated using LV internal dimensions at
end-diastole and end-systole.
In all participants, visual assessment of LV global systolic
function was performed in multiple views to estimate the LV
ejection fraction (LVEF), which was categorized as normal
(LVEF >0.55), borderline (LVEF 0.51 to 0.55), mildly reduced
(LVEF 0.41 to 0.50), moderately diminished (LVEF 0.31 to
0.40), or severely impaired (LVEF ≤0.30). The accuracy of the
aforementioned estimation of LVEF has been validated in prior
reports.16 Both the qualitative variable LVEF and the quantitative variable FS were used to deﬁne LV systolic dysfunction12 (ie, the presence of either abnormal LVEF or abnormal
FS) because they provide complementary information: the
former may not be sensitive for detecting subtle alterations in
LV systolic function whereas the latter focuses on the base of
the heart (and may miss diminished LV contractility in other
regions).

Methods
Study Sample

Biomarker Measurements

The study design and methods of the Framingham Heart Study
have been described in detail at http://www.framingham
heartstudy.org.13 We included Framingham Offspring participants who attended the sixth examination cycle (1995–1998)
when routine echocardiography was performed. Of 3532
attendees, 1072 participants were excluded for the following
reasons: non-available biomarker levels (n=49), inadequate
echocardiographic information (n=872), serum creatinine
levels ≥2 mg/dL (n=21), history of heart failure (n=35), or
missing covariate information (n=95). The study protocols were
approved by the Boston University Medical Center Institutional
Review Board. All participants provided written informed
consent.

Blood samples were collected after an overnight fast17 and
stored at 70°C until assayed. Although N-terminal pro-atrial
natriuretic peptide (NT-ANP) levels were also available at the
sixth examination cycle, we focused on BNP in the present
investigation given our previous report,12 which demonstrated
that BNP yielded better discrimination statistics for LVSD and
LVH relative to NT-ANP. BNP was measured using the Shionogi
assay,12 ST2 using a second-generation, high-sensitivity
enzyme-linked immunosorbent assay (Critical Diagnostics,
detection limit 2 ng/mL), GDF-15 using an automated, precommercial electrochemilluminescent immunoassay (Roche
Elecsys, detection limit of <10 ng/L), and hsTnI using an
ultrasensitive immunoassay with a novel, single-molecule
counting technology (Singulex, detection limit is 0.2 pg/mL,
range 0.5 to 70 pg/mL). The interassay imprecisions for
GDF-15 were 2.3% and 1.8% at GDF-15 concentrations of 1100
and 17 200 ng/L, respectively. The interassay coefﬁcient of
variation (CV) ranged from 8% to 10%. The lower QC control for
hsTnI provided an average value of 4.71 pg/mL with an
interassay CV of 10%. The higher QC control provided an
average value of 19.05 pg/mL with an interassay CV of 8%. The
intra- and interassay coefﬁcients of variation for ST2 were <4%.

Echocardiographic Measurements
All attendees underwent standardized 2D transthoracic echocardiography with Doppler color ﬂow imaging. A sonographer or
a cardiologist (experienced in echocardiography), blinded to
clinical information and biomarker results, read all echocardiograms. The reproducibility of echocardiographic measurements
was excellent.14 Interobserver variability ranged from 0.9% to
DOI: 10.1161/JAHA.113.000399
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differentiating high-risk from low-risk individuals. Additionally,
echocardiography is expensive and its routine use for
screening the general population for HF risk is neither
feasible nor likely to be cost effective.10,11 Consequently,
investigators have assessed the utility of biomarkers for
screening for LVH and LVSD. Clinical risk scores used for
predicting HF and existing biomarkers (such as circulating
levels of the B-type natriuretic peptide [BNP]) are associated
with LVH and LVSD, yet perform suboptimally for communitywide screening for HF risk.12 The recent availability of novel
biomarkers that mirror cardiac biomechanical stress, notably
ST2, growth differentiation factor 15 (GDF-15), and highsensitivity troponin I (hsTnI), has generated the possibility that
a combination of circulating biomarkers may be associated
with LVH and LVSD, and may serve as a screening tool
(beyond clinical risk factors and BNP). People with LVH and
LVSD, identiﬁed via such an initial biomarker screening
strategy, could then undergo conﬁrmatory echocardiography.
We hypothesized that higher circulating levels of ST2, GDF15, and hsTnI are associated with a greater prevalence of LVH
or LVSD, and that a combination of these biomarkers with
BNP and clinical risk factors may have sufﬁciently robust
performance characteristics to serve as a screening tool for
LVH and LVSD in the community. We tested our hypotheses in
the large community-based Framingham Heart Study sample.

Biomarkers and LV Dysfunction
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We natural-logarithmically transformed all biomarkers to
stabilize their distributions and reduce inﬂuence from extreme
biomarker values. We also used this transformation to be
consistent with our prior approach for some of these
biomarkers.12
We deﬁned 3 echocardiographic outcomes of interest12:
1. LVH_80, deﬁned as a value of LVM (left ventricular mass)/
height2 ≥the sex-speciﬁc 80th percentile value.
2. Mild/greater LVSD (LVSD_MILDGR), deﬁned as the presence of mild or greater degree of impairment of LVEF on
2-dimensional (2D) assessment of the echocardiogram, or
an M-mode FS <0.29 (corresponding to an LVEF ≤0.50).
3. Moderate/severe LVSD (LVSD_MODSEV), deﬁned as the
presence of moderate or severe degree of impairment of
LVEF on 2D assessment, or a FS <0.22 (corresponding to
an LVEF ≤0.40).
Additionally, we performed analyses using the ASE cut
points (LVM/height ≥127 g/m in men and ≥100 g/m in
women)15 to deﬁne LVH. To minimize multiple statistical
testing, we deﬁned a composite variable (presence of LVH_80
or mild/greater LVSD, corresponding to Stage B HF) and its
components as our primary outcomes, while moderate/severe
LVSD served as a secondary outcome (given its much lower
prevalence). The composite outcome was chosen because it is
desirable to identify a set of screening biomarkers that can
identify both LVH and LVSD, which would then have the
potential of preventing both HFPEF and HFREF.

Analysis of the composite echocardiographic outcome
We considered the following clinical risk factors previously
associated with either component of the composite outcome:
age, sex, body mass index (BMI), presence of MI, hypertension
status (deﬁned as systolic/diastolic blood pressure ≥140/
90 mm Hg, respectively, or use of antihypertensive treatment), diabetes status, alcohol consumption, and the presence of atrial ﬁbrillation (AF) or valve disease. We performed
stepwise logistic regression analysis on these risk factors
using P=0.1 as the retention criterion to develop an initial
model. Accounting for selected clinical risk factors, we then
performed stepwise logistic regression analysis on the
biomarkers (BNP, GDF-15, ST2, and hsTnI) relating them to
the presence of the composite outcome. We also examined
performance characteristics of the biomarker combinations
with BNP and with clinical risk factors to assess their
incremental utility. We used 2 metrics to characterize
performance characteristics of the novel biomarkers
over BNP plus standard clinical risk factors: the increment
in the C-statistic (area under the receiver operating characteristic curve [ROC]) upon adding the novel biomarkers, and
DOI: 10.1161/JAHA.113.000399

the continuous Net Reclassiﬁcation Improvement (NRI)18; NRI
values <0.2 are considered weak, those 0.4 are considered
intermediate, and values of 0.60 are considered strong.19
We applied the ﬁnal models to assess the predictive ability of
these novel biomarkers in the following clinical subgroups: ≥65
and <65 years; with and without hypertension; and with
and without prior MI. We evaluated individuals with an MI,
although they are likely to have an echocardiogram on a routine
basis, so that we obtain an estimate of the performance of
the biomarkers in the setting of prior myocardial damage.

Individual echocardiographic outcomes (LVH_80 and
LVSD)
We repeated the stepwise procedure separately for all 3
outcomes and created a ﬁnal set of risk factors combining the
statistically signiﬁcant variables from the 3 separate stepwise
procedures. We then performed a stepwise regression analysis
on the 4 biomarkers of interest for each outcome separately,
forcing in the ﬁnal set of risk factors identiﬁed above. We
evaluated the NRI and the increment in the C-statistic. These
analyses were repeated for the clinical subgroups. All analyses
were performed using SAS software version 9.2.20
A 2-sided value of P<0.05 was considered statistically
signiﬁcant. The authors had full access to the data and take
responsibility for its integrity. All authors have read and
agreed to the manuscript as written.

Results
Our sample consisted of middle-aged to older participants, with
a moderate prevalence of hypertension (Table 1). We observed
weak correlations among the novel biomarkers (Table 2).

Predictive Utility of Novel Biomarkers for the
Composite Echocardiographic Outcome
Of 2460 participants, 574 (23%) had either LVH_80 or mild/
greater LVSD, of whom 298 were women. Age, BMI, presence
of MI, hypertension status, diabetes status, presence of AF,
and valve disease were associated with the composite
outcome; these were used in all multivariable models. After
forcing in the clinical risk factors, the composite outcome was
associated with circulating concentrations of BNP, GDF-15,
and hsTnI (P<0.05 for each, Table 3), but not ST-2. Compared
with a model containing only risk factors (C=0.765), the
discrimination of the model increased to 0.770 upon adding
BNP, and to 0.774 with the further addition of GDF-15 and
hsTnI (Table 4). The addition of these 2 novel biomarkers
resulted in a statistically signiﬁcant NRI (Table 4).
Table 5 shows the number of people with a composite
outcome within each clinical subgroup. Plasma BNP was
associated with the composite outcome in all subgroups
Journal of the American Heart Association
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Variable

Men (N=1063)

Women (N=1397)

Age, y

5810

589

Systolic blood
pressure, mm Hg

12917

12620

ORIGINAL RESEARCH

Table 1. Characteristics of Study Sample

Table 2. Age- and Sex-Adjusted Pearson Correlation
Coefﬁcients Among the Novel Biomarkers
With Each Other and With BNP

Clinical characteristics

779

749

Body mass index,
kg/m2

28.03.9

26.85.1

Hypertension, %

42.8

34.7

Hypertension
treatment, %

29.9

21.7

Diabetes, %

12.9

7.7

Prevalent
myocardial
infarction, %

6.4

0.9

Valve disease, %

3.3

2.4

Prevalent atrial
fibrillation, %

3.7

0.8

6.1 (4.0, 15.7)

9.6 (4.0, 19.4)

Biochemical features

GDF-15, ng/L

1016 (792, 1336)

991 (799, 1253)

hsTnI, pg/mL

1.6 (1.03, 2.62)

1.12 (0.78, 1.86)

sST2, ng/mL

23.36 (19.12, 28.9)

18.38 (14.96, 22.73)

Echocardiographic characteristics
LV mass (indexed
to height), g/m2
80th percentile
90th percentile

Log hsTnI

Log BNP

0.20 (<0.0001)

0.12 (<0.0001)

0.11 (<0.0001)

Log ST2

Diastolic blood
pressure, mm Hg

BNP, pg/mL

Log GDF-15

Log ST2

62.714.3

53.612.2

72.9
81.2

63.1
69.5

Fractional
shortening

0.350.06

0.380.05

Mild/greater
LV systolic
dysfunction, %

9.7

2.8

Moderate-to-severe
LV dysfunction, %

4.1

0.5

Values are meanSD for age, systolic and diastolic blood pressure, body mass index, LV
mass, and fractional shortening, or median (Q1, Q3) for BNP, GDF-15, hsTnI, and sST2.
Fractional shortening, a measure of basal LV systolic function, was calculated as: FS (%)=
[LVID at end-diastole LVID at end-systole]/LVID at end-diastole. BNP indicates B-type
natriuretic peptide; GDF, growth differentiation factor; hsTnI, high-sensitivity troponin I;
LV, left ventricular; LVID, LV internal dimension; sST2, soluble ST2.

(Table 6). Additionally, GDF-15 was associated with the composite outcome among people without an MI and in those
<65 years old, whereas hsTnI showed an association with the
composite outcome among those with and without an MI; those
<65 years old; and those with hypertension (Table 6). Although
the increase in the C-statistic was not statistically signiﬁcant
with the addition of the 2 novel biomarkers (data not shown), we
DOI: 10.1161/JAHA.113.000399

0.08 (<0.0001)

Log hsTnI

0.05 (0.009)
0.13 (<0.0001)

Values are sample Pearson correlation coefﬁcients (P value). BNP indicates B-type
natriuretic peptide; GDF-15, growth differentiation factor-15; hsTnI, high-sensitivity
troponin I.

observed a statistically signiﬁcant NRI for most subgroups
(Table 7).

Predictive Utility of Novel Biomarkers for the
Individual Echocardiographic Outcomes
The number of participants with each individual outcome is
shown in Table 5. The combination of the statistically
signiﬁcant clinical covariates from the separate stepwise
regression analyses for each individual outcome included age,
sex, BMI, presence of MI, hypertension status, diabetes
status, presence of AF, and valve disease; these variables
were used in all multivariable models for each outcome.
In the full sample, BNP was associated with LVSD and LVH,
after adjusting for clinical risk factors. GDF-15 was associated
with mild/greater LVSD, whereas hsTnI was associated with
LVH_80 (Table 3). ST2 was not associated with any echocardiographic outcome. The C-statistic of the model did not
signiﬁcantly increase with the addition of the biomarkers to the
risk factors plus BNP for any outcome, whereas the NRI was
statistically signiﬁcant for both LVH_80 and LVSD (Table 4),
with the magnitude in the weak-to-intermediate range.
In subgroup analyses, BNP was associated with all
outcomes among most subgroups, after adjusting for risk
factors. Associations among GDF-15, hsTnI, and the outcomes varied across subgroups (Table 6). The addition of
these 2 biomarkers did not result in signiﬁcant increases in
the C-statistic for the subgroups as compared to the use of
risk factors plus BNP (data not shown); however, we observed
statistically signiﬁcant NRI for LVH_80 among all subgroups
and for mild/greater LVSD among most subgroups (Table 7).
In analyses modeling echocardiographic traits as continuous variables, BNP was associated with LVM, LVDD, and
LVDS; hsTnI with both LVM and LVWT; and GDF-15 with LVWT
(P<0.05 for all).

Discussion
The use of single biomarkers (including BNP) for screening for
LVH and LVSD in the general population has proven to be
Journal of the American Heart Association
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Table 3. Multivariable-adjusted Association of Statistically Signiﬁcant Biomarkers With Prevalence of Each Echocardiographic
Outcome
Composite (574/2460)†

LVH_80 (489/2460)†

LVSD_MILDGR (142/2460)†

LVSD_MODSEV (51/2460)†

BNP

1.29 (1.15 to 1.44)**

1.25 (1.11 to 1.41)**

1.43 (1.17 to 1.73)**

1.79 (1.30 to 2.47)**

GDF-15

1.14 (1.004 to 1.28)*

NS

1.41 (1.16 to 1.70)**

NS

hsTnI

1.18 (1.06 to 1.31)*

1.22 (1.09 to 1.36)**

NS

NS

Values represent odds ratios (95% conﬁdence intervals) per 1 SD increment in log-biomarker. ST2 was not signiﬁcantly associated with any outcome. BNP indicates B-type natriuretic
peptide; GDF-15, growth differentiation factor-15; hsTnI, high-sensitivity troponin I; LVH, left ventricular hypertrophy; LVSD, left ventricular systolic dysfunction; LVSD_MILDGR, mild/
greater LVSD; LVSD_MODSEV, moderate/severe LVSD; NS, no statistically signiﬁcant association.
*P<0.05, **P<0.001.
†
Number of outcomes/number at risk.

suboptimal in prior studies.12 We recently showed that
multiple biomarkers reﬂecting cardiac biomechanical stress
in this cohort of individuals predicted incident HF (AHA/ACC
Stage C/D).17 Accordingly, we examined if these biomarkers
were associated with LVH and LVSD, and could serve as
potential screening tools (for AHA/ACC Stage B). To our
knowledge, investigations evaluating multiple novel biomarkers mirroring cardiac stress for associations with and
community screening for the presence of LVH and LVSD are
sparse.21 Previous studies12 evaluating biomarkers for
screening for LVH or LVSD focused on the increment in the
C statistic as the sole criterion for assessing their utility, and
did not investigate the NRI that provides complementary
information. Therefore, we evaluated 3 novel biomarkers for
their associations with LVH and LVSD and their use for
screening purposes in a large community-based sample. We
also evaluated their performance in high-risk subgroups to
examine the premise that any strategy using these biomarkers could selectively target groups of individuals in whom the

screening yield may be maximal, thereby rendering these
biomarkers cost effective.

Principal Findings
Circulating concentrations of BNP, GDF-15, and hsTnI were
associated with the composite outcome. BNP was associated
with both LVH and LVSD, while GDF-15 and hsTnI were
associated with LVSD and LVH, respectively. ST2 was not
associated with any outcome. In secondary analyses, only BNP
was associated with moderate/severe LVSD. The combination
of GDF-15 and hsTnI minimally increased the model’s predictive
utility for the composite outcome, as quantiﬁed by the NRI,
compared to a model with risk factors and BNP. Analyses of LVH
and LVSD as separate outcomes showed similar patterns to
that for the composite outcome. Analyses within clinical
subgroups suggested an improvement in predictive utility for
most subgroups, using the NRI; however, the clinical interpretation of a statistically signiﬁcant NRI is not as clear.

Table 4. Incremental Utility of Biomarkers Over Clinical Risk Factors
Composite

LVH_80

LVSD_MILDGR

LVSD_MODSEV

Standard risk factors (1)

0.765 (0.742 to 0.788)

0.778 (0.755 to 0.801)

0.763 (0.714 to 0.812)

0.925 (0.892 to 0.958)

Standard risk factors+BNP (2)

0.770 (0.747 to 0.793)

0.783 (0.760 to 0.806)

0.769 (0.722 to 0.817)

0.931 (0.897 to 0.965)

C-statistic

Standard risk factors+biomarkers* (3)

0.774 (0.751 to 0.796)

0.786 (0.763 to 0.808)

0.782 (0.736 to 0.828)

N/A

P Value for difference (1 vs 3)

0.03

0.03

0.14

0.40

P Value for difference (2 vs 3)

0.13

0.20

0.15

N/A

NRI (1 vs 3)

0.220 (0.127 to 0.313)

0.246 (0.148 to 0.345)

0.395 (0.227 to 0.562)

0.505 (0.237 to 0.773)

NRI (2 vs 3)

0.212 (0.119 to 0.305)

0.243 (0.145 to 0.340)

0.207 (0.037 to 0.376)

N/A

P Value for NRI (1 vs 3)

<0.0001

<0.0001

<0.0001

0.0004

P Value for NRI (2 vs 3)

<0.0001

<0.0001

0.02

N/A

NRI

BNP indicates B-type natriuretic peptide; LVH, left ventricular hypertrophy; LVSD, left ventricular systolic dysfunction; LVSD_MILDGR, mild/greater LVSD; LVSD_MODSEV, moderate/
severe LVSD; N/A, non-applicable, since models (2) and (3) were identical for LVSD_MODSEV; NRI, net reclassiﬁcation improvement.
*Model includes risk factors, BNP, and the biomarker that was signiﬁcantly associated with each outcome.
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Table 5. Numbers of Individuals With Outcomes in Clinical Subgroups of Participants
Subgroups/Echo Abnormality

Sample Size

Composite Outcome

Mild/Greater LVSD

Moderate/Severe LVSD

LVH Deﬁned as Exceeding the
Sex-speciﬁc 80th Percentile

Full sample

2460

574 (23.3)

142 (5.8)

51 (2.1)

489 (19.9)

With MI

79

55 (69.6)

41 (51.9)

25 (31.6)

34 (43.0)

Without MI

2379

517 (21.7)

99 (4.2)

24 (1.0)

454 (19.1)

Age ≥65 years

641

243 (37.9)

52 (8.1)

27 (4.2)

217 (33.9)

Age<65 years

1819

331 (18.2)

90 (4.9)

24 (1.3)

272 (15.0)

With HTN

940

340 (36.2)

75 (8.0)

34 (3.6)

303 (32.2)

Without HTN

1520

234 (15.4)

67 (4.4)

17 (1.1)

186 (12.2)

Values in parentheses are percentages. HTN indicates hypertension; LVH, left ventricular hypertrophy; LVSD, left ventricular systolic dysfunction; MI, myocardial infarction.

previously evaluated by our group but did not show an
association with LVH or LVSD after adjustment for risk
factors.23 In contrast, investigators have studied midregional
proadrenomedullin in relation to LVH and LV volumes and
observed an association of higher levels with LVH and greater
cardiac volumes.23–25 We did not measure this biomarker.
Given our recent data showing substantial HF risk prediction

Comparison with the Published Literature
Several investigations have reported that circulating BNP is a
suboptimal screening tool for LVH and LVSD.12,22 Other novel
biomarkers have been evaluated as screening tools, but
none has been proven to detect HF precursors. For example,
blood galectin-3, a marker of myocardial ﬁbrosis, has been

Table 6. Association of Biomarkers With Prevalence of the Composite Echocardiographic Outcome Within Clinical Subgroups
MI Status
Biomarker

Full Sample

Age, y

HTN Status

With MI

Without MI

≥65

<65

With HTN

Without HTN

Composite outcome
BNP

1.29**
(1.15 to 1.44)

2.28*
(1.22 to 4.25)

1.25**
(1.12 to 1.41)

1.37**
(1.14 to 1.64)

1.29**
(1.12 to 1.49)

1.31**
(1.13 to 1.52)

1.26*
(1.05 to 1.50)

GDF-15

1.14*
(1.004 to 1.28)

N/A

1.14*
(1.01 to 1.30)

N/A

1.19*
(1.03 to 1.37)

N/A

N/A

hsTnI

1.18*
(1.06 to 1.31)

2.20*
(1.11 to 4.37)

1.15*
(1.03 to 1.29)

N/A

1.25**
(1.09 to 1.42)

1.26*
(1.08 to 1.47)

N/A

Mild/Greater LVSD
BNP

1.43**
(1.17 to 1.73)

2.17*
(1.31 to 3.62)

1.31*
(1.05 to 1.62)

1.43*
(1.04 to 1.97)

1.41*
(1.10 to 1.80)

1.57**
(1.21 to 2.05)

N/A

GDF-15

1.41**
(1.16 to 1.70)

N/A

1.55**
(1.27 to 1.89)

N/A

1.40*
(1.12 to 1.75)

1.47*
(1.15 to 1.88)

N/A

1.66*
(1.01 to 2.74)

1.85*
(1.22 to 2.81)

1.66*
(1.06 to 2.59)

2.12*
(1.35 to 3.32)

2.01**
(1.37 to 2.96)

N/A

Moderate/Severe LVSD
BNP

1.79**
(1.30 to 2.47)

LVH (exceeding the sex-specific 80th percentile of height-indexed LV mass)
BNP

1.25**
(1.11 to 1.41)

N/A

1.24**
(1.09 to 1.40)

1.40**
(1.17 to 1.68)

1.27*
(1.08 to 1.49)

1.27*
(1.09 to 1.48)

1.24*
(1.02 to 1.50)

hsTnI

1.22**
(1.09 to 1.36)

2.93*
(1.48 to 5.80)

1.17*
(1.04 to 1.32)

N/A

1.29**
(1.12 to 1.48)

1.33**
(1.13 to 1.56)

N/A

Values represent odds ratios (95% conﬁdence intervals) per 1 SD increment in log-biomarker. ST2 was not associated with any outcome. BNP indicates B-type natriuretic peptide; GDF-15,
growth differentiation factor-15; hsTnI, high-sensitivity troponin I; HTN, hypertension; LVSD, left ventricular systolic dysfunction; MI, myocardial infarction; N/A, no statistically signiﬁcant
association.
*P<0.05, **P<0.001.
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Table 7. Incremental Utility of Biomarkers Over Clinical Risk Factors and BNP Within Clinical Subgroups
Composite

LVH_80

LVSD_MILDGR

NRI

0.580 (0.133, 1.028)

0.834 (0.429, 1.239)

0.276 ( 0.161, 0.713)

P Value for NRI

0.018

0.0002

0.220

NRI

0.178 (0.081, 0.275)

0.225 (0.124, 0.326)

0.297 (0.096, 0.498)

P Value for NRI

0.0004

0.00002

0.004

NRI

0.084 ( 0.075, 0.243)

0.227 (0.066, 0.389)

0.260 ( 0.022, 0.541)

P Value for NRI

0.305

0.006

0.073

NRI

0.274 (0.156, 0.392)

0.281 (0.154, 0.409)

0.202 ( 0.01, 0.413)

P Value for NRI

0.00001

0.00002

0.062

NRI

0.246 (0.114, 0.378)

0.306 (0.172, 0.441)

0.270 (0.035, 0.505)

P Value for NRI

0.0003

0.00001

0.025

NRI

0.128 ( 0.011, 0.266)

0.173 (0.021, 0.324)

0.112 ( 0.132, 0.356)

P Value for NRI

0.073

0.027

0.371

With MI

Without MI

≥65 years

<65 years

With HTN

Without HTN

Values represent net reclassiﬁcation improvement (NRI) and P-values for comparison between a model including risk factors plus BNP and a model including risk factors, BNP, and novel
biomarkers. We did not observe any statistically signiﬁcant change in the C-statistic between these models; therefore we did not report data on the C-statistic. BNP indicates B-type
natriuretic peptide; HTN, hypertension; LVH, left ventricular hypertrophy; LVSD, left ventricular systolic dysfunction; LVSD_MILDGR, mild/greater LVSD.

from a multiple biomarker panel (consisting of GDF 15, ST2,
and hsTnI) in this cohort,17 we focused on their screening
yield over risk factors and BNP.

outcome. We speculate that the association of ST2 with
incident heart failure may be because it reﬂects systemic
inﬂammation or vascular stiffness or other pathways to heart
failure other than cardiac remodeling.

Biological Pathways/Biomarkers and LV
Dysfunction and LV Hypertrophy

Strengths and Limitations

All 3 cardiac stress biomarkers that were evaluated, along
with BNP, have been associated prospectively with incident
HF and with adverse outcomes in patients with overt HF.26–36
There is substantial experimental evidence that also implicates these biomarkers in LV remodeling. Both ST2 and GDF
15 are anti-hypertrophic, with GDF-15 also being antiapoptotic and having anti-inﬂammatory properties.37–42 hsTnI
is an intrinsic myocyte protein, whose levels are associated
with myocyte turnover. Furthermore, all 4 biomarkers mirror
myocyte stretch in basic studies.40,43,44 It is conceivable that
they may also reﬂect other forms of stress, including but not
limited to inﬂammatory, oxidant, or bioenergetic stress.
Therefore, it is not surprising that levels of these biomarkers
so strongly predict HF onset in the community.17 We
demonstrated the association between GDF-15 and hsTnI
with the composite outcome, and with LVSD and LVH,
respectively. Of note, ST2 was not associated with any

The present study included a community-based sample from a
large epidemiological study, used echocardiographic measurements with excellent reproducibility, and studied a panel
of biomarkers for screening for LVSD and LVH, assessing also
a composite outcome that would capture precursors of both
HFPEF and HFREF. Several limitations of the present study
merit consideration. The composite outcome we chose was
most amenable to analyses with adequate statistical power
and corresponds to Stage B heart failure. However, our
analyses of the important outcome of moderate/severe LVSD
(a trait for which deﬁnitive treatment strategies have been
delineated in controlled trials and guidelines) were limited by
the low prevalence of the condition. Additionally, we were not
able to use the quantitative estimation of 2D LVEF to deﬁne
LVSD, as it was not performed routinely during the Offspring
Cohort 6th examination cycle. The generalizability of our
ﬁndings is limited by the use of white, middle- to older-age
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Composite

LVH_ASE

BNP

1.27 (1.14 to 1.42)

1.24 (1.10 to 1.39)

GDF-15

1.14 (1.01 to 1.28)

NS

hsTnI

1.16 (1.05 to 1.29)

1.20 (1.07 to 1.33)

Values represent odds ratios (95% conﬁdence intervals) per 1 SD increment in
log-biomarker. ST2 was not signiﬁcantly associated with any outcome. ASE indicates
American Society of Echocardiography; BNP, B-type natriuretic peptide; GDF-15, growth
differentiation factor-15; hsTnI, high-sensitivity troponin I; LVH, left ventricular
hypertrophy; NS no signiﬁcant association.

participants of European ancestry. We used a composite
echocardiographic outcome as the primary phenotype for
analyses and reported all statistical tests conducted (even if
nonsigniﬁcant) to address multiple statistical testing issues;
results of secondary analyses may be considered hypothesis
generating. Furthermore, the choice of the cut points for
deﬁning LVH was based on the sex-speciﬁc distribution of LV
mass. However, using the ASE cut points produced essentially
similar results (Tables 8 and 9). Additionally, we did not split
our sample into test and validation samples. Accordingly,
replication of our results in external cohorts would be
desirable. Finally, some risk factors were modeled as
categorical variables (reﬂecting common clinical practice).
Furthermore, we did not include electrocardiographic ﬁndings
as a risk factor for LVH because of prior investigations
suggesting limited accuracy of the electrocardiogram for
detecting LVH.45 It is conceivable that modeling the risk
factors as continuous variables and adjusting for electrocardiographic LVH would reduce the incremental predictive utility

of the biomarkers.46 We are aware of the inherent limitation
of the continuous NRI that captures minor shifts in probabilities of outcomes and may be challenging to interpret in terms
of clinical utility.47 We chose it over the categorical NRI in the
absence of clinically meaningful categories for the echocardiographic outcomes. Additionally, whereas sensitivity and
speciﬁcity are the metrics often used to assess screening
tests, it is challenging to estimate these indices when a
combination of biomarkers is used for this purpose. Finally,
the central premise of our investigation is that screening with
biomarkers is likely to be less expensive than standard
echocardiography (eg, BNP assays cost $40 or less whereas
an echocardiogram may be 10 times more expensive),48
However, the advent of high-quality, hand-held echocardiography may reduce the gap in costs of biomarker assays versus
that of echocardiography.49

Conclusions
In our large community based-sample, GDF-15 and hsTnI were
associated with the composite echocardiographic outcome,
and with LVSD and LVH, respectively. These biomarkers also
offered limited incremental predictive utility over clinical risk
factors and BNP for identifying stage B HF. However, the
clinical signiﬁcance of the modest NRI values remains unclear,
thereby rendering it challenging to advocate the use of these
novel biomarkers for screening purposes in clinical practice.
Additional studies of larger multi-ethnic cohorts are warranted
to conﬁrm our results and further investigations are needed to
elucidate the clinical signiﬁcance of modest NRI values (which
may be statistically signiﬁcant).
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Values are C statistics (95% CI) and P-values. ASE indicates American Society of
Echocardiography; BNP, B-type natriuretic peptide; LVH, left ventricular hypertrophy.
*Model includes standard risk factors, BNP and the biomarker that was signiﬁcantly
associated with each outcome.

DOI: 10.1161/JAHA.113.000399

Assays for sST2, hsTnI, and GDF-15 were provided by Critical
Diagnostics, Singulex, Inc and Roche Diagnostics, Inc. However,
these companies were not granted access to study data or the
analysis and interpretation of the data.

Sources of Funding
This work was supported by AHA Clinical Research Program
award 13CRP14090010 (to Dr Xanthakis), by N01-HC-25915,
and R01-HL-08675 and K99-HL-107642. Dr Wollert was
supported by the German Ministry of Education and Research,
Dr Cheng by the Ellison Foundation, and Dr Januzzi by the
Roman W. DeSanctis Clinical Scholar Endowment.

Disclosures
Dr Wang has received research or assay support from Diasorin,
Brahms, LabCorp, and Siemens Diagnostics, and honoraria
Journal of the American Heart Association

Downloaded from http://jaha.ahajournals.org/ by guest on November 15, 2013

8

ORIGINAL RESEARCH

Table 8. Association of Biomarkers With Echocardiographic
Outcomes Using ASE Criteria for Deﬁning Echocardiographic
LVH

Biomarkers and LV Dysfunction

Xanthakis et al

References
1. Lloyd-Jones DM, Larson MG, Leip EP, Beiser A, D’Agostino RB, Kannel WB,
Murabito JM, Vasan RS, Benjamin EJ, Levy D. Lifetime risk for developing
congestive heart failure: the Framingham Heart Study. Circulation.
2002;106:3068–3072
2. Owan TE, Redﬁeld MM. Epidemiology of diastolic heart failure. Prog Cardiovasc
Dis. 2005;47:320–332.
3. Lam CS, Donal E, Kraigher-Krainer E, Vasan RS. Epidemiology and clinical
course of heart failure with preserved ejection fraction. Eur J Heart Fail.
2011;13:18–28.

a branch of the European Society of Cardiology. J Am Soc Echocardiogr.
2005;18:1440–1463.
16. Willenheimer RB, Israelsson BA, Cline CM, Erhardt LR. Simpliﬁed echocardiography in the diagnosis of heart failure. Scand Cardiovasc J. 1997;31:9–16.
17. Wang TJ, Wollert KC, Larson MG, Coglianese E, McCabe EL, Cheng S, Ho JE,
Fradley MG, Ghorbani A, Xanthakis V, Kempf T, Benjamin EJ, Levy D, Vasan RS,
Januzzi JL. Prognostic utility of novel biomarkers of cardiovascular stress: the
Framingham Heart Study. Circulation. 2012;126:1596–1604.
18. Pencina MJ, D’Agostino RB Sr, Steyerberg EW. Extensions of net reclassiﬁcation improvement calculations to measure usefulness of new biomarkers.
Stat Med. 2011;30:11–21.
19. Pencina MJ, D’Agostino RB, Pencina KM, Janssens AC, Greenland P.
Interpreting incremental value of markers added to risk prediction models.
Am J Epidemiol. 2012;176:473–481.
20. The LOGISTIC Procedure. SAS/STAT Software: Changes and Enhancements,
Through Version 9.1. Cary, NC: SAS Institute; 2010:423–530.
21. Zile MR, Desantis SM, Baicu CF, Stroud RE, Thompson SB, McClure CD,
Mehurg SM, Spinale FG. Plasma biomarkers that reﬂect determinants of
matrix composition identify the presence of left ventricular hypertrophy and
diastolic heart failure. Circ Heart Fail. 2011;4:246–256.
22. Costello-Boerrigter LC, Boerrigter G, Redﬁeld MM, Rodeheffer RJ, Urban LH,
Mahoney DW, Jacobsen SJ, Heublein DM, Burnett JC Jr. Amino-terminal pro-Btype natriuretic peptide and B-type natriuretic peptide in the general
community: determinants and detection of left ventricular dysfunction. J Am
Coll Cardiol. 2006;47:345–353.
23. Ho JE, Liu C, Lyass A, Courchesne P, Pencina MJ, Vasan RS, Larson MG, Levy
D. Galectin-3, a marker of cardiac ﬁbrosis, predicts incident heart failure in the
community. J Am Coll Cardiol. 2012;60:1249–1256.
24. Bhandari SS, Davies JE, Struck J, Ng LL. The midregional portion of
proadrenomedullin is an independent predictor of left ventricular mass index
in hypertension. Metabolism. 2010;59:7–13.

4. Redﬁeld MM, Jacobsen SJ, Burnett JC Jr, Mahoney DW, Bailey KR, Rodeheffer
RJ. Burden of systolic and diastolic ventricular dysfunction in the community:
appreciating the scope of the heart failure epidemic. JAMA. 2003;289:
194–202.

25. Truong QA, Siegel E, Karakas M, Januzzi JL Jr, Bamberg F, Mahabadi AA,
Dasdemir S, Brady TJ, Bergmann A, Kunde J, Nagurney JT, Hoffmann U, Koenig
W. Relation of natriuretic peptides and midregional proadrenomedullin to
cardiac chamber volumes by computed tomography in patients without heart
failure: from the ROMICAT Trial. Clin Chem. 2010;56:651–660.

5. Roger VL, Weston SA, Redﬁeld MM, Hellermann-Homan JP, Killian J, Yawn BP,
Jacobsen SJ. Trends in heart failure incidence and survival in a communitybased population. JAMA. 2004;292:344–350.

26. Agnetti G. Modiﬁed troponin I as a candidate marker for chronic heart failure:
a top-down perspective. Circ Cardiovasc Genet. 2011;4:579–580.

6. McMurray JV, McDonagh TA, Davie AP, Cleland JG, Francis CM, Morrison C.
Should we screen for asymptomatic left ventricular dysfunction to prevent
heart failure? Eur Heart J. 1998;19:842–846.

27. Anand IS, Kempf T, Rector TS, Tapken H, Allhoff T, Jantzen F, Kuskowski M,
Cohn JN, Drexler H, Wollert KC. Serial measurement of growth-differentiation
factor-15 in heart failure: relation to disease severity and prognosis in the
Valsartan Heart Failure Trial. Circulation. 2010;122:1387–1395.

7. Jessup M, Abraham WT, Casey DE, Feldman AM, Francis GS, Ganiats TG,
Konstam MA, Mancini DM, Rahko PS, Silver MA, Stevenson LW, Yancy CW.
2009 Focused Update: ACCF/AHA Guidelines for the Diagnosis and Management of Heart Failure in Adults. Circulation. 2009;119:1977–2016.

28. de Lemos JA, Drazner MH, Omland T, Ayers CR, Khera A, Rohatgi A, Hashim I,
Berry JD, Das SR, Morrow DA, McGuire DK. Association of troponin T detected
with a highly sensitive assay and cardiac structure and mortality risk in the
general population. JAMA. 2010;304:2503–2512.

8. Lee DS, Gona P, Vasan RS, Larson MG, Benjamin EJ, Wang TJ, Tu JV, Levy D.
Relation of disease pathogenesis and risk factors to heart failure with
preserved or reduced ejection fraction: insights from the Framingham Heart
Study of the National Heart, Lung, and Blood Institute. Circulation.
2009;119:3070–3077.

29. Januzzi JL Jr, Peacock WF, Maisel AS, Chae CU, Jesse RL, Baggish AL,
O’Donoghue M, Sakhuja R, Chen AA, van Kimmenade RR, Lewandrowski KB,
Lloyd-Jones DM, Wu AH. Measurement of the interleukin family member ST2 in
patients with acute dyspnea: results from the PRIDE (Pro-Brain Natriuretic
Peptide Investigation of Dyspnea in the Emergency Department) study. J Am
Coll Cardiol. 2007;50:607–613.

9. Drazner MH. The progression of hypertensive heart disease. Circulation.
2011;123:327–334.
10. Freitag MH, Vasan RS. Screening for left ventricular systolic dysfunction: the
use of B-type natriuretic peptide. Heart Fail Monit. 2003;4:38–44.
11. Wang TJ, Levy D, Benjamin EJ, Vasan RS. The epidemiology of “asymptomatic”
left ventricular systolic dysfunction: implications for screening. Ann Intern
Med. 2003;138:907–916.
12. Vasan RS, Benjamin EJ, Larson MG, Leip EP, Wang TJ, Wilson PW, Levy D.
Plasma natriuretic peptides for community screening for left ventricular
hypertrophy and systolic dysfunction: the Framingham heart study. JAMA.
2002;288:1252–1259.
13. Kannel WB, Feinleib M, McNamara PM, Garrison RJ, Castelli WP. An
investigation of coronary heart disease in families. The Framingham offspring
study. Am J Epidemiol. 1979;110:281–290.
14. Sundstrom J, Sullivan L, Selhub J, Benjamin EJ, D’Agostino RB, Jacques PF,
Rosenberg IH, Levy D, Wilson PW, Vasan RS. Relations of plasma homocysteine to left ventricular structure and function: the Framingham Heart Study.
Eur Heart J. 2004;25:523–530.
15. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA,
Picard MH, Roman MJ, Seward J, Shanewise JS, Solomon SD, Spencer KT,
Sutton MS, Stewart WJ. Recommendations for chamber quantiﬁcation: a
report from the American Society of Echocardiography’s Guidelines and
Standards Committee and the Chamber Quantiﬁcation Writing Group,
developed in conjunction with the European Association of Echocardiography,

DOI: 10.1161/JAHA.113.000399

30. Kempf T, Horn-Wichmann R, Brabant G, Peter T, Allhoff T, Klein G, Drexler H,
Johnston N, Wallentin L, Wollert KC. Circulating concentrations of growthdifferentiation factor 15 in apparently healthy elderly individuals and patients
with chronic heart failure as assessed by a new immunoradiometric sandwich
assay. Clin Chem. 2007;53:284–291.
31. Lind L, Wallentin L, Kempf T, Tapken H, Quint A, Lindahl B, Olofsson S, Venge
P, Larsson A, Hulthe J, Elmgren A, Wollert KC. 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.
32. Pascual-Figal DA, Manzano-Fernandez S, Boronat M, Casas T, Garrido IP,
Bonaque JC, Pastor-Perez F, Valdes M, Januzzi JL. Soluble ST2, high-sensitivity
troponin T- and N-terminal pro-B-type natriuretic peptide: complementary role
for risk stratiﬁcation in acutely decompensated heart failure. Eur J Heart Fail.
2011;13:718–725.
33. Peacock WF, De Marco T, Fonarow GC, Diercks D, Wynne J, Apple FS, Wu AH.
Cardiac troponin and outcome in acute heart failure. N Engl J Med.
2008;358:2117–2126.
34. Rehman SU, Mueller T, Januzzi JL Jr. Characteristics of the novel interleukin
family biomarker ST2 in patients with acute heart failure. J Am Coll Cardiol.
2008;52:1458–1465.
35. Sakhuja R, Green S, Oestreicher EM, Sluss PM, Lee-Lewandrowski E,
Lewandrowski KB, Januzzi JL Jr. Amino-terminal pro-brain natriuretic peptide,

Journal of the American Heart Association

Downloaded from http://jaha.ahajournals.org/ by guest on November 15, 2013

9

ORIGINAL RESEARCH

from Roche, Diasorin, and Quest Diagnostics. Drs Wang,
Larson, and Vasan are named as coinventors on patent
applications relating to the use of metabolomic or neurohormonal biomarkers in risk prediction. Dr Januzzi has received
research grant funding from Roche Diagnostics, Siemens
Diagnostics, and Critical Diagnostics. Dr Felker has received
research grant funding from Roche Diagnostics and Critical
Diagnostics, as well as honoraria from Roche Diagnostics and
Singulex. Dr Wollert is named as coinventor on a patent for the
use of GDF-15 for cardiovascular applications and has a
contract with Roche Diagnostics for the development of a GDF15 assay. Dr Wollert has received research grant funding from
Roche Diagnostics. The remaining authors report no conﬂicts.

Biomarkers and LV Dysfunction

Xanthakis et al

36. Saunders JT, Nambi V, de Lemos JA, Chambless LE, Virani SS, Boerwinkle E,
Hoogeveen RC, Liu X, Astor BC, Mosley TH, Folsom AR, Heiss G, Coresh J,
Ballantyne CM. Cardiac troponin T measured by a highly sensitive assay
predicts coronary heart disease, heart failure, and mortality in the Atherosclerosis Risk in Communities Study. Circulation. 2011;123:1367–1376.
37. Bhardwaj A, Januzzi JL Jr. ST2: a novel biomarker for heart failure. Expert Rev
Mol Diagn. 2010;10:459–464.
38. Seki K, Sanada S, Kudinova AY, Steinhauser ML, Handa V, Gannon J, Lee
RT. Interleukin-33 prevents apoptosis and improves survival after experimental myocardial infarction through ST2 signaling. Circ Heart Fail.
2009;2:684–691.
39. Weinberg EO, Shimpo M, Hurwitz S, Tominaga S, Rouleau JL, Lee RT.
Identiﬁcation of serum soluble ST2 receptor as a novel heart failure biomarker.
Circulation. 2003;107:721–726.
40. Xu J, Kimball TR, Lorenz JN, Brown DA, Bauskin AR, Klevitsky R, Hewett TE,
Breit SN, Molkentin JD. GDF15/MIC-1 functions as a protective and
antihypertrophic factor released from the myocardium in association with
SMAD protein activation. Circ Res. 2006;98:342–350.
41. Kempf T, Eden M, Strelau J, Naguib M, Willenbockel C, Tongers J, Heineke J,
Kotlarz D, Xu J, Molkentin JD, Niessen HW, Drexler H, Wollert KC. The
transforming growth factor-beta superfamily member growth-differentiation
factor-15 protects the heart from ischemia/reperfusion injury. Circ Res.
2006;98:351–360.
42. Kempf T, Zarbock A, Widera C, Butz S, Stadtmann A, Rossaint J, BolominiVittori M, Korf-Klingebiel M, Napp LC, Hansen B, Kanwischer A, Bavendiek

DOI: 10.1161/JAHA.113.000399

U, Beutel G, Hapke M, Sauer MG, Laudanna C, Hogg N, Vestweber D,
Wollert KC. GDF-15 is an inhibitor of leukocyte integrin activation required
for survival after myocardial infarction in mice. Nat Med. 2011;17:
581–588.
43. Cheng W, Li B, Kajstura J, Li P, Wolin MS, Sonnenblick EH, Hintze TH, Olivetti
G, Anversa P. Stretch-induced programmed myocyte cell death. J Clin Invest.
1995;96:2247–2259.
44. Weinberg EO, Shimpo M, De Keulenaer GW, MacGillivray C, Tominaga S,
Solomon SD, Rouleau JL, Lee RT. Expression and regulation of ST2, an
interleukin-1 receptor family member, in cardiomyocytes and myocardial
infarction. Circulation. 2002;106:2961–2966.
45. Pewsner D, Juni P, Egger M, Battaglia M, Sundstrom J, Bachmann LM. Accuracy
of electrocardiography in diagnosis of left ventricular hypertrophy in arterial
hypertension: systematic review. BMJ. 2007;335:711.
46. Brotman DJ, Walker E, Lauer MS, O’Brien RG. In search of fewer independent
risk factors. Arch Intern Med. 2005;165:138–145.
47. Cook NR. Clinically relevant measures of ﬁt? A note of caution. Am J Epidemiol.
2012;176:488–491.
48. Dokainish H, Zoghbi WA, Ambriz E, Lakkis NM, Quinones MA, Nagueh SF.
Comparative cost-effectiveness of B-type natriuretic peptide and echocardiography for predicting outcome in patients with congestive heart failure. Am J
Cardiol. 2006;97:400–403.
49. Galasko GI, Barnes SC, Collinson P, Lahiri A, Senior R. What is the most costeffective strategy to screen for left ventricular systolic dysfunction:
natriuretic peptides, the electrocardiogram, hand-held echocardiography,
traditional echocardiography, or their combination? Eur Heart J. 2006;27:
193–200.

Journal of the American Heart Association

Downloaded from http://jaha.ahajournals.org/ by guest on November 15, 2013

10

ORIGINAL RESEARCH

brain natriuretic peptide, and troponin T for prediction of mortality in acute
heart failure. Clin Chem. 2007;53:412–420.

