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Abstract
BACKGROUND—Soluble ST2 (sST2) is a cardiac biomarker whose concentration rises in
response to myocardial strain. Increased sST2 concentrations may predict adverse outcomes in
patients with heart failure and myocardial infarction. Because sST2 was largely undetectable with
first-generation assays in ambulatory individuals, there are few data regarding its distribution and
correlates in community-based populations.

METHODS—We measured sST2 using a highly sensitive ELISA in 3450 Framingham Heart
Study participants who attended a routine examination. We used multivariable linear regression
models to identify covariates associated with sST2 in the general sample. We obtained a reference
sample (n = 1136) by excluding individuals with prevalent coronary disease, heart failure, atrial
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fibrillation, diabetes, hypertension, obesity, valvular disease, left ventricular systolic dysfunction,
and pulmonary and renal dysfunction. We used empiric and quantile regression techniques to
estimate the 2.5th, 50th, 97.5th, and 99th quantiles.

RESULTS—In the general sample (mean age 59 years, 55% women), systolic blood pressure (P
= 0.006), antihypertensive medication use (P = 0.03), and diabetes (P < 0.001) were associated
with sST2 concentrations. In the reference sample (mean age 55, 59% women), male sex (P <
0.0001) and older age (P = 0.004) were predictive of higher sST2 concentrations. Quantile and
empirical methods were used to define the reference intervals. Using the empirical approach,
upper 99% percentile values in different age groups ranged from 46.6 to 64.4 μg/L in men and
36.7 to 53.0 μg/L in women.

CONCLUSIONS—In a well-characterized, community-based cohort, values for sST2 differ
between men and women, increase with age, and are associated with diabetes and hypertension.

ST2 is a member of the interleukin-1 (IL-1)9 receptor family that appears to play several
roles in health and disease. Originally studied in allergic and immunologic diseases, the
cardiovascular role of ST2 was initially identified by examining gene transcripts that are up-
regulated with myocardial strain, where the gene for ST2 was noted to be intensely
transcribed (1, 2). ST2 consists of 2 isoforms, a transmembrane ligand (ST2L) and a soluble
component (sST2). The biological effects of IL-33 are transduced by ST2L, mitigating
cellular responses to mechanical stress. Loss of intact IL-33/ST2L signaling results in
unchecked remodeling of ventricular myocardium characterized by excessive myocyte
hypertrophy, fibrosis, and worsening of left ventricular (LV) function, along with a higher
risk of death from ventricular failure (3). The favorable responses to IL-33/ST2L function
are thought to be mediated by inhibition of apoptosis and cell death (4). In contrast to ST2L,
sST2 may act as a “decoy” receptor for IL-33, and when present in large enough amounts,
sST2 likely interferes significantly with the actions of IL-33, potentially leading to loss of
the beneficial effects of this hormone (5). Clinically, increased sST2 concentrations predict
adverse outcomes in acute myocardial infarction (6 – 8), acutely decompensated heart
failure (9 –12), and chronic heart failure (13, 14). Increased sST2 concentrations are also
present in multiple non-cardiac entities (asthma (15), pulmonary disease (16), sepsis (17,
18), and trauma(18)), consistent with its role of mitigating type 2 helper (Th2) cell
responses.

Despite the powerful biological and prognostic data regarding sST2 across a wide range of
disease states, there are relatively few data regarding its distribution and correlates in the
community. Such information may become important as the use of this biomarker increases,
and may provide insight regarding factors that influence the ST2/IL-33 system. Although
earlier versions of the assay for sST2 measurement were insufficiently precise to measure
very low concentrations of the biomarker in healthy individuals, such measurement was now
possible with the development of a highly sensitive ELISA (19). With this in mind, we
measured sST2 in a large population-based study of well-characterized, ambulatory
individuals.

9Nonstandard abbreviations: IL, interleukin; ST2L, ST2 ligand; sST2, soluble ST2; LV, left ventricular; Th2, type 2 helper; GFR,
glomerular filtration rate; FEV1, forced expiratory volume in 1 s; BMI, body mass index; ECG, electrocardiogram; CRP, C-reactive
protein; HRT, hormone replacement therapy; WC, waist circumference; FVC, forced vital capacity; HOMA-IR, homeostatic model
assessment–insulin resistance.
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Methods
STUDY SAMPLE

The study design of the Framingham Offspring Study has been described (20(. Participants
who attended Examination 6 and had sST2 concentrations checked from banked serum were
eligible for the current investigation (1996–1998; n = 3450).

We excluded the following participants in hierarchical fashion: prevalent LV dysfunction (n
= 302), prevalent heart failure (n = 39), missing sST2 concentration (n = 4), missing high-
sensitivity troponin (n = 35), and no blood sample available (offsite examination; n = 43).
The general sample contained 3109 individuals.

A healthy reference sample was also selected, from which participants with the following
characteristics were excluded: missing biomarker information (n = 4), high-sensitivity
troponin concentration extreme outlier (n = 1), age <35 or ≥75 years (because of too few
individuals in these age groups to determine a reliable reference limit; n = 23), renal
dysfunction [defined by estimated glomerular filtration rate (GFR) < 60 mL/min/1.73m2

(21); n = 85], pulmonary dysfunction [forced expiratory volume in 1 s (FEV1) < lower limit
of normal for the population as calculated by Hankinson et al. (22); n = 114], LV
dysfunction (echocardiographically determined by fractional shortening <0.30, ventricular
function coded as borderline or mild to severe dysfunction; n = 86), valve disease (systolic
murmur graded 3/6 or worse or any diastolic murmur; n = 19), obesity [body mass index
(BMI) ≥30 kg/m2; n = 367], hypertension (systolic blood pressure ≥140 mmHg or diastolic
blood pressure ≥90 mmHg or use of an antihypertensive medication; n = 1019), diabetes
[fasting blood glucose >125 mg/dL (>6.94 mmol/L); n = 312], atrial fibrillation (n = 61),
heart failure (n = 13), or coronary heart disease (myocardial infarction, angina pectoris, or
coronary insufficiency; n = 292). After applying these exclusions, the resulting reference
sample included 1136 individuals. Of note, we excluded individuals with renal disease (on
the basis of GFR) to maintain the similarity between our reference population and reference
populations used in other biomarker studies. There was no significant correlation between
log(ST2) and log(GFR) in our analysis (data not shown). This is consistent with the work
from Dieplinger et al. (19), who did not find any difference in sST2 concentrations between
healthy controls and individuals with renal disease.

Given previous links to asthma, a secondary analysis was performed on the entire
Examination 6 population to investigate the relationship between sST2 concentrations,
asthma, and measures of pulmonary function by pulmonary function testing. For this
analysis, participants were excluded for prevalent heart failure (n = 56), coronary heart
disease (n = 159), or chronic kidney disease stage IV (n = 27). Additionally, participants
with missing covariates including BMI, height, weight, pack-years smoked, smoking status,
and diabetes (n = 421) and missing pulmonary function testing (n = 518) were excluded.
After applying these exclusions, the sample for the secondary analysis included 2374
individuals.

All participants in the Framingham Heart Study provided written informed consent, and the
study protocol was approved by the Institutional Review Board of the Boston University
Medical Center.

CLINICAL ASSESSMENT
All participants underwent a clinical examination as described elsewhere (20). A general
medical history (including alcohol and smoking history) was performed. Standard 12-lead
electrocardiogram (ECG), blood pressure, and anthropomorphic measures were recorded.
Pulmonary function testing was performed, and measurement and derivation of the predicted
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values have been described elsewhere (23). An echocardiogram was also performed, and
standard 2-dimensional and M-mode measurements were recorded (24). All measurements
were performed in accordance with American Society of Echocardiography
recommendations and by use of a leading-edge to leading-edge technique. Fractional
shortening was calculated by the following equation: LV end-diastolic diameter − LV end-
systolic diameter)/(LV end-diastolic diameter) (25(. Metabolic syndrome was defined by the
National Cholesterol Education Program Adult Treatment Panel III and has been used in
previous Framingham Studies (26, 27). C-reactive protein (CRP) was measured from a
morning fasting blood sample as described previously (28).

MEASUREMENT OF sST2
Participants provided a morning, fasting blood sample that was stored at −80 °F until thawed
for measurement of sST2. We measured sST2 in citrated plasma by use of a clinically
available, highly sensitive ELISA (Presage® ST2 assay, Critical Diagnostics) whose
performance characteristics have been recently described (the reference change value from
this study was reported to be 29.8%) (19). The lower limit of detection of the assay is 2 μg/
L. The assay has a within-run CV of 2.4% and a total CV of 4.0% at a mean concentration
of 11 μg/L, within-run CV of 2.0% and total CV of 3.9% at a mean concentration of 87 μg/
L, and within-run CV of 2.2% and total CV of 3.9% at a mean concentration of 140 μg/L.

STATISTICAL METHODS
We used descriptive statistics to obtain the characteristics of the reference and general
populations. Means (SDs) are presented for continuous variables [with the exception of the
hormone replacement therapy (HRT) variable, for which median and first and third quartiles
are presented] and percentages for categorical variables in the general and reference
samples.

Given nonnormality of distribution, sST2 concentrations were log-transformed for
modeling. We used multivariable linear regression to determine the clinical correlates of
log(sST2) in the reference and general samples. Continuous covariates were standardized (1-
SD increment) to facilitate comparison among covariates. Candidate covariates included
age, sex, BMI, systolic blood pressure, use of antihypertensive medication, smoking status,
total and HDL cholesterol, LV hypertrophy (by ECG), diabetes, and atrial fibrillation. We
used multivariable linear regression to determine the correlates of individual pulmonary
function measures and asthma. Candidate covariates included log(ST2), age, sex, height,
smoking status, pack-years smoked, BMI, and diabetes.

We derived reference values for the 2.5th, 50th, 97.5th, and 99th quantiles of sST2 using 2
techniques described previously in the Framingham Heart Study: empirical and quantile
regression (29). To estimate the empirical reference limits, the reference sample was divided
by sex and placed into 10-year age bins. Because the empirical reference limits can vary
substantially when the subgroup size is small, we also performed linear quantile regression
(PROC QUANTREG) to estimate the 2.5th-, 50th-, 97.5th-, and 99th-percentile sex-specific
regressions with age as the sole predictor. Analyses were performed with SAS version 9.1.3
(SAS Institute). All P values are 2-sided, with values <0.05 considered statistically
significant.

Results
BASELINE CHARACTERISTICS

Characteristics of the general and reference samples are presented in Table 1. In the general
sample, the mean age was 59 years, and 55% were women. Plasma concentrations of sST2
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were detectable in 100% of individuals with plasma tested. The distribution of sST2
concentrations in men and women in the reference sample is shown in Fig. 1.

CLINICAL CORRELATES
Correlates of sST2 in the general and reference samples are shown in Table 2. In the general
sample, age, sex, systolic blood pressure, use of antihypertensive medication, and presence
of diabetes were associated with higher plasma sST2 concentrations (P < 0.05 for each
covariate).

To further evaluate the association of sST2 with sex, we examined sST2 concentrations in
women by HRT status. HRT includes estrogen therapy in women with or without the use of
progestin. The median concentration of sST2 in men was 23.50 μg/L (first and third
quartiles, 19.18 and 28.96); for women not on HRT (n = 1267), it was 19.51 μg/L (15.76
and 23.83); and for women on HRT (n = 452), it was 17.07 μg/L (13.91 and 20.68) (P for
difference in mean between all 3 groups = <0.0001). Additionally, when adding HRT status
to the multivariable model, we found that HRT was strongly associated with log(sST2)
(regression coefficient −0.353, SE 0.052, P < 0.001).

To explore the association with diabetes, we created additional models. Concentrations of
CRP [standardized log(CRP), added to the main sex-pooled model] were significantly
associated with log(sST2) (regression coefficient 0.024, SE 0.007, P < 0.0006), but
standardized log(triglyceride) concentrations were not (regression coefficient −0.005, SE
0.008, P = 0.54). Presence of metabolic syndrome was not associated with log(sST2)
(regression coefficient 0.004, SE 0.016, P = 0.82). In a separate model, we replaced BMI
with waist circumference (WC). In this model, WC was also significantly associated with
log(sST2) concentrations (regression coefficient 0.003, SE 0.001, P = 0.03); however, when
added to the model in addition to BMI, WC was not independently significant.

In an analysis of the correlates of pulmonary function tests and asthma, although log(sST2)
was significantly associated with percent predicted FEV1 (regression coefficient −0.022, SE
0.009, P = 0.01) and percent predicted forced vital capacity (FVC) (regression coefficient
−0.206, SE 0.008, P < 0.001), it was not associated with the percent predicted FEV1/FVC
ratio (regression coefficient 0.002, SE 0.005, P = 0.71) or a clinical diagnosis of asthma
(regression coefficient 0.176, SE 0.176, P = 0.321). A 2-SD increase change in log(sST2) is
associated with a 1.5% decline in the per-cent predicted FEV1 and a 1.8% decline in the
percent predicted FVC.

REFERENCE LIMITS
Given the important effect of sex on sST2 values, we generated sex-specific reference limits
for the biomarker. The sex- and age-specific 2.5th-, 50th-, 97.5th-, and 99th-percentile
reference limits (as calculated by empirical and quantile regression methods) for sST2 are
presented in Table 3. The similarity between the empirical and quantile methods is
particularly notable in the 2.5th- and 50th-percentile reference limits, whereas the empirical
and quantile methods diverged in the 97.5th percentile in women and in the 99th percentile
for men (Fig. 2). This variability may relate to subgroup size. sST2 concentrations were
generally higher in men than women. Both sexes showed small increases in sST2 with
advancing age, but a steep increase in sST2 concentrations in older women resulted in
similar empirical percentiles between sexes above age 65 years.

Discussion
Several recent studies have highlighted the biological and clinical importance of sST2 in a
broad range of individuals, including those with heart failure syndromes (9 –14), acute
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myocardial infarction (6 – 8), and other medical conditions (15, 16). However, the vast
majority of studies have considered sST2 in the context of disease, whereas limited data
have been published regarding concentrations of the biomarker in healthy individuals. As
use of this biomarker increases, it is critical to understand the normal variability in sST2
concentrations and establish reference values. One previous issue limiting the ability to
perform such an important study was the fact that prior methods for sST2 measurement were
insensitive and imprecise in patients with very low concentrations of the biomarker. This
issue has been surmounted with the development of a highly-sensitive ELISA method for
measurement of sST2 (19).

Accordingly, in a well-characterized community-based cohort, we measured sST2 using the
Presage ST2 assay and, remarkably, found that circulating concentrations of the biomarker
are universally detectable in apparently-healthy individuals. The strongest correlates of sST2
in this cohort were age, sex, and presence of diabetes, whereas many variables such as renal
function or BMI that influence other biomarker concentrations were not important correlates
of sST2. Additionally, in contrast to prior studies, we did not find that ST2 was associated
with a clinical diagnosis of asthma, though sST2 values did have modest correlation to
pulmonary function testing, which is of unclear relevance. Last, we established age- and
sex-based reference limits for sST2, which offers utility for both clinical and research
applications.

CLINICAL CORRELATES OF sST2 IN A GENERAL SAMPLE
An important finding of our study was that age and sex represent important determinants of
“normal” sST2 concentrations. Heterogeneity of the biomarker in women was characterized
by lower values in women compared with men and an age-associated rise in sST2 among
older women, although even at older age, men still had higher sST2 values than women.
This finding suggests that there are potentially important effects of sex on sST2
concentrations, with women demonstrating lower values than age-matched men. This trend
may represent the effects of sex hormones: when we stratified analyses by estrogen
replacement status, women taking estrogen had the lowest concentrations of sST2. In
contrast, Dieplinger et al. (30) did not find any clear association between measured sex
hormone concentrations and sST2 concentrations in a study of healthy blood donors, albeit
in a smaller study cohort. Adiposity is an important factor to consider in this context, given
the production of sex hormones by adipose tissue. In the general sample, the effect of BMI
appeared somewhat sex specific, with an association in women only; however, this
relationship was not evident in the reference sample. It is worth noting that these relatively
minor effects of BMI are considerably less significant than what has been reported in this
cohort for natriuretic peptide concentrations (31).

Interestingly, we found sST2 to be associated with blood pressure (systolic pressure in men
and use of antihypertensive medications in women). In patients with heart failure, Rehman
et al. (12) reported a similar association between hypertension and sST2. Mechanistically,
this may reflect cardiac production related to strain: Bartunek et al. (32) found that sST2 was
strongly associated with diastolic load in healthy subjects, as well as in patients with aortic
stenosis or cardiomyopathy. In the study by Bartunek et al., ST2 production was found in
myocardium as well as venous and arterial endothelial cells. Thus, sST2 may be a marker of
the vascular effects associated with increased afterload and myocardial stress. Further
studies examining sST2 concentrations and direct measurements of vascular and endothelial
function are needed to better understand this relationship.

A striking finding was the association of sST2 with diabetes mellitus in both men and
women. To investigate this relationship further, we created models that included covariates
that are associated with diabetes. WC and CRP but not triglyceride concentration were
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correlated with sST2. CRP and WC are associated with other cardiometabolic risk markers,
such as hypertension, cholesterol, and insulin resistance [as measured by homeostatic model
assessment–insulin resistance (HOMA-IR)] (33). The association with diabetes and other
cardiometabolic risk markers suggests that sST2 may also be a marker of cardiometabolic
risk. The pathways by which this occurs are not known, although animal studies have shown
that sST2 signaling may be important in modulating the autoimmune effects on the pancreas
associated with diabetes (34). More investigation is needed before firm conclusions can be
made; however, it is reasonable to infer that the relationship between diabetes and sST2
might represent a signal of potential cardiometabolic risk.

We observed an association of sST2 with FEV1 and FVC, but not with the FEV1/FVC ratio
or a clinical diagnosis of asthma. Therefore, our data suggest that sST2 is associated with
restrictive pulmonary physiology but not obstructive physiology. We do not have additional
data to determine if participants with restrictive physiology by pulmonary function tests had
subclinical evidence of pulmonary fibrosis, but other investigators have found that ST2
concentrations are increased during acute exacerbations of symptomatic pulmonary fibrosis
(35). Prior studies have reported an association between sST2 concentrations and atopic
asthma (15). Differing definitions of asthma and lack of radioallergosorbent testing in the
current study may have contributed to these discrepant results. The mechanism by which
elevation of sST2 occurs in both pulmonary fibrosis and asthma has been suggested to be
Th2 cell proliferation via tumor necrosis factor-α, IL-1, IL-4, IL-5, IL-13, and IL-1β (15,
35).

REFERENCE LIMITS
We determined sST2 reference limits using both empirical and quantile regression
approaches, the latter used to minimize the influence of outlier values. There was excellent
agreement in the 2 approaches for the 2.5th- and 50th-percentile values, but more variability
for the 97.5th percentile was noted in women, consistent with an effect of outliers in the
empirical approach. Our reference values are similar to those of Lu et al. (36) but higher
than those reported by Dieplinger et al. (19). Our more extensive criteria for excluding
individuals with cardiovascular risk factors or subclinical LV dysfunction may have
accounted for some of the differences. Indeed, a major strength of our study is the well-
characterized population that made up our reference sample and the large size of our cohort
compared with other studies. In addition to clinical history, diagnostic testing with routine
electrocardiograms and echocardiograms allowed us to minimize inclusion of individuals
with subclinical cardiovascular dysfunction in the reference sample.

sST2 values previously linked with a higher risk for cardiovascular outcomes in patients
with established heart disease (e.g., ≥35 μg/L) (13) generally represented values at or above
the 95th-percentile concentration in our general population. This observation implies that,
much like other biomarkers of risk in the general population (such as highly sensitive
troponin), there are “apparently well” subjects with values of sST2 associated with
considerable risk. Recently published work from this cohort confirms that sST2 (alone or in
combination with other cardiovascular biomarkers) predicts incident cardiovascular disease
(37). More data are needed to better understand this observation. In-depth echocardiographic
analyses are underway in this cohort and will be examined as a separate effort.

LIMITATIONS
Our study is limited in that we examined a population cohort that was primarily white, and
there were few elderly individuals in the cohort. Thus, our results cannot necessarily be
generalized to individuals outside this demographic or age range. That said, the quality of
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the data from our cohort is well established for studies such as ours, and a major strength of
the analysis is the size and well-characterized nature of the cohort, as noted above.

Conclusions
We have demonstrated that sST2 concentrations are associated with sex, age (in women),
systolic blood pressure (more notably in men), use of antihypertensive medication, and
diabetes in a sample of individuals without heart failure. We have also established reference
intervals for sST2 using a highly sensitive assay. Our results imply that when using the
Presage ST2 assay, it would be expected that concentrations of the biomarker are detectable
in most (and likely all) apparently healthy individuals; for measurement in such individuals,
upper reference limits might be adjusted for age and sex. Because sST2 has been established
as a potentially useful biomarker for risk prediction in patients with established heart
disease, our data are important, as they may now allow for investigations of the potential
role of sST2 testing in a considerably broader, community-based population.
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Fig. 1.
ST2 concentrations in men and women in the reference sample.
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Fig. 2.
2.5th, 50th, and 97.5th percentiles of ST2 for men and women in the reference sample:
quantile and empirical approaches.
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Table 1

Characteristics of the reference and general samples.a

General sample Reference sample

Men Women Men Women

n 1388 1721 462 674

Age, years 59 (10) 59 (10) 55 (9) 56 (8)

BMI, kg/m2 28.5 (4.4) 27.4 (5.7) 26.1 (2.4) 24.4 (2.8)

Blood pressure, mmHg

 Systolic 130 (17) 127 (20) 119 (11) 116 (12)

 Diastolic 78 (9) 74 (9) 74 (7) 71 (8)

Total cholesterol,

 mg/dL 200 (40) 212 (38) 202 (39) 209 (39)

 mmol/L 5.17 (1.03) 5.48 (0.98) 5.22 (1.01) 5.41 (1.01)

HDL cholesterol

 mg/dL 43.8 (12.3) 58.1 (16.3) 46.5 (12.6) 61.9 (15.8)

 mmol/L 1.13 (0.32) 1.50 (0.42) 1.20 (0.33) 1.60 (0.41)

Smoker, % 15 16 14 14

Antihypertensive therapy, % 29 25

Diabetes, % 12 9

Atrial fibrillation, % 3 1

a
Data are mean (SD) unless otherwise noted.
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Table 2

Clinical correlates of sST2.

Covariates included in the modela Regression coefficientb SE P

General sample

 All

  Female sex −0.206 0.013 <0.001

  Age, per 10 years 0.027 0.007 <0.001

  BMI, per 5.2 kg/m2 0.011 0.007 0.09

  Systolic blood pressure, per 19 mmHg 0.019 0.007 0.006

  Use of antihypertensives 0.032 0.017 0.03

  Diabetes 0.104 0.020 <0.001

 Men

  Age, per 10 years 0.010 0.010 0.35

  BMI, per 5.7 kg/m2 −0.015 0.011 0.20

  Systolic blood pressure, per 21 mmHg 0.031 0.011 0.005

  Use of antihypertensives 0.024 0.022 0.27

  Diabetes 0.121 0.030 <0.001

 Women

  Age, per 10 year 0.042 0.009 <0.001

  BMI, per 4.4 kg/m2 0.024 0.008 0.002

  Systolic blood pressure, per 17.0 mmHg 0.009 0.009 0.31

  Use of antihypertensives 0.043 0.020 0.03

  Diabetes 0.091 0.029 0.002

Reference sample

 All

  Female sex −0.233 0.038 <0.001

  Age, per 8.9 years 0.029 0.010 0.006

  BMI, per 2.8 kg/m2 −0.020 0.011 0.07

 Men

  Age, per 8.9 years 0.029 0.016 0.07

  BMI, per 2.4 kg/m2 −0.023 0.019 0.22

 Women

  Age, per 9 years 0.026 0.014 0.06

  BMI, per 2.8 kg/m2 −0.019 0.013 0.15

a
For the reference sample, covariates in the model included age, sex, BMI, systolic blood pressure, smoking status, and total and HDL cholesterol.

For the general sample, covariates in the model included age, sex, BMI, systolic blood pressure, use of an antihypertensive medication, smoking
status, total and HDL cholesterol, LV hypertrophy (by ECG), diabetes, and atrial fibrillation.

b
Regression coefficients represent expected increment in log(sST2) for presence vs absence (or 1 SD increment) of the categorical (or continuous)

covariates shown.
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