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Abstract
Background: Soluble ST2 is a novel biomarker of myocardial fibrosis with an established role in prognostication of
patients with heart failure. Its role in cardiovascular risk prediction for renal transplant recipients has not been
investigated despite promising results for ST2 in other populations with renal disease.
Methods: In this prospective cohort study, 367 renal transplant recipients were followed up for a median of 16.2
years to investigate the association of soluble ST2 concentration with all-cause mortality. Cardiovascular mortality
and major adverse cardiovascular events were secondary outcomes. Cox regression models were used to calculate
hazard ratios and 95% confidence intervals for ST2 before and after adjustments. ST2 concentration was analysed
both as a continuous variable and following categorisation according to the recommended cut-point of 35 ng/ml.
Results: A twofold higher ST2 concentration was associated with a 36% increased risk of all-cause mortality after
adjustment for conventional cardiovascular risk factors and high-sensitivity C-reactive protein (adjusted hazard ratio
1.36; 95% confidence interval 1.06–1.75; p = 0.016). Associations with ST2 concentration were similar for
cardiovascular events (adjusted hazard ratio 1.31; 95% confidence interval 1.00–1.73; p = 0.054), but were stronger
for cardiovascular mortality (adjusted hazard ratio 1.61; 95% confidence interval 1.07–2.41; p = 0.022). Addition of
ST2 to risk prediction models for mortality and cardiovascular events failed to improve their predictive accuracy.
Conclusions: ST2 is associated with, but does not improve prediction of, adverse outcomes in renal transplant
recipients.
Keywords: Kidney transplantation, Cardiovascular diseases, Biomarkers, Risk factors, C-reactive protein

Background
Transplantation has been established as the optimal
treatment for end-stage renal disease (ESRD). It substantially improves survival compared to dialysis [1]. However, life expectancy in renal transplant recipients (RTR)
is lower than in their age-matched peers [2]. As the leading cause of death following kidney transplantation, reducing cardiovascular disease remains an important goal
in improving overall patient survival [2].
Traditional cardiovascular risk factors are prevalent in
patients with ESRD both before and after transplantation
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[3]. Post-transplantation, risk factors such as dyslipidaemia are exacerbated by the immunosuppressant medication necessary to reduce immunological injury to the
allograft [4]. Additional factors including impaired graft
function and proteinuria also contribute to this excess
cardiovascular risk [3]. Because of this unique combination of factors, the clinical presentation of cardiovascular disease may differ to that of the general population.
Non-atherosclerotic abnormalities such as myocardial fibrosis and left ventricular hypertrophy are common in
ESRD [5]. Consequently, over half of cardiovascularrelated deaths in RTR are due to arrhythmias or cardiac
arrest [2]. It is therefore unsurprising that risk scores
used for the general population underestimate risk of
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cardiovascular events and mortality when applied to
RTR [6]. A cardiovascular risk calculator has been specifically designed for use in RTR [7, 8]. While it outperforms other scores in this patient cohort, there may be
scope to further improve its accuracy [6].
In cardiovascular medicine, recent emphasis has been
placed on using biomarkers to aid prediction of adverse
outcomes [9]. Soluble ST2 (sST2) is a member of the IL1 receptor family which is measurable in human plasma
[10]. sST2 expression is upregulated by myocardial
stress, and this has been linked to cardiac hypertrophy
and fibrosis [11]. Elevated sST2 concentration predicts
mortality in patients with heart failure and stable ischaemic heart disease [12, 13]. This appears to be independent of renal function [14]. Recent studies have also
reported sST2 to be of prognostic value in patients with
chronic kidney disease (CKD) and ESRD requiring haemodiafiltration [15, 16].
To our knowledge, there are no data on the utility of
sST2 as a prognostic biomarker in RTR. In this study,
we investigated the association of sST2 with mortality
and major adverse cardiovascular events (MACE) in
RTR. We also evaluated whether adding sST2 to survival
models comprised of established risk factors and highsensitivity C-reactive protein (hs-CRP) improved the
prognostic accuracy of such models in this population.

Materials and methods
Study population

From June 2000 until December 2002, 379 renal transplant recipients in Northern Ireland were recruited from
outpatient clinics at Antrim Area Hospital and Belfast City
Hospital. All recipients with a functioning graft (i.e. independent of dialysis at time of recruitment) were eligible
for inclusion. No formal exclusion criteria were imposed.
Written consent was obtained from all participants. This
study was performed in accordance with the Declaration
of Helsinki. A favourable ethical opinion was obtained
from an NHS Research Ethics Committee (17/LO/1799).
At recruitment, a brief physical assessment was performed. Body mass index (BMI) was calculated. Blood
pressure was measured at three consecutive clinic visits
and the mean value recorded. The presence of left ventricular hypertrophy (LVH) on electrocardiogram (ECG),
according to Sokolow-Lyon voltage criteria, was documented. Participants completed a 24-h urine collection
to quantify proteinuria. A fasting blood sample was
drawn from each participant and separated into aliquots
of serum and plasma. Routine biochemical and haematological analyses were performed by NHS laboratories on
the day of recruitment.
Face-to-face questionnaires and a review of medical
notes were undertaken to determine baseline demographic
data, cause and duration of ESRD, details of the transplant
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procedure, co-morbidities and pre-existing cardiovascular
disease. Medications, including immunosuppression regimen, were also recorded.

Biomarker measurement

sST2 concentration was measured once for each participant. This was performed using EDTA-plasma samples
which had been collected on the day of study recruitment (ranging June 2000 – December 2002). Plasma
samples had been stored at − 80 °C from the day of study
recruitment until analysis in September 2018. All were
first-thaw samples. All analyses were performed in the
same laboratory.
The process was fully-automated using a Triturus
analyser (Diagnostics Grifols SA, Barcelona, Spain)
and the Presage® ST2 assay (Critical Diagnostics, San
Diego, CA, USA). This high-sensitivity, enzyme-linked
immunoassay (ELISA) has a lower limit of detection
of 2 ng/ml, with a reportable range of 3.1–200.0 ng/
ml. All samples were analysed in duplicate and measurement was repeated for any sample with a coefficient of variation (CV) > 10%. Absorbances were
measured using spectrophotometry at 450 nm, and
sST2 concentration determined from a log-log linear
regression curve. The intra-assay CV was < 2%. The
inter-assay CV was 4.1% at 30.4 ng/ml and 5.1% at
74.8 ng/ml.
The concentration of hs-CRP was determined from
serum samples stored and treated in an identical manner
to the plasma samples. The CRPL3 assay and a Cobas®
8000 modular analyser (Roche Diagnostics, Burgess Hill,
UK) were used. The measurement range of the assay is
0.3–350 mg/L. The intra-assay CV was < 2%. The interassay CV was 2.16% at 15 mg/L and 2.70% at 129 mg/L.

Outcomes and follow-up

Prospective follow-up data on participants were obtained
from the Northern Ireland Kidney Transplant Database
(Ethics Committee reference: 18/NI/0004). This database
prospectively records outcomes for all kidney transplant
procedures performed in Northern Ireland, including recipient and graft survival and the incidence of complications.
The primary outcome was time to all-cause mortality.
Secondary outcomes were time to cardiovascular mortality and time to first MACE. MACE was defined as myocardial infarction (based on two of the following three:
history, typical ECG changes, troponin rise), ischaemic
heart disease requiring coronary artery stenting or bypass grafting, congestive cardiac failure requiring hospitalisation, pulmonary embolism, stroke (diagnosed
clinically or radiologically), and peripheral vascular disease requiring radiological intervention or amputation.
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Statistical analyses

Categorical variables are presented as counts and percentages. Continuous variables are presented as mean
and standard deviation (SD) or median and interquartile
range (IQR) as appropriate to their distribution. The
chi-square test, Student’s t-test, Mann-Whitney U test
or Kruskal-Wallis test were used to compare differences
between groups. Spearman’s rank correlation coefficient
was used to investigate the relationship between laboratory parameters and sST2 concentration.
Kaplan-Meier curves were plotted to demonstrate the
survival experience by group. The log-rank test was
employed to investigate differences in survival between
groups. Hazard ratios (HR) and 95% confidence intervals
(CI) were obtained from Cox proportional hazards regression analyses. In survival models, sST2 was treated
as a continuous predictor variable following logarithmic
transformation (to base 2). sST2 concentration was also
categorised according to the widely reported cut-off
value of 35 ng/ml.
Additionally, logistic regression analysis was performed
with recipient survival outcomes at 15 years as the
dependent variable. Youden’s J statistics were subsequently calculated from receiver operator curve (ROC)
analyses to determine the optimal cut-point for sST2 concentration with the highest sensitivity and specificity in
this cohort [17]. Further survival analyses were undertaken
using these optimal cut-off values to categorise sST2.
Covariates included in survival models were selected a
priori based upon their reported role as cardiovascular
risk factors in the existing literature. The covariates in
Model 1 were adopted (as far as possible from the available baseline data on study participants) from the
QRISK2 score [18]. This is a cardiovascular risk prediction tool recommended in national guidelines for use in
the general population of the UK [19]. Additional covariates relevant to renal transplant recipients (eGFR, proteinuria and hs-CRP) were also included.
The covariates in Model 2 were adopted from the Cardiovascular Risk Calculator for Renal Transplant Recipients. This risk calculator was derived from a cohort of
renal transplant recipients in the Assessment of Lescol
in Renal Transplantation (ALERT) trial and has been externally validated [7, 8]. Two versions of this calculator
exist; one for the prediction of mortality (covariates included in Model 2a) and one for the prediction of
MACE (covariates included in Model 2b).
The impact of sST2 on the predictive accuracy of each
survival model was evaluated using discrimination metrics:
difference in C-statistics (before and after addition of
sST2), integrated discrimination improvement (IDI) and
category-free net reclassification index (NRI(> 0)) [20, 21].
The statistical software package R V3.5.2 (http://www.
R-project.org) was employed to derive discrimination
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metrics using the ‘compareC’ and ‘survIDINRI’ packages.
SPSS (Version 24) was used for all other analyses.

Results
Characteristics of the study population

Plasma samples were unavailable for 12 participants due
to insufficient volume at the time of sampling. sST2 concentration was measured for 367 of the 379 recruited
patients.
Baseline characteristics are displayed in Table 1. The
median age of participants was 47 years. The majority
were male and non-smokers. In total, 13.6% had diabetes
mellitus, 80.4% had hypertension and 21.8% had preexisting cardiovascular disease. The median time between transplantation and sST2 measurement was 7.8
years. Mean estimated glomerular filtration rate (eGFR)
was 52.4 ml/min/1.73m2.
The immunosuppression regimens (not shown) were
heterogeneous, representing practice in Northern Ireland
in 2000–2002. Overall, 77% of participants were taking
prednisolone and 67% were prescribed a calcineurininhibitor (CNI)-based regimen. Of those participants on
a CNI-based regimen, 195 (79.3%) were using ciclosporin. Induction therapy was not used in any
participant.
Concentration of sST2 in the study population

The median sST2 concentration was 33.1 ng/ml. sST2
concentrations ranged from 9.6–177.0 ng/ml. Using the
accepted cut-off of 35 ng/ml, 197 (53.7%) participants
had low sST2 (< 35 ng/ml) and 170 (46.3%) participants
had high sST2 (> 35 ng/ml). The baseline characteristics
of participants according to low and high sST2 concentration are shown in Table 1.
Participants in the high sST2 group were more likely
to be male and have a history of cardiovascular disease.
There was no difference in the prevalence of LVH in the
low sST2 group compared to the high sST2 group
(20.2% versus 21.4%, P = 0.887).
In univariable analyses, there was little evidence of
correlation between sST2 concentration and creatinine
(Spearman’s rho 0.075, P = 0.153), eGFR (Spearman’s
rho − 0.034, P = 0.521) or hsCRP (Spearman’s rho 0.065,
P = 0.217). There was evidence of weak correlation between concentration of sST2 and proteinuria (Spearman’s rho 0.152, P = 0.005).
Incidence of mortality and MACE

Follow-up data was complete for all participants. The
median duration of follow-up was 16.2 years. There were
171 deaths during the study period. Cardiovascular disease was the commonest cause of mortality, accounting
for 62 (36.3%) deaths in the study population. Overall,
199 MACE occurred in 131 participants.
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Table 1 Baseline characteristics of the study population
Characteristic

Total cohort
N = 367

sST2 < 35 ng/ml
N = 197

sST2 ≥ 35 ng/ml
N = 170

P value

Age (years); median (IQR)

47 (38, 60)

44 (37, 58)

49 (38, 60)

0.138

Male sex; n (%)

234 (63.8)

113 (57.4)

121 (71.2)

0.008

Primary renal disease; n (%)
Glomerular disease

90 (24.5)

48 (24.4)

42 (24.7)

1.000

Interstitial disease & pyelonephritis

79 (21.5)

47 (23.9)

32 (18.8)

0.297

Polycystic kidney disease

48 (13.1)

20 (10.2)

28 (16.5)

0.102

Diabetic nephropathy

23 (6.3)

12 (6.1)

11 (6.5)

1.000

Aetiology unknown

51 (13.9)

26 (13.2)

25 (14.7)

0.791

Other

76 (20.7)

44 (22.3)

32 (18.8)

0.485

1

314 (85.6)

170 (86.3)

144 (84.7)

0.777

2

47 (12.8)

26 (13.2)

21 (12.4)

0.932

3

5 (1.4)

1 (0.5)

4 (2.4)

0.187

4

1 (0.3)

0 (0)

1 (0.6)

0.463

DBD

341 (92.9)

182 (92.4)

159 (93.5)

0.824

Living-related

26 (7.1)

15 (7.6)

11 (6.5)

Total RRT (dialysis + transplant)

125 (69, 193)

120 (65, 193)

129 (76, 190.3)

0.193

Post-transplant

94 (43, 195)

94 (42.5, 169.5)

103.5 (45, 157.5)

0.673

Steroid use

282 (76.8)

139 (70.6)

143 (84.1)

0.003

CNI use

246 (67.0)

130 (66.0)

116 (68.2)

0.730

Sirolimus use

Number of grafts–including current (%)

Donor type; n (%)

Time (months); median (IQR)

Immunosuppression; n (%)

11 (3.0)

5 (2.5)

6 (3.5)

0.804

Current smokers; n (%)

67 (18.3)

42 (21.3)

25 (14.7)

0.134

History of diabetes mellitus; n (%)

50 (13.6)

28 (14.2)

22 (12.9)

0.840

History of hypertension; n (%)

295 (80.4)

154 (78.2)

141 (82.9)

0.310

Statin use; n (%)

154 (42.0)

82 (41.6)

72 (42.4)

0.972

BMI (kg/m2); mean (SD)

26.6 (4.5)

26.7 (5.0)

26.4 (4.0)

0.721

Left ventricular hypertrophy; n (%)

71 (20.8)

38 (20.2)

33 (21.4)

0.887

History of cardiovascular disease; n (%)

80 (21.8)

34 (17.3)

46 (27.1)

0.032

Ischaemic heart disease

55 (15.0)

23 (11.7)

32 (18.8)

0.077

Stroke

20 (5.4)

9 (4.6)

11 (6.5)

0.569

Peripheral vascular disease

24 (6.5)

8 (4.1)

16 (9.4)

0.063

Total cholesterol (mmol/L); mean (SD)

5.3 (1.0)

5.3 (1.0)

5.2 (1.0)

0.371

HDL cholesterol (mmol/L); mean (SD)

1.4 (0.4)

1.4 (0.4)

1.4 (0.4)

0.866

LDL cholesterol (mmol/L); mean (SD)

3.0 (0.8)

3.0 (0.8)

3.0 (0.8)

0.340

Triglycerides (mmol/L); mean (SD)

2.0 (1.2)

2.0 (1.3)

1.9 (1.0)

0.582

Creatinine (μmol/L); mean (SD)

145.6 (69.7)

143 (67)

149 (73)

0.449

52.4 (20.5)

52 (19)

52 (22)

0.955

1&2 (eGFR ≥60 ml/min/1.73m2)

117 (31.9)

68 (34.5)

49 (28.8)

0.291

3 (eGFR 30–59 ml/min/1.73m2)

201 (54.8)

100 (50.8)

101 (59.4)

0.120

2

eGFR (ml/min/1.73m ); mean (SD)
CKD stage; n (%)
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Table 1 Baseline characteristics of the study population (Continued)
Characteristic
4 (eGFR 15–29 ml/min/1.73m2)
2

5 (eGFR < 15 ml/min/1.73m )
Proteinuria (mg/24 h)a; median (IQR)

Total cohort
N = 367

sST2 < 35 ng/ml
N = 197

sST2 ≥ 35 ng/ml
N = 170

P value

42 (11.4)

25 (12.7)

17 (10.0)

0.520

7 (1.9)

4 (2.0)

3 (1.8)

1.000

200 (100, 500)

200 (100, 400)

200 (100, 700)

0.029

144 (42.0)

88 (47.8)

56 (35.2)

0.024

a

Proteinuria category ; n (%)
Normal – mild (≤ 150 mg/24 h)
Moderate (151–499 mg/24 h)

113 (32.9)

60 (32.6)

53 (33.3)

0.978

Severe (≥ 500 mg/24 h)

86 (25.1)

36 (19.6)

50 (31.4)

0.016

Haemoglobin (g/dl); mean (SD)

12.8 (1.8)

12.8 (1.6)

12.7 (2.1)

0.361

HbA1c (%); mean (SD)

6.2 (1.1)

6.1 (1.2)

6.3 (1.1)

0.174

hsCRP (mg/L); median (IQR)

1.7 (0.7, 4.7)

1.6 (0.7, 4.4)

1.8 (0.7, 5.3)

0.293

Abbreviations: BMI body mass index, DBD deceased after brainstem death, eGFR estimated glomerular filtration rate, HbA1c haemoglobin A1c, hsCRP highsensitivity C-reactive protein, IQR interquartile range, RRT renal replacement therapy, sST2 soluble ST2
a
Proteinuria data available for 343 participants

Association of sST2 with all-cause mortality

In an unadjusted model, the risk of all-cause mortality
increased by 31% (HR 1.31; 95% CI 1.05–1.63) for every
twofold increase in sST2 concentration (Table 2) and
was similar after adjustments (adjusted HR 1.36; 95% CI
1.05–1.76).
The Kaplan-Meier plot graphically shows that the survival probability was significantly greater in the low sST2
group compared to the high sST2 group (Log rank test:
P = 0.025) (Fig. 1a). In both univariable and multivariable
models, high sST2 concentration (> 35 ng/ml) was significantly associated with all-cause mortality (Model 1:

adjusted HR 1.45, 95% CI 1.03–2.04; Model 2: adjusted
HR 1.36, 95% CI 1.00–1.85).
Despite a significant association between sST2 concentration and all-cause mortality, the addition of sST2 as a
continuous variable (per twofold increase) to survival
models did not significantly improve their discrimination
metrics (Table 3).

Association of sST2 with cardiovascular mortality

A plot of sST2 concentration versus time post-transplant
for participants who experienced cardiovascular mortality

Table 2 Association of sST2 with all-cause mortality, cardiovascular mortality and MACE in cox proportional hazards models
Model 1

Model 2

Unadjusted HR
(95% CI)

P value

Adjusted HR (95% CI)

P value

Adjusted HR (95% CI)

P value

1.31 (1.05–1.63)

0.016

1.36 (1.05–1.76)

0.018

1.33 (1.06–1.67)a

0.014

a

All-cause mortality (n = 171)
sST2 (per twofold increase)
sST2 ≥ 35 ng/ml

1.41 (1.04–1.90)

0.025

1.45 (1.03–2.04)

0.035

1.36 (1.00–1.85)

0.049

sST2 ≥ 33 ng/ml (optimal)

1.52 (1.12–2.05)

0.007

1.62 (1.15–2.29)

0.006

1.46 (1.07–1.99)a

0.016

1.50 (1.05–2.13)

0.024

1.65 (1.09–2.48)

0.017

1.50 (1.03–2.18)a

0.033

a

Cardiovascular mortality (n = 62)
sST2 (per twofold increase)
sST2 ≥ 35 ng/ml

1.31 (0.80–2.16)

0.288

1.43 (0.80–2.56)

0.233

1.16 (0.69–1.94)

0.576

sST2 ≥ 41 ng/ml (optimal)

1.72 (1.04–2.85)

0.035

1.90 (1.06–3.43)

0.032

1.57 (0.93–2.67)a

0.092

1.36 (1.07–1.74)

0.013

1.30 (0.97–1.73)

0.079

1.40 (1.08–1.80)b

0.010

b

MACE (n = 131)
sST2 (per twofold increase)
sST2 ≥ 35 ng/ml

1.34 (0.95–1.88)

0.096

1.09 (0.74–1.63)

0.659

1.19 (0.84–1.71)

0.332

sST2 ≥ 24 ng/ml (optimal)

1.75 (1.09–2.82)

0.021

1.70 (0.97–3.01)

0.066

1.89 (1.14–3.13)b

0.013

Abbreviations: BMI body mass index, CI confidence interval, CVD cardiovascular disease, eGFR estimated glomerular filtration rate, HR hazard ratio, hs-CRP highsensitivity C-reactive protein, IHD ischemic heart disease, MACE major adverse cardiovascular events, RRT renal replacement therapy, sST2 soluble ST2
Model 1: adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD, eGFR, proteinuria category, hs-CRP
a
Model 2 – mortality: adjusted for age, diabetes, total RRT time (= pre-transplant dialysis time + time-post transplant), serum creatinine, smoking status, history
of IHD
b
Model 2 – MACE: adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD
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Fig. 1 Kaplan-Meier curves of event-free survival for a all-cause mortality, b CV mortality and c MACE according to low (< 35 ng/ml) or high (≥35
ng/ml) sST2 concentration. Abbreviations: CV = cardiovascular; MACE = major adverse cardiovascular event; sST2 = soluble ST2

Table 3 Metrics for improvement in risk prediction of outcomes with addition of (continuous) sST2
All-cause mortality

Cardiovascular mortality

MACE

1.36 (1.05, 1.76)

1.65 (1.09, 2.48)

1.30 (0.97, 1.73)

Model 1
Adjusted HR per twofold increase sST2 (95% CI)
C-statistic
Original model

0.767

0.809

0.773

Original model + sST2

0.770

0.809

0.772

Difference

0.003

0.000

−0.001

P value

0.510

0.993

0.870

IDI (95% CI)

0.004 (−0.005–0.026)

0.020 (− 0.002–0.062)

0.007 (− 0.003–0.029)

P value

0.472

0.096

0.269

NRI(> 0) (95% CI)

0.172 (− 0.248–0.398)

0.186 (− 0.292–0.518)

−0.014 (− 0.348–0.320)

P value

0.365

0.429

1.000

1.33 (1.06–1.67)

1.50 (1.03–2.18)

1.40 (1.08–1.80)

Original model

0.757

0.792

0.756

Original model + sST2

0.761

0.791

0.756

0.004

−0.001

0.000

a

a

Model 2
Adjusted HR per twofold increase sST2 (95% CI)
C-statistic

Difference
P value

0.257

0.894

0.909

IDI a (95% CI)

0.005 (−0.004–0.025)

0.014 (− 0.002–0.053)

0.011 (− 0.003–0.032)

P value

0.385

0.106

0.126

NRI(> 0) a (95% CI)

0.212 (− 0.128–0.432)

0.122 (− 0.188–0.428)

0.186 (−0.144–0.454)

P value

0.159

0.332

0.173

Abbreviations: CI confidence interval, IDI Integrated Discrimination Index, MACE major adverse cardiovascular events, NRI(> 0) = category-free Net Reclassification
Index, sST2 soluble ST2
a
Based upon events up to 185 months
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and those who did not is demonstrated in Additional file
1: Figure S1.
The unadjusted risk of cardiovascular mortality increased by 50% (95% CI 5–113%) per twofold increase in
sST2 concentration (Table 2). This association with cardiovascular mortality remained significant in multivariable
models (Model 1: adjusted HR 1.65, 95% CI 1.09–2.48;
Model 2: adjusted HR 1.50, 95% CI 1.03–2.18). However,
the C-statistics of these models were not significantly altered by the addition of sST2 concentration (Table 3).
The Kaplan-Meier plot demonstrated less marked differences in cardiovascular mortality between the low
sST2 group and the high sST2 group (Log rank test: P =
0.286) (Fig. 1b). When categorised according to the
widely accepted cut-off value of 35 ng/ml, sST2 concentration was not significantly associated with cardiovascular mortality (Table 2).

Association of sST2 with MACE

For every twofold increase in sST2 concentration, the
unadjusted risk of developing MACE increased by 36%
(95% CI 7–74%) (Table 2). In Model 1, the adjusted risk
of developing MACE increased 30% (95% CI 0.97–1.73)
per twofold increase in sST2 concentration. A similar increase in risk was demonstrated after adjustment for the
covariates in Model 2.
When categorised according to the cut-off of 35 ng/ml,
sST2 concentration was not associated with development
of MACE on Kaplan-Meier (Log-rank test: P = 0.212) (Fig.
1c), or univariable Cox survival analyses (unadjusted HR
1.34, 95% CI 0.95–1.88) (Table 2). High sST2 concentration (> 35 ng/ml) was not associated with MACE on multivariable analyses.
The association of sST2 concentration with mortality
and MACE in a sex-stratified analysis is demonstrated in
Additional file 1: Table S1.

Association of Optimal sST2 concentration cut-offs with
patient outcomes

Calculation of Youden’s J statistics allowed identification of
the optimal cut-off values of sST2 concentration for predicting each adverse outcome in the study population. The optimal cut-off value of sST2 concentration for all-cause
mortality was 33 ng/ml, which was close to the median value.
An sST2 concentration greater than 33 ng/ml was associated
with an increased risk of all-cause mortality in all univariable
and multivariable analyses.
The optimal cut-off values for cardiovascular mortality
and MACE were 41 ng/ml and 24 ng/ml respectively.
When categorised according to the optimal cut-off value
of 41 ng/ml, sST2 was associated with cardiovascular mortality in an unadjusted analysis (unadjusted HR 1.72, 95%
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CI 1.04–2.85). This relationship was attenuated following
adjustment for the covariates in Model 2.
The relationship between each adverse outcome and
sST2 concentration dichotomised at these cut-off values
are demonstrated in Table 2. An sST2 concentration
greater than 24 ng/ml was associated with a 75% increase in the risk of developing MACE (unadjusted HR
1.75, 95% CI 1.09–2.82). The association was only
slightly weaker after adjustment for conventional cardiovascular risk factors, eGFR, proteinuria and hs-CRP.

Discussion
A risk prediction tool for cardiovascular events and mortality in RTR underestimates risk in some individuals
[6–8]. Accurately quantifying risk in this population is
therefore challenging. It has been proposed that biomarkers of cardiovascular disease may aid with riskstratification following kidney transplantation [22].
In this prospective cohort study of 367 RTR, we found
a strong independent association between sST2 and adverse patient outcomes including all-cause mortality,
cardiovascular mortality and MACE. However, the
addition of sST2 concentration to risk prediction models
based on clinical risk factors and hs-CRP had little
meaningful impact on their predictive accuracy.
Two isoforms of ST2 are of clinical significance: ST2
ligand (ST2L), a transmembrane form, and sST2, a truncated protein which circulates in plasma [23]. The interaction of ST2L with its ligand, IL-33, is cardioprotective,
reducing myocardial fibrosis and hypertrophy [24]. sST2
acts as a ‘decoy receptor’ by binding IL-33 and preventing the beneficial effects of its interaction with ST2L
[23]. Increased expression of sST2 from cardiomyocytes
is induced by mechanical strain, and its concentration
correlates with ongoing fibrosis and inflammation [11,
25]. Non-myocardial production of sST2 may also occur,
and sST2 has been implicated in the progression of atherosclerotic plaques in animal models [26, 27].
sST2 measurement has been incorporated into clinical
guidelines for the purpose of risk-stratifying patients
with acute and chronic heart failure [28]. An sST2 concentration > 35 ng/ml is associated with increased risk of
mortality in this population [12]. In our study, the association of sST2 with all-cause mortality was significant
when the biomarker was treated as a continuous variable
and when it was categorised according to this cut-off
value. However, the associations with cardiovascular
mortality and MACE lost significance when using this
cut-off. It is possible these findings represent a loss of
statistical power which occurs when continuous variables are dichotomised [29].
Alternatively, the cut-off value validated for use in patients with heart failure may not be applicable to RTR.
In a study of patients with ESRD on haemodiafiltration,
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sST2 concentrations > 35 ng/ml were associated with
cardiovascular mortality but the strength of the relationship was greatest when sST2 was dichotomised at a
higher cut-off value of 44 ng/ml [16]. Interestingly, in
our study, the optimal cut-off values of sST2 concentration differed according to the adverse outcome of interest. For each outcome, the association with sST2
concentration was much stronger when the optimal cutoff values were applied in comparison to the traditional
cut-point of 35 ng/ml. This must be interpreted with
caution, however, as it recognised that the application of
optimal cut-points in the cohort from which they were
derived can introduce bias, over-estimating the magnitude of associations leading to overly optimistic estimates of sensitivity and specificity [30].
This study is the first to our knowledge to investigate
the prognostic utility of sST2 in RTR, but our findings
are consistent with reported results in other patient
groups. In a large study of elderly, community-based individuals, elevations of sST2 concentration were associated with heart failure and cardiovascular mortality
[31]. Analogous to our results, this study found that the
addition of sST2 to existing risk models had only a
modest impact on their predictive accuracy. Another
study measured sST2 in 200 kidney transplant candidates, 60% of whom were on maintenance dialysis and
40% of whom had CKD 5. sST2 was associated with
mortality and cardiovascular events on univariable analysis but did not improve cardiovascular risk prediction
in multivariable analysis [32]. This is a common challenge encountered in biomarker research. It has been
acknowledged that even when a strong association exists between a biomarker and cardiovascular disease,
the addition of the biomarker to risk models often fails
to change their C-statistic to a clinically meaningful degree [33].
One challenge when measuring biomarkers in patients
with renal disease is the potential for their concentration
to be altered by the level of eGFR. In our study, and in
others, however, sST2 concentration was not correlated or
only weakly inversely correlated with eGFR [14, 15, 34]. A
recent study involving 883 patients with CKD and a mean
eGFR of 49 ml/min/1.73m2 demonstrated an association
of elevated sST2 concentration with increased risk of allcause mortality [15]. The prognostic utility of sST2 in patients with heart failure is also unaffected by reduced
eGFR [34]. In a study by Bayes-Genis and colleagues,
sST2 improved prediction of adverse outcomes in patients
with renal impairment more than in those without [34].
Different pathophysiological pathways may be involved in
the development of cardiovascular disease in patients with
renal disease. In combination with our study, these findings suggest sST2 may be closely associated with these unidentified pathways in renal impairment.
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Our study has several strengths. Its primary strength is
the availability of detailed, prospectively collected, follow-up
data for all participants who had sST2 concentration measured. The Northern Ireland Kidney Transplant Database
provides follow-up data for all RTR from time of transplantation until death. Consequently, the follow-up duration of this study is amongst the longest described in the
literature. In addition, our baseline data allowed us to adjust
for all traditional cardiovascular risk factors, as well as graft
function and proteinuria, in survival models. The Cstatistics of these models prior to the addition of sST2 are
> 0.75 for all outcomes, suggesting the selected covariates
were strongly predictive of adverse outcomes in our cohort.
We maximised the precision of sST2 measurement by analysing all plasma samples in duplicate and repeating measurement for samples with an intra-assay CV > 10%.
The limitations of our study also deserve consideration.
All recruited RTR were Caucasian, which is reflective of
the wider population in Northern Ireland. However, this
does limit the generalisability of our results to countries
with more racially diverse populations. Participants in this
study were recruited between 2000 and 2002, with a significant proportion taking ciclosporin. Therefore, their
cardiovascular risk profile may not be equivalent to that of
RTR in the modern era. Additionally, echocardiographic
reports were unavailable at recruitment and during
follow-up. Such reports may have helped elucidate the
structural cardiac abnormalities, and therefore the underlying biological pathways, associated with elevated sST2
concentration in RTR. Given that steroid use and proteinuria differed between high and low sST2 groups, residual
confounding cannot be fully excluded. Finally, sST2 concentrations were measured only once in each participant,
so that the prognostic value of serial sST2 determinations
could not be assessed.

Conclusions
In conclusion, sST2 adds little incremental value to the
accuracy of risk prediction models in RTR beyond conventional risk factors and hs-CRP. However, sST2 is associated with mortality and MACE in this population.
Further studies are warranted to ascertain the pathobiological pathways associated with elevated sST2 concentration in RTR, and to determine whether these
pathways may act as potential therapeutic targets for reduction of cardiovascular risk.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12882-020-1690-6.
Additional file 1: Figure S1. A plot of sST2 concentration versus time
post-transplant for participants who experienced cardiovascular mortality
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and those who did not. Table S1. Demonstrates the association of sST2
concentration with adverse outcomes in a sex-stratified analysis.

Page 9 of 10

7.

8.
Abbreviations
BMI: Body mass index; CI: Confidence interval; CKD: Chronic kidney disease;
CNI: Calcineurin-inhibitor; CRCRTR: Cardiovascular Risk Calculator for Renal
Transplant Recipients; CV: Coefficient of variation; ECG: Electrocardiogram;
eGFR: Estimated glomerular filtration rate; ELISA: Enzyme-linked
immunoassay; ESRD: End-stage renal disease; HR: Hazard ratio; hs-CRP: Highsensitivity C-reactive protein; IQR: Interquartile range; LVH: Left ventricular
hypertrophy; MACE: Major adverse cardiovascular events; MDRD: Modification
of Diet in Renal Disease; RTR: Renal transplant recipients; SD: Standard
deviation; sST2: Soluble ST2; ST2L: ST2 ligand
Acknowledgements
We thank staff at the Centre for Public Health laboratory, Queen’s University
Belfast (Sarah Gilchrist, Christine Belton), and the staff at Belfast Health and
Social Care Trust Clinical Chemistry laboratory for their assistance with
biomarker measurement.
Authors’ contributions
PD designed and performed the study, analysed the data and wrote the
manuscript. CC analysed the data and wrote the manuscript. APM designed
the study and wrote the manuscript. All authors read and approved the final
manuscript.
Funding
Dr. Paul Devine is supported by a Clinical Research Fellowship from the
Northern Ireland Kidney Research Fund. The Northern Ireland Kidney
Research Fund was not involved in the design of the study; the collection,
analysis, or interpretation of data; or in writing the manuscript.

9.
10.
11.

12.

13.

14.

15.

16.
17.
18.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

19.

Ethics approval and consent to participate
Written consent was obtained from all participants. A favourable ethical
opinion was obtained from the NHS London - Fulham Research Ethics
Committee (Reference number: 17/LO/1799).

20.

Consent for publication
Not applicable.

21.

22.

23.
Competing interests
The authors declare that they have no competing interests.

24.

Received: 11 September 2019 Accepted: 14 January 2020
25.
References
1. Wolfe RA, Ashby VB, Milford EL, Ojo AO, Ettenger RE, Agodoa LY, et al.
Comparison of mortality in all patients on dialysis, patients on dialysis
awaiting transplantation, and recipients of a first cadaveric transplant. N
Engl J Med. 1999;341(23):1725–30.
2. Saran R, Robinson B, Abbott KC, Agodoa LYC, Bhave N, Bragg-Gresham J, et al.
US Renal Data System 2017 Annual Data Report: Epidemiology of Kidney
Disease in the United States. Am J Kidney Dis. 2018;71(3S1):S337–S50.
3. Stoumpos S, Jardine AG, Mark PB. Cardiovascular morbidity and mortality
after kidney transplantation. Transpl Int. 2015;28(1):10–21.
4. Boots JMM, Christiaans MHL, van Hooff JP. Effect of immunosuppressive
agents on long-term survival of renal transplant recipients: focus on the
cardiovascular risk. Drugs. 2004;64(18):2047–73.
5. Foley RN, Parfrey PS, Sarnak MJ. Clinical epidemiology of cardiovascular
disease in chronic renal disease. Am J Kidney Dis. 1998;32(5 Suppl 3):S112–9.
6. Mansell H, Stewart SA, Shoker A. Validity of cardiovascular risk prediction
models in kidney transplant recipients. Scientific World J. 2014;2014. https://
doi.org/10.1155/2014/75057.

26.
27.

28.

29.
30.

31.

Soveri I, Holme I, Holdaas H, Budde K, Jardine AG, Fellstrom B. A
cardiovascular risk calculator for renal transplant recipients. Transplantation.
2012;94(1):57–62.
Soveri I, Snyder J, Holdaas H, Holme I, Jardine AG, L'Italien GJ, et al. The
external validation of the cardiovascular risk equation for renal transplant
recipients: applications to BENEFIT and BENEFIT-EXT trials. Transplantation.
2013;95(1):142–7.
Januzzi JL, Felker GM. Surfing the biomarker tsunami at JACC: heart failure.
JACC: Heart Failure. 2013;1(3):213–5.
Daniels LB, Bayes-Genis A. Using ST2 in cardiovascular patients: a review.
Futur Cardiol. 2014;10(4):525–39.
Weinberg EO, Shimpo M, De Keulenaer GW, MacGillivray C, Tominaga S,
Solomon SD, et al. Expression and regulation of ST2, an interleukin-1
receptor family member, in cardiomyocytes and myocardial infarction.
Circulation. 2002;106(23):2961–6.
Aimo A, Vergaro G, Passino C, Ripoli A, Ky B, Miller WL, et al. Prognostic
value of soluble suppression of Tumorigenicity-2 in chronic heart failure: a
meta-analysis. JACC Heart Fail. 2017;5(4):280–6.
Dieplinger B, Egger M, Haltmayer M, Kleber ME, Scharnagl H, Silbernagel G,
et al. Increased soluble ST2 predicts long-term mortality in patients with
stable coronary artery disease: results from the Ludwigshafen risk and
cardiovascular health study. Clin Chem. 2014;60(3):530–40.
Kim MS, Jeong TD, Han SB, Min WK, Kim JJ. Role of soluble ST2 as a
prognostic marker in patients with acute heart failure and renal
insufficiency. J Korean Med Sci. 2015;30(5):569–75.
Tuegel C, Katz R, Alam M, Bhat Z, Bellovich K, de Boer I, et al. GDF-15,
galectin 3, soluble ST2, and risk of mortality and cardiovascular events in
CKD. Am J Kidney Dis. 2018;72(4):519-28.
Homsak E, Ekart R. ST2 as a novel prognostic marker in end-stage renal
disease patients on hemodiafiltration. Clin Chim Acta. 2018;477:105–12.
Youden WJ. Index for rating diagnostic tests. Cancer. 1950;3(1):32–5.
Hippisley-Cox J, Coupland C, Vinogradova Y, Robson J, Minhas R, Sheikh A,
et al. Predicting cardiovascular risk in England and Wales: prospective
derivation and validation of QRISK2. BMJ. 2008;336(7659):1475–82.
Rabar S, Harker M, O’Flynn N, Wierzbicki AS. Lipid modification and
cardiovascular risk assessment for the primary and secondary prevention of
cardiovascular disease: summary of updated NICE guidance. BMJ. 2014;349:
g4356.
Cook NR. Quantifying the added value of new biomarkers: how and how
not. Diagnostic and Prognostic Research. 2018;2(1):14.
Pencina MJ, D'Agostino RB Sr, D'Agostino RB Jr, Vasan RS. Evaluating the
added predictive ability of a new marker: from area under the ROC curve to
reclassification and beyond. Stat Med. 2008;27(2):157–72.
De Serres SA, Varghese JC, Levin A. Biomarkers in native and transplant
kidneys: opportunities to improve prediction of outcomes in chronic kidney
disease. Curr Opin Nephrol Hypertens. 2012;21(6):619–27.
Pascual-Figal DA, Januzzi JL. The biology of ST2: the international ST2
consensus panel. Am J Cardiol. 2015;115(7 Suppl):3B–7B.
Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN, Lee RT. IL-33
and ST2 comprise a critical biomechanically induced and cardioprotective
signaling system. J Clin Invest. 2007;117(6):1538–49.
Sanchez-Mas J, Lax A, Asensio-Lopez Mdel C, Fernandez-Del Palacio MJ,
Caballero L, Santarelli G, et al. Modulation of IL-33/ST2 system in
postinfarction heart failure: correlation with cardiac remodelling markers.
Eur J Clin Investig. 2014;44(7):643–51.
Miller AM, Xu D, Asquith DL, Denby L, Li Y, Sattar N, et al. IL-33 reduces the
development of atherosclerosis. J Exp Med. 2008;205(2):339–46.
Bartunek J, Delrue L, Van Durme F, Muller O, Casselman F, De Wiest B, et al.
Nonmyocardial production of ST2 protein in human hypertrophy and failure
is related to diastolic load. J Am Coll Cardiol. 2008;52(25):2166–74.
Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner MH, et al.
2013 ACCF/AHA guideline for the management of heart failure: a report of
the American College of Cardiology Foundation/American Heart Association
task force on practice guidelines. J Am Coll Cardiol. 2013;62(16):e147–239.
Altman DG, Royston P. The cost of dichotomising continuous variables. BMJ.
2006;332(7549):1080.
Leeflang MM, Moons KG, Reitsma JB, Zwinderman AH. Bias in sensitivity and
specificity caused by data-driven selection of optimal cutoff values:
mechanisms, magnitude, and solutions. Clin Chem. 2008;54(4):729–37.
Parikh RH, Seliger SL, Christenson R, Gottdiener JS, Psaty BM, deFilippi CR.
Soluble ST2 for prediction of heart failure and cardiovascular death in an

Devine et al. BMC Nephrology

(2020) 21:22

elderly, community-dwelling population. J Am Heart Assoc. 2016;5(8):
e003188.
32. Keddis MT, El-Zoghby Z, Kaplan B, Meeusen JW, Donato LJ, Cosio FG, et al.
Soluble ST2 does not change cardiovascular risk prediction compared to
cardiac troponin T in kidney transplant candidates. PLoS One. 2017;12(7):
e0181123.
33. Cook NR. Quantifying the added value of new biomarkers: how and how
not. Diagn Progn Res. 2018;2:14.
34. Bayes-Genis A, Zamora E, de Antonio M, Galan A, Vila J, Urrutia A, et al.
Soluble ST2 serum concentration and renal function in heart failure. J Card
Fail. 2013;19(11):768–75.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 10 of 10

