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Associations Between Blood Biomarkers, 
Cardiac Function, and Adverse Outcome in 
a Young Fontan Cohort
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Arno A. W. Roest , MD, PhD; Irene M. Kuipers, MD, PhD; Nico A. Blom, MD, PhD;  
Laurens P. Koopman, MD, PhD; Willem A. Helbing , MD, PhD

BACKGROUND: Patients who have undergone the Fontan procedure are at high risk of circulatory failure. In an exploratory 
analysis we aimed to determine the prognostic value of blood biomarkers in a young cohort who have undergone the Fontan 
procedure.

METHODS AND RESULTS: In multicenter prospective studies patients who have undergone the Fontan procedure underwent 
blood sampling, cardiopulmonary exercise testing, and stress cardiac magnetic resonance imaging. Several biomarkers in-
cluding NT-proBNP (N-terminal pro-B-type natriuretic peptide), GDF-15 (growth differentiation factor 15), Gal-3 (galectin-3), 
ST2 (suppression of tumorigenicity 2), DLK-1 (protein delta homolog 1), FABP-4 (fatty acid-binding protein 4), IGFBP-1 (insulin-
like growth factor-binding protein 1), IGFBP-7, MMP-2 (matrix metalloproteinase 2), and vWF (von Willebrand factor) were 
assessed in blood at 9.6 (7.1–12.1) years after Fontan completion. After this baseline study measurement, follow-up informa-
tion was collected on the incidence of adverse cardiac events, including cardiac death, out of hospital cardiac arrest, heart 
transplantation (listing), cardiac reintervention (severe events), hospitalization, and cardioversion/ablation for arrhythmias was 
collected and the relation with blood biomarkers was assessed by Cox proportional hazard analyses. The correlation be-
tween biomarkers and other clinical parameters was evaluated. We included 133 patients who have undergone the Fontan 
procedure, median age 13.2 (25th, 75th percentile 10.4–15.9) years, median age at Fontan 3.2 (2.5–3.9) years. After a median 
follow-up of 6.2 (4.9–6.9) years, 36 (27.1%) patients experienced an event of whom 13 (9.8%) had a severe event. NT-proBNP 
was associated with (all) events during follow-up and remained predictive after correction for age, sex, and dominant ventricle 
(hazard ratio, 1.89; CI, 1.32–2.68). The severe event-free survival was better in patients with low levels of GDF-15 (P=0.005) 
and vWF (P=0.008) and high levels of DLK-1 (P=0.041). There was a positive correlation (β=0.33, P=0.003) between DLK-1 
and stress cardiac magnetic resonance imaging functional reserve.

CONCLUSIONS: NT-proBNP, GDF-15, vWF, DLK-1, ST-2 FABP-4, and IGFBP-7 levels relate to long-term outcome in young pa-
tients who have undergone the Fontan procedure.
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Since the introduction of the contemporary modifi-
cations of the Fontan operation, which is the treat-
ment of choice in most patients with a functional 

univentricular heart, long-term survival has improved, 

resulting in a rapidly increasing number of surviving pa-
tients who have undergone the Fontan procedure.1–4

However, long-term complications are common 
and include circulatory failure, thromboembolic 
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events, arrhythmias and death.1,4,5 In general the in-
cidence of heart failure in patients with congenital 
heart disease (CHD) is 1.2 per 1000 patients-years 
and increases with age.6 One-year mortality after 
admission for heart failure in patients with CHD is 
24%.6 In patients after atriopulmonary Fontan (which 

was the original surgical procedure), 28-year free-
dom from death, heart transplantation or heart fail-
ure is only 45%.2,7 In children and adolescents who 
have undergone contemporary modifications of the 
Fontan operation in a staged approach, the inci-
dence of heart failure seems lower although exact 
data are lacking.3,8 In patients who have undergone 
the Fontan procedure early identification and treat-
ment of heart failure is important.2

Blood biomarkers are a new potential tool in risk 
stratification in patients with CHD. In recent years 
various pathways of myocardial stress, inflammation, 
fibrosis, remodeling and vascularization and related 
blood biomarkers have been discovered, mostly in 
adult patients with heart failure.9–13 In previous stud-
ies biomarkers such as NT-proBNP (N-terminal pro-
B-type natriuretic peptide), Gal-3 (galectin-3), ST2 
(suppression of tumorigenicity 2), GDF-15 (growth 
differentiation factor 15), vWF (von Willebrand factor), 
and MMP-2 (matrix metalloproteinase 2) have been 
related to clinical condition, heart failure, or impaired 
cardiac function in groups of patients with CHD with 
mixed diagnoses.9,12,14–17 However, in young patients 
who have undergone the Fontan procedure rela-
tively few biomarkers have been studied. Therefore, 
the aim of this study was to explore the relationship 
between levels of multiple promising biomarkers (as-
sessed from the literature) and clinical outcomes in 
a young contemporary cohort who have undergone 
the Fontan procedure.

METHODS
Because of the sensitive nature of the data collected 
for this study, the requests to access the data set from 
qualified researchers trained in human subject confi-
dentiality protocols may be sent to the corresponding 
author.

Patients and Methods
We included all patients who have undergone the 
Fontan procedure ≥8  years old from whom blood 
samples taken at a single moment in time were stored 
in the setting of 2 cross-sectional and prospective 
studies in 5 tertiary referral centers between 2009 
and 2018.18,19 The institutional review boards of par-
ticipating centers approved the studies. Patients with 
contraindications for cardiac magnetic resonance 
imaging (CMR) were excluded. All participants, and if 
necessary their parents, gave written informed con-
sent before inclusion in these studies. At the base-
line study assessment all patients underwent blood 
sampling, CMR, and cardiopulmonary exercise test-
ing (CPET) according to a standard protocol in all 
contributing centers. The patients were subsequently 

CLINICAL PERSPECTIVE

What Is New?
• Blood biomarkers such as NT-proBNP 

(N-terminal pro-B-type natriuretic peptide), 
ST2 (suppression of tumorigenicity 2), GDF-15 
(growth differentiation factor 15), DLK-1 (pro-
tein delta homolog 1), vWF (von Willebrand fac-
tor), FABP-4 (fatty acid-binding protein 4), and 
IGFBP-7 (insulin-like growth factor-binding pro-
tein 7) are associated with cardiac function and/
or long-term outcome in patients who have had 
a Fontan procedure.

• NT-proBNP was associated with all events (se-
vere adverse events and re-interventions) dur-
ing the follow-up, and severe event-free survival 
was better in patients with low levels of GDF-15 
and vWF and high levels of DLK-1.

What Are the Clinical Implications?
• These findings suggest a possible role of these 

blood biomarkers, especially NT-proBNP, in 
the clinical follow-up and risk stratification of 
young patients who have undergone the Fontan 
procedure.

Nonstandard Abbreviations and Acronyms

CPET cardiopulmonary exercise testing
DLK-1 protein delta homolog 1
FABP4 fatty acid-binding protein 4
FR functional reserve
Gal-3 galectin-3
GDF-15 growth differentiation factor 15
IGFBP-1 insulin-like growth factor-binding 

protein 1
IGFBP-7 insulin-like growth factor-binding 

protein 7
IGFBPs insulin-like growth factor-binding 

proteins
MMP-2 matrix metalloproteinase 2
ST2 suppression of tumorigenicity 2
VO2 oxygen uptake
vWF von Willebrand factor
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followed in the setting of usual care, commonly 1 to 
2 visits/year.

Blood Sample Analysis
Blood samples were taken from a peripheral vein 
and collected in EDTA tubes. Samples were stored 
at −80°C. The frozen samples were shipped to Olink 
Proteomics AB (Uppsala, Sweden) for analysis with 
the Olink Cardiovascular panel III. Using proximity 
extension assay technology, the levels of biomark-
ers were measured; this technique has been de-
scribed extensively before.20 All blood samples were 
coded; therefore, laboratory staff was blinded for the 
patients’ clinical and study data. Likewise the phy-
sician did not know the outcomes of the biomark-
ers assessment. Biomarker levels were not used for 
clinical decision-making. The biomarker values are 
presented as normalized protein expression units on 
a Log2 scale.

For the aim of the current study, we examined 10 
biomarkers that have been associated with CHD, the 
Fontan circulation, cardiac fibrosis, or heart failure in 
general.11,16,17,21–24 These biomarkers were GDF-15, 
Gal-3, DLK-1 (protein delta homolog 1), FABP-4 (fatty 
acid-binding protein 4), IGFBP-1 (insulin-like growth 
factor-binding protein 1), IGFBP-7, NT-proBNP, MMP-
2, ST2 and vWF. These biomarkers were selected from 
the literature before the data analysis.

Clinical Data
CMR Acquisition and Analysis

CMR imaging was performed with a dedicated 
phased-array cardiac surface coil. All images were 
acquired without sedation during free breathing. 
Scans were performed at rest and repeated during 
continuous low-dose (7.5  μg/kg per minute) dobu-
tamine-hydrochloride infusion (Centrafarm Services, 
Etten-Leur, The Netherlands). Dobutamine infusion 
was decreased to 5.0 μg/kg per minute (or if neces-
sary stopped) when the heart rate increased >50%, 
when the systolic and/or diastolic blood pressure 
increased >50% or decreased <20%, when rhythm 
disturbances were seen, or with complaints of the 
patient. Details on our dobutamine stress protocol 
have been published previously.18,25

Analyses were performed with the software packages 
MASS and FLOW (Medis Medical Imaging Systems, 
Leiden, The Netherlands). Contours were manually 
drawn in end-diastole and end-systole; papillary mus-
cle and trabeculae were excluded from the blood pool. 
All CMRs were analyzed by one of the authors (E.v.d.B.) 
under supervision of one of the authors (W.H.) with long-
standing experience in CMR. End-diastolic volume and 
end-systolic volume were obtained and used to calculate 

ejection fraction (EF). Ventricular volumes were defined 
as the sum of the volumes of the systemic ventricle and 
the hypoplastic chamber. All ventricular volumes were 
indexed for body surface area. Data on the reproducibil-
ity of the CMR analyses have previously been published 
by our group.26

Changes in CMR parameters during dobutamine 
stress were calculated as follows: parameter change 
(Δ)=parameterstress−parameterrest, functional reserve is 
described as the EFstress−EFrest.

5

Cardiopulmonary Exercise Tests

CPETs were performed on a bicycle ergometer ac-
cording to protocols used in previous studies by our 
group.18,25 From these exercise tests the peak oxygen 
uptake (VO2) was assessed and expressed as percent-
age of predicted values. Exercise tests with a peak 
respiratory exchange rate of ≥1.0 were included in the 
analysis.

Study End Point

After the baseline study assessment, patients received 
regular patient specific care. For the purpose of the 
current study the medical records of the latest outpa-
tients visit were reviewed and all cardiac events during 
follow-up (since the baseline study measurement) were 
recorded until June 2018. The survival status of the pa-
tients was also checked in the Municipal Population 
Register.

Severe events were defined as death, out of hospi-
tal cardiac arrest, heart transplantation (listing), or car-
diac reoperations. Overall events included the severe 
events as well as cardiac reintervention and hospital-
ization or cardioversion/ablation for arrhythmias.

Patients who experienced multiple events were 
considered to have reached the study end point at the 
time of the first event.

Statistical Analysis
Continuous baseline variables are summarized as 
mean value±SD, and as median value (25th–75th per-
centile). Differences between patients with and without 
events were analyzed using Mann-Whitney U tests. 
Categorical variables are presented as numbers and 
percentages, whereas between-group differences are 
evaluated by chi-square tests, or Fischer’s exact tests 
(in case expected values <5).

Linear regression analysis is applied to study the rela-
tion between the selected biomarkers with CPET, CMR, 
and clinical parameters, while adjusting for age and sex.

We applied Cox proportional hazard regression 
analyses to explore the association between the se-
lected biomarkers and the incidence of the speci-
fied study end points. Biomarkers were entered as 
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standardized continuous variables (Z-score). We report 
hazard ratios (HR) with corresponding 95% CI, which 
are estimated using Firth’s method for bias reduction 
in small samples. For “overall” events we present re-
gression results as (1) unadjusted HRs, (2) HRs that are 
adjusted for age and sex, and (3) HRs that are adjusted 
for age, sex, and dominant ventricle. For “severe” 
events we present only unadjusted HRs, because the 
number of such events was limited.

The Cox regression model provides a relative mea-
sure of association between the explanatory variable (ie, 
the biomarker) and the study end point. We produced 
Kaplan-Meier event-free survival curves in order to also 
provide an impression of the relation between biomarker 
levels and absolute incidences. For that particular pur-
pose, patients were categorized by quartiles (quartile 
1–2 versus quartile 3–4) of the corresponding biomarker, 
whereas differences between groups were evaluated 
using the log-rank test, in particular the permutation ver-
sion (in view of the relative small number of events).

Analyses were performed using SPSS (version 
24.0) and R (version 4.0.0; mainly the “coin” and “cox-
phf” packages) statistical software. Two-sided P<0.05 
is considered statistically significant.

RESULTS
A total of 133 patients were included in this analysis at a 
median of 9.7 (7.1, 12.1) years after the Fontan operation. 
The median age at the baseline study assessment was 
13.2 years (10.4–15.9). At baseline a CMR was performed 
in 119 patients and a successful CPET was performed in 
103 patients. The available blood sample was success-
fully analyzed in all 133 patients. Table 1 shows patient 
characteristics in relation to study end point events.

Overall Events and Baseline 
Characteristics
During a median follow-up of 6.2 (4.9, 6.9) years since 
the baseline study assessment, 36 (27.1%) patients ex-
perienced an overall event (see Table 2). The main cause 
for overall events were cardiac catheter interventions. 
One patient experienced an out of hospital cardiac arrest 
and received an implantable cardioverter-defibrillator.

There was no difference in median age or other sur-
gical or baseline characteristics between the patients 
who did and did not develop an event during follow-up. 
Patients with an event had a significantly diminished 
increase in EF during dobutamine stress CMR (FR), 
5±6% versus 10±6%, P=0.001.5

Overall Events and Biomarkers
Results of Cox regression analyses relating the se-
lected biomarkers “overall events” are given in Table 3. 

It appeared that only NT-proBNP was significantly as-
sociated with the incidence of an “overall event.” After 
adjustment for age, sex, and dominant RV, the HR for a 
1-SD difference was 1.88 (95% CI, 1.31–2.69; P=0.001). 
ST2 was also associated with “overall events,” but sta-
tistical significance was not reached (adjusted HR for 
1 SD difference 1.38; 95% CI, 0.98–1.89; P=0.063).

Severe Events and Biomarkers
A total of 13 (9.8%) patients experienced a severe event 
during follow-up, see Table 1. There were no statistically 
significant differences in median age or other surgical or 
baseline characteristics between the patients with and 
without a severe event. Patients with a severe event had a 
lower baseline EF, a higher ventricular mass, and a lower 
FR compared with patients without a severe event.5

The severe event-free survival was better in patients 
with lower levels of vWF (P=0.008). In addition patients 
with the highest DLK-1 levels (P=0.041) and lowest 
GDF-15 levels (P=0.005) experienced the best severe 
event-free survival (see Figure). In a univariable Cox 
regression model, higher levels of NT-proBNP, ST2, 
and vWF were associated with severe events during 
follow-up (Table 4).

Association of Biomarkers With Other 
Clinical Parameters
In Table 5 associations, corrected for age and sex, be-
tween the biomarkers and several baseline CMR and 
CPET parameters are shown. DLK-1 was associated 
with FR; for every percentage of increase in FR, DLK-1 
increased with a factor β=0.33, P=0.003.

DISCUSSION
In this explorative, prospective multicenter study 
in young patients who have undergone the Fontan 
procedure we demonstrated an association of sev-
eral blood biomarkers and ventricular FR with clini-
cal condition and events during 6 years of follow-up. 
We observed that NT-proBNP, vWF, DLK-1, ST2, and 
GDF-15 were related with clinical events during follow-
up. Other biomarkers such as FABP-4 and IGFBP-7 
seemed associated with parameters of cardiac func-
tion. Although the observed relations resemble find-
ings of previous studies (primarily in acquired heart 
disease) and can be understood from pathological 
point of view (as we discuss later), we still consider 
these as hypothesis generating, given the explorative 
nature of our study and the broad range of biomark-
ers studied.

Patients who have undergone the Fontan procedure 
are at high risk for late death, arrhythmias, and reinter-
ventions.1,2,4 Even in our young (median age 13.2 years) 
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Table 1. Baseline Patient Characteristics in Patients Who Reached Study End Points and Those Who Remained Event-Free

Overall Event No Overall Event P Value Severe Event* No Severe Event P Value

No. of patients 36 97 13 120

Age at baseline, y 13.9±4.9 13.9±4.2 0.98 15.8±5.4 13.7±4.3 0.097

12.9 (9.8–15.5) 13.2 (10.4–16.2) 0.67 14.8 (11.2–20.9) 12.9 (10.4–15.8) 0.16

Male, n (%) 20 (55.6) 55 (56.7) 1 10 (76.9) 65 (54.2) 0.15

Resting saturation (%) 94±5 95±3 0.23 95±3 95±3 0.94

95 (93–97) 95 (94–97) 0.58 95 (94–98) 95 (94–97) 0.98

Length, cm 152±17 157±15 0.17 160±18 155±16 0.30

151 (137–166) 156 (144–168) 0.16 160 (144–177) 155 (142–167) 0.37

Weight, kg 44±17 47±15 0.32 51±19 46±15 0.23

38 (30–54) 46 (34–58) 0.19 48 (36–63) 43 (33–57) 0.35

Body surface area, m2 1.35±0.33 1.42±0.29 0.25 1.50±0.35 1.39±0.30 0.25

1.26 (1.09–1.57) 1.44 (1.09–1.64) 0.16 1.47 (1.20–1.75) 1.38 (1.13–1.63) 0.38

Dominant ventricle

Left, n (%) 24 (66.7) 60 (61.9) 0.69 9 (69.2) 75 (62.5) 0.77

Right, n (%) 11 (30.6) 36 (37.1) 0.54 4 (30.8) 43 (35.8) 1.00

Indifferent, n (%) 1 (2.8) 1 (1.0) 0.47 0 (0.0) 2 (1.7) 1.00

Cardiac diagnosis

Hypoplastic left heart syndrome, n (%) 8 (22.2) 12 (12.4) 0.18 3 (23.1) 17 (14.2) 0.41

Tricuspid atresia, n (%) 11 (30.6) 30 (30.9) 1.00 5 (38.5) 36 (30.0) 0.54

Pulmonary atresia, n (%) 4 (11.1) 11 (11.3) 1.00 1 (7.7) 14 (11.7) 1.00

Double inlet left ventricle, n (%) 6 (16.7) 13 (13.4) 0.59 2 (15.4) 17 (14.2) 1.00

Double outlet right ventricle, n (%) 3 (8.3) 18 (18.6) 0.19 1 (7.7) 20 (16.7) 0.69

Other, n (%) 4 (11.1) 13 (13.4) 1.00 1 (7.7) 16 (13.3) 1.00

Age at Fontan procedure y 3.2±1.1 3.5±1.3 0.31 3.5±1.5 3.4±1.3 0.88

3.2 (2.4–3.9) 3.2 (2.6–3.9) 0.54 3.3 (2.4–4.3) 3.2 (2.5–3.9) 0.90

Type of Fontan

Extra cardiac conduit, n (%) 20 (60.6) 56 (58.9) 0.85 6 (46.2) 70 (58.3) 0.56

Intra-atrial lateral tunnel, n (%) 13 (39.4) 39 (41.1) 0.70 6 (46.2) 46 (38.3) 0.77

Other, n (%) 3 (8.3) 2 (2.1) 0.12 1 (7.7) 4 (3.3) 0.41

Maximal Exercise Parameters n=24 n=79 n=11 n=92

Peak VO2, mL/min per kg) 32.1±8.5 33.1±6.8 0.55 33.3±9.7 32.8±6.9 0.85

33.5 (24.4–38.8) 32.4 (28.2–38.0) 0.59 36.1 (23.6–40.4) 32.2 (28.0–38.0) 0.81

Peak VO2 (% of predicted) 78.3±18.1 82.1±15.9 0.32 77.9±22.1 81.6±15.7 0.48

77.3 (64.4–92.7) 81.5 (69.5–92.6) 0.34 78.2 (55.0–93.8) 80.7 (69.7–92.6) 0.66

CMR n=32 n=87 n=11 n=108

EDV, mL/m2 97±34 90±19 0.28 118±43 89±20 0.053

85 (72–102) 87 (76–101) 0.75 99 (94–140) 86 (76–100) 0.006

ESV, mL/m2 47±29 42±12 0.28 65±41 41±12 0.078

40 (31–52) 40 (33–48) 0.71 57 (49–62) 39 (32–48) 0.002

SV, mL/m2 48±14 48±11 0.67 53±13 48±12 0.25

47 (41–54) 46 (42–58) 0.97 47 (45–65) 46 (51–54) 0.27

EF (%) 53±10 54±7 0.54 47±11 54±8 0.007

53 (46–60) 54 (50–59) 0.64 47 (44–56) 55 (49–60) 0.023

Mass, g/m2 61±19 56±15 0.10 67±19 56±16 0.037

57 (46–71) 53 (44–65) 0.22 71 (52–76) 53 (45–65) 0.036

Mass/EDV ratio, g/mL 0.66±0.24 0.63±0.15 0.32 0.58±0.10 0.64±0.18 0.24

0.62 (0.53–0.74) 0.61 (0.51–0.74) 0.73 0.61 (0.48–0.64) 0.62 (0.52–0.75) 0.23

(Contiuned)
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cohort of patients 27% experienced an event during 
midterm follow-up, and in 9.8% this was a severe 
event. These observations provide information hardly 
available so far on the level of events in this age cohort 
after Fontan operations with contemporary strategies 
and point toward the importance of risk-stratification 
even in relatively young patients who have undergone 
the Fontan procedure.

Potentially, assessment of blood biomarkers levels is 
a relatively simple and harmless method to monitor the 

clinical condition. Because there may be differences in 
pathways involved in heart/circulatory failure in children 
with CHD compared with adults with heart failure, includ-
ing adults with CHD, assessment of markers in young 
patients is important.12,13,27 As such, our study explored 
biological pathways that are involved in the maintenance 
of cardiac function and mid- to long-term outcome in a 
young cohort who have undergone the Fontan procedure.

Fontan failure is generally divided in ventricular fail-
ure, systemic venous failure, and pulmonary vascular 
failure.2 Common pathways that are most likely in-
volved in the development of heart failure in CHD re-
late to myocardial hypertrophy, inflammation, fibrosis, 
remodeling, vascularization, cardiac metabolism, and 
repair.27 The biomarkers we found that were associ-
ated with an increased risk for poor clinical outcome 
have been associated with ventricular failure and fibro-
sis (NT-proBNP, GDF-15, DLK-1) or potential endothe-
lial failure (vWF).11,28–31 A potentially highly interesting 
finding in this setting is that of IGFBP-7, because this 
factor has been associated with cardiac regeneration 
in zebrafish and mice.32

We subsequently discuss the biological role of 
these blood biomarkers and associations with clinical 
outcomes in our study.11,16,17,21–24

N-Terminal Pro-B-Type Natriuretic Peptide
NT-proBNP is secreted mainly by the ventricle as re-
sponse to increased myocardial stress and ventricu-
lar volume and pressure overload.28 It is a well-known 
biomarker in acquired heart failure and adult patients 
with CHD; elevated NT-proBNP levels are associated 
with mortality and adverse events.12,24,28,33,34 In asymp-
tomatic patients who have undergone the Fontan pro-
cedure NT-proBNP levels are often within the normal 
range,34 but elevated NT-proBNP levels have been as-
sociated with an older surgical technique and impaired 
ventricular function.24,35 Although associations between 

Table 2. Clinical State at Latest Follow-Up

Patients (n=133)

Median age at latest follow-up, y 18.3 (16.0–21.8)

Median time after blood sampling, y 6.2 (4.9–6.9)

First overall event, n (%) 36 (27.1)

Median time after study until first overall event, y 2.8 (1.1–4.7)

Median time after Fontan until first overall event, y 12.6 (9.7–17.1)

OHCA, survived, n (%) 1 (0.8)

Cardiac reoperation, n (%) 8 (6.0)

Cardiac catheter intervention, n (%) 13 (9.8)

Hospitalization/ablation for arrhythmias, n (%) 12 (9.0)

Implantation pacemaker, n (%) 2 (1.5)

Second overall event, n (%) 12 (9.0)

Severe event*, n (%) 13 (9.8)

Deceased, n (%) 1 (0.8)

OHCA, survived, n (%) 1 (0.8)

Heart transplantation listing, n (%) 1 (0.8)

Cardiac reoperation, n (%) 10 (7.5)

Extra cardiac conduit replacement, n (%) 3 (2.3)

Closure tunnel leakage, n (%) 2 (1.5)

Bentall procedure, n (%) 2 (1.5)

Mitral valve replacement, n (%) 1 (0.8)

Other, n (%) 2 (1.5)

OHCA indicates out of hospital cardiac arrest.
*Definition severe event: death, OHCA, heart transplantation (listing) or 

cardiac reoperations.

Δ Stress: Stress− 
Rest CMR n=19 n=57 n=8 n=68

EDV, mL/m2 −15±13 −12±9 0.31 −12±11 −13±10 0.75

−12 (−21–−6) −10 (−18–−5) 0.51 −11 (−24–0) −10 (−18–−5) 0.79

ESV, mL/m2 −10±9 −13±7 0.13 −10±9 −13±7 0.37

−9 (−14–−4) −13 (−17–−9) 0.057 −6 (−21–−3) −12 (−17–−9) 0.36

SV, mL/m2 −4±8 2±7 0.005 −1±5 0±8 0.61

−3 (−6–0) 2 (−2–6) 0.005 −3 (−4–3) 0 (−3–6) 0.28

EF (%) 5±6 10±6 0.001 5±4 10±7 0.033

5 (1–9) 10 (6–15) 0.002 5 (1–7) 10 (5–14) 0.016

Continuous baseline variables are summarized as mean value± SD, and as median value (25th–75th percentile). Categorical variables are presented as 
numbers and percentages. CMR indicates cardiovascular magnetic resonance imaging; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic 
volume; SV, stroke volume; and VO2 peak, maximum oxygen uptake.

*Definition severe event: death, out of hospital cardiac arrest, heart transplantation (listing), or cardiac reoperations

Table 1. Continued

D
ow

nloaded from
 http://ahajournals.org by on M

arch 29, 2021



J Am Heart Assoc. 2021;10:e015022. DOI: 10.1161/JAHA.119.015022 7

van den Bosch et al Biomarkers and Adverse Outcome in Young Fontans

elevated NT-pro(BNP) levels and adverse outcome have 
been observed,28,34,36 monitoring of (NT-pro)BNP is not 
specifically mentioned in recent international guidelines 
for the follow-up of patients who have undergone the 
Fontan procedure.37 Our results highlight the potential 
value of NT-proBNP in the routine follow-up of young 
patients who have undergone the Fontan procedure.

von Willebrand Factor
vWF is produced mainly in endothelial cells. In recent 
years it has emerged as a mediator of inflammation.29,30 
vWF levels have been associated with an increased risk 
of myocardial infarction, cerebral stroke, and coronary 
artery disease.29,38 In patients with CHD and especially 
in patients who have undergone the Fontan procedure, 

Table 3. Cox-Regression Analyses for Biomarkers and the Overall Events

Crude Univariable Model Model Adjusted for Age and Sex Clinical Model*

HR 95% CI P Value HR 95% CI P Value HR 95% CI P Value

Levels (per 1 SD difference)

Protein delta homolog 1 0.85 0.62–1.18 0.335 0.86 0.61–1.20 0.369 0.86 0.61–1.21 0.382

Fatty acid-binding protein 4 1.28 0.92–1.77 0.141 1.28 0.91–1.77 0.148 1.29 0.93–1.78 0.129

Galectin 3 1.04 0.77–1.33 0.776 1.04 0.77–1.33 0.784 1.03 0.77–1.32 0.823

Growth differentiation factor 15 1.11 0.83–1.46 0.468 1.11 0.80–1.50 0.529 1.12 0.81–1.52 0.482

IFGBP-1 1.15 0.83–1.61 0.400 1.16 0.83–1.62 0.390 1.14 0.82–1.60 0.428

IFGBP-7 1.27 0.93–1.76 0.137 1.29 0.94–1.79 0.117 1.32 0.95–1.81 0.097

MMP-2 1.19 0.85–1.65 0.305 1.21 0.86–1.69 0.266 1.23 0.88–1.70 0.224

N-terminal pro-B-type 
natriuretic peptide

1.72 1.25–2.33 0.001 1.90 1.33–2.70 0.001 1.89 1.32–2.68 0.001

Suppression of tumorigenicity 2 1.35 0.98–1.80 0.065 1.38 0.99–1.89 0.060 1.38 0.98–1.89 0.063

von Willebrand factor 1.27 0.91–1.74 0.153 1.31 0.93–1.83 0.116 1.31 0.93–1.82 0.118

HR indicates hazard ratio; and IGFBP, insulin-like growth factor-binding protein.
*Clinical model: Cox model adjusted for age, sex, and single ventricle type.

Figure 1. Kaplan-Meier curves for severe event-free survival for the lowest vs highest quartiles of DLK-1, GDF-15, and vWF.
DLK-1 indicates protein delta homolog 1; GDF-15, growth differentiation factor-15; and vWF, von Willebrand factor.
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the role of elevated vWF and an elevated risk of throm-
bosis has been evident.30,39 Beyond thrombosis and he-
mostasis vWF has been associated with adverse events 
in CHD.17 We noted that higher vWF levels are associ-
ated with a worse severe event-free survival. None of the 
events in our patients was thromboembolic.

Protein Delta Homolog 1
DLK-1 is a member of the epidermal growth factor-like 
family.11 DLK-1 plays a role in angiogenesis, muscular 
differentiation, and fibrosis.11,40 DLK-1 knockout mice 
display increased collagen deposition, left ventricle dila-
tation, and reduced myocardial contractility.11 In human 
ischemic myocardial tissue DLK-1 mRNA expression 
was downregulated compared with healthy tissue.11 In 
our study, patients with higher DLK-1 levels who have 
undergone the Fontan procedure have a better severe-
event-free survival. Also, higher DLK-1 levels were asso-
ciated with a higher FR during dobutamine stress CMR. 
We recently showed that higher FR is associated with 
a better event-free survival in young patients who have 
undergone the Fontan procedure in whom other known 
predictors did not differentiate between events.5

Our findings, combined with the existing literature, 
indicate a potential role of DLK-1 in the maintenance of 
cardiac function.

Suppression of Tumorigenicity 2
ST2 is a member of the interleukin-1 receptor family 
and can be expressed in a soluble form and a trans-
membrane form (ST2 ligand).9,22 ST2 is upregulated 
in response to myocardial stress and is a marker for 
inflammation and remodeling, fibrosis, and apopto-
sis in the myocardium.9,22,41 In acquired heart failure, 

higher ST2 levels have been associated with adverse 
outcomes.41 In large cohorts (n=602 and n=169) of 
adult patients with CHD with mainly biventricular cir-
culations, patients with complex CHD displayed higher 
soluble ST2 levels, which predicted all-cause mortal-
ity and events during follow-up.9,22 Likewise in children 
with several types of CHD, elevated pre- and postop-
erative ST2 levels have been associated with 30-day 
re-admission rate and mortality.42 In another pediatric 
CHD cohort (n=36), including a range of defects, a 
negative correlation between soluble ST2 levels and 
left ventricular EF was observed.21

In our cohort, higher ST2 levels at baseline were 
associated with severe events during follow-up. 
Indicating a possible role for ST2 in the clinical fol-
low-up of young patients who have undergone the 
Fontan procedure.

Growth Differentiation Factor 15
GDF-15 is a member of the TGFβ (transforming 
growth factor beta) family and during ischemia, ox-
idative stress, or reperfusion it is expressed in the 
heart.31 GDF-15 is also involved in several cancers 
and diabetes mellitus and may inhibit body-growth, 
potentially contributing to the “failure to thrive” mech-
anism.31,43 In adults with CHD, higher GDF-15 levels 
correlate with poor functional status, cardiac dys-
function, lower VO2 max, elevated pulmonary pres-
sure, and adverse outcome.15,24,31 A small (n=38) 
study in young (15.0 years) patients who have under-
gone the Fontan procedure observed that patients 
with an echocardiographic EF <50% had significantly 
higher GDF-15 levels compared with patients with 
preserved systolic function.44 Higher GDF-15 levels 
were associated with reduced severe event-free sur-
vival in our cohort who have undergone the Fontan 
procedure, not with max VO2.

31 However, max VO2 
values in children with CHD are often more preserved 
compared with adults with CHD.4

Insulin-Like Growth Factor-Binding 
Protein 7
IGFBPs are a family of proteins that regulate and mod-
ulate IGF activity and have indirect effects on growth 
hormone.45 IGFBP-7 is highly expressed in endothelial 
cells and has been linked to collagen deposition.46–48 
Interestingly, IGFBP-7 has been linked to postinfarc-
tion myocardial repair.32 In both mouse and zebrafish 
heart regeneration, infarct border zone cardiomyo-
cytes seem to be the most prone to divide. IGFBP7 is 
upregulated in this border zone of the injured mouse 
and zebrafish heart, suggesting a role in cardiac re-
generation.32 IGFBP-7 has been identified as potential 
biomarker for the prediction of adverse outcome in pa-
tients with acquired heart failure23 and is associated 

Table 4. Cox-Regression Analyses for Biomarkers and 
Severe Events

Crude Univariable Model

HR 95% CI P Value

Levels (per 1 SD difference)

Protein delta homolog 1 0.62 0.37–1.06 0.084

Fatty acid-binding protein 4 1.70 0.99–2.85 0.053

Galectin 3 0.98 0.53–1.55 0.952

Growth differentiation factor 15 1.49 0.96–2.19 0.073

IFGBP-1 1.40 0.82–2.42 0.218

IFGBP-7 1.42 0.82–2.50 0.216

Matrix metalloproteinase 2 1.40 0.81–2.35 0.227

N-terminal pro-B-type natriuretic 
peptide

2.01 1.27–3.08 0.004

Suppression of tumorigenicity 2 1.67 1.02–2.54 0.040

von Willebrand factor 1.77 1.05–2.94 0.032

HR indicates hazard ratio; and IGFBP, insulin-like growth factor-binding 
protein.
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with left ventricle diastolic dysfunction and lower VO2 
max.47 In patients with CHD, the role of IGFPBs in car-
diac function or prognosis is largely unexplored but 
has been linked to general growth, failure to thrive, and 
nutritional status.49,50 Our study is, to our knowledge, 
the first study in patients with CHD who have under-
gone the Fontan procedure that observed an associa-
tion between IGFBP-7 levels and cardiac function and 
VO2 max.

Fatty Acid-Binding Protein 4
FABP-4 is highly expressed in adipocytes and el-
evated levels of FABP-4 are associated with adi-
posity, female sex, diabetes mellitus, and systemic 

hypertension.23,51,52 FABP-4 displays some expression 
in macrophages. It is thought that in macrophages 
FABP-4 increases foam cell formation and induces an 
inflammatory response.51,52

FABP-4 levels have been associated with left ven-
tricle hypertrophy and systolic and diastolic dysfunc-
tion.51 In patients with chronic heart failure, higher 
FABP-4-levels were independently associated with ad-
verse outcome during follow-up.23 In patients with CHD 
little is known about FABP-4. Although in our study 
higher FABP-4 levels were not associated with events, 
higher FABP-4 levels were associated with lower peak 
VO2. A diminished peak VO2 is a known predictor for 
poor outcome in CHD.53 FABP-4 may be a potential 
biomarker in CHD and therefore further research on 

Table 5. Association Between Study Parameters and Biomarker Levels, Corrected for Age and Sex

Dependent Variable
VO2 Max (Per 1 mL/min 

per kg) EF (Per 1%)
Functional Reserve (∆EF) 

(Per 1%)

Protein delta homolog 1 β −0.02 0.07 0.33

95% CI −0.02 to 0.02 −0.01 to 0.02 0.01 to 0.05

P value 0.82 0.42 0.003

Fatty acid-binding protein 4 β −0.38 0.17 −0.05

95% CI −0.05 to −0.01 −0.02 to 0.001 −0.02 to 0.02

P value <0.001 0.061 0.65

Galectin 3 β −0.03 0.12 0.11

95% CI −0.01 to −0.01 −0.004 to 0.02 −0.01 to 0.02

P value 0.77 0.23 0.36

Growth differentiation factor 15 β −0.15 −0.15 −0.04

95% CI −0.03 to 0.004 −0.02 to 0.002 −0.02 to 0.02

P value 0.14 0.090 0.75

IGFBP-1 β −0.07 −0.05 0.14

95% CI −0.05 to −0.02 −0.03 to 0.02 −0.02 to 0.06

P value 0.51 0.62 0.26

IGFBP-7 β −0.27 −0.245 0.05

95% CI −0.03 to −0.004 −0.02 to −0.00 −0.01 to 0.02

P value 0.013 0.009 0.71

Matrix metalloproteinase 2 β −0.20 0.16 0.09

95% CI −0.02 to 0.001 −0.02 to 0.001 −0.01 to 0.02

P value 0.072 0.094 0.46

N-terminal pro-B-type natriuretic 
peptide

β −0.19 −0.04 −0.20

95% CI −0.07 to 0.003 −0.03 to 0.02 −0.08 to 0.003

P value 0.069 0.66 0.069

Suppression of tumorigenicity 2 β −0.07 −0.11 0.20

95% CI −0.02 to 0.01 −0.02 to 0.005 −0.002 to 0.04

P value 0.49 0.23 0.075

von Willebrand factor β −0.04 0.002 0.02

95% CI −0.02 to 0.02 −0.02 to 0.02 −0.02 to 0.03

P value 0.73 0.98 0.88

Interpretation: for every difference in mL/m2 or %, the biomarker difference is a factor β. EF indicates ejection fraction; IGFBP, insulin-like growth factor-
binding protein; and VO2 max, maximum oxygen uptake.
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the role of FABP-4 levels in CHD is required to assess 
its value in clinical practice.

Limitations
We studied a total of 133 patients who have under-
gone the Fontan procedure, which can be considered 
a small sample. However, compared with the existing 
literature on biomarker assessment in patients who 
have undergone the Fontan procedure our sample is 
relatively large. The patients who have undergone the 
Fontan procedure in our study were relatively young 
and in good clinical condition; therefore, the number 
of hard end points during follow-up was limited. This 
is a known limitation in CHD research.37 Because of 
the limited number of end points, especially severe 
events, it is possible that we have missed associations 
between biomarkers and end points in this study. For 
this reason, we also could not assess the additional 
value of combining different biomarkers to predict 
end points. At the other hand, we acknowledge that 
false positives are a competing explanation for some 
of the found associations, as we did not adjust for 
multiple testing. And finally, although we did adjust for 
age and sex in an additive model, we are aware of the 
possibility of residual confounding. We consider our 
explorative study mainly as hypothesis generating.

In our study we assessed some of the biomarkers 
of the Olink cardiovascular III panel to detect possible 
patterns between biomarkers and cardiac outcome. 
We did not assess all the measured biomarkers of the 
Olink panel. Detecting biomarker cutoff values for clini-
cal use was not part of this study and further research 
is necessary to determine the possible role of the ob-
served biomarkers in clinical practice.

Late gadolinium enhancement or T1 mapping, use-
ful in detecting local or generalized fibrosis in the myo-
cardium, was not performed in our imaging protocol 
owing to time constraints.54 Therefore, we could not 
investigate associations between myocardial fibrosis 
with potential fibrosis blood biomarkers.

CONCLUSIONS
In this explorative, prospective multicenter study, we 
performed an analysis of blood biomarkers and their 
relation to cardiac function and subsequent outcome 
in a young and contemporary population who have 
undergone the Fontan procedure. We observed that 
in addition to NT-proBNP, ST2, and GDF-15, biomark-
ers such as DLK-1, vWF, FABP-4, and IGFBP-7 relate 
to cardiac function and long-term outcome, as did 
the ventricular response to dobutamine stress CMR.5 
These biomarkers, especially NT-proBNP, may have 
a role in the clinical follow-up and risk stratification of 
patients who have undergone the Fontan procedure.

ARTICLE INFORMATION
Received November 9, 2019; accepted June 17, 2020.

Affiliations
From the Division of Pediatric Cardiology, Department of Pediatrics 
(E.v.d.B., S.S.B., B.B., L.P.K., W.A.H.) and Department of Radiology 
(E.v.d.B., S.S.B., W.A.H.), Erasmus University Medical Center, Rotterdam, 
The Netherlands; Netherlands Heart Institute, Utrecht, The Netherlands 
(E.v.d.B., V.P.K.); Division of Pediatric Cardiology, Department of Pediatrics, 
Leiden University Medical Center, The Netherlands (V.P.K., A.D.T.H., 
A.A.R., N.A.B.); Department of Cardiology, Erasmus University Medical 
Center, Rotterdam, The Netherlands (E.B., J.W.R.-H.); Department of 
Pediatric Cardiology, University Medical Center Utrecht, Utrecht, The 
Netherlands (J.M.B.); Department of Pediatric Cardiology, Sourasky 
Medical Center, Tel Aviv University, Tel Aviv, Israel (L.K.); Division of 
Pediatric Cardiology, Department of Pediatrics, Academic Medical Center, 
Amsterdam, The Netherlands (I.M.K., N.A.B.); and Division of Pediatric 
Cardiology, Department of Pediatrics, Radboud University Medical Center, 
Nijmegen, The Netherlands (L.K., W.A.H.).

Sources of Funding
van den Bosch, Kamphuis, and Bossers were supported by research grants 
from the Dutch Heart Foundation (grant 2013T091, grant 2008T037).

Disclosures
None.

REFERENCES
 1. Gersony WM. Fontan operation after 3 decades: what we have learned. 

Circulation. 2008;117:13–15.
 2. Rychik J, Atz AM, Celermajer DS, Deal BJ, Gatzoulis MA, Gewillig MH, 

Hsia TY, Hsu DT, Kovacs AH, McCrindle BW, et al.; American Heart 
Association Council on Cardiovascular Disease in the Young, Council 
on Cardiovascular and Stroke Nursing. Evaluation and management of 
the child and adult with Fontan circulation: a scientific statement from 
the American Heart Association. Circulation. 2019;140:e234–e284. 
DOI: 10.1161/CIR.00000 00000 000696.

 3. van den Bosch E, Bossers SSM, Bogers A, Robbers-Visser D, van 
Dijk APJ, Roos-Hesselink JW, Breur H, Haas F, Kapusta L, Helbing 
WA. Staged total cavopulmonary connection: serial comparison of 
intra-atrial lateral tunnel and extracardiac conduit taking account 
of current surgical adaptations. Interact Cardiovasc Thorac Surg. 
2019;29:453–460.

 4. van der Ven JPG, van den Bosch E, Bogers A, Helbing WA. State of the 
art of the Fontan strategy for treatment of univentricular heart disease. 
F1000Res. 2018;7. Available at: https://f1000 resea rch.com/artic les/7-935.

 5. van den Bosch E, Bossers SSM, Robbers-Visser D, Boersma E, 
Roos-Hesselink JW, Breur H, Blom NA, Kroft LJM, Snoeren MM, 
Kapusta L, et al. Ventricular response to dobutamine stress CMR is a 
predictor for outcome in Fontan patients. JACC Cardiovasc Imaging. 
2019;12:368–370.

 6. Zomer AC, Vaartjes I, van der Velde ET, de Jong HM, Konings TC, 
Wagenaar LJ, Heesen WF, Eerens F, Baur LH, Grobbee DE, et al. Heart 
failure admissions in adults with congenital heart disease; risk factors 
and prognosis. Int J Cardiol. 2013;168:2487–2493.

 7. Poh CL, Zannino D, Weintraub RG, Winlaw DS, Grigg LE, Cordina R, 
Hornung T, Bullock A, Justo RN, Gentles TL, et al. Three decades later: 
the fate of the population of patients who underwent the atriopulmonary 
Fontan procedure. Int J Cardiol. 2017;231:99–104.

 8. d’Udekem Y, Iyengar AJ, Galati JC, Forsdick V, Weintraub RG, Wheaton 
GR, Bullock A, Justo RN, Grigg LE, Sholler GFL, et al. Redefining ex-
pectations of long-term survival after the Fontan procedure: twenty-five 
years of follow-up from the entire population of Australia and New 
Zealand. Circulation. 2014;130:S32–S38.

 9. Geenen LW, Baggen VJM, van den Bosch AE, Eindhoven JA, Cuypers 
J, Witsenburg M, Boersma E, Roos-Hesselink JW. Prognostic 
value of soluble ST2 in adults with congenital heart disease. Heart. 
2019;105:999–1006.

 10. Fernandes BA, Maher KO, Deshpande SR. Cardiac biomarkers in pedi-
atric heart disease: a state of art review. World J Cardiol. 2016;8:719–727.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 29, 2021

https://f1000research.com/articles/7-935


J Am Heart Assoc. 2021;10:e015022. DOI: 10.1161/JAHA.119.015022 11

van den Bosch et al Biomarkers and Adverse Outcome in Young Fontans

 11. Rodriguez P, Sassi Y, Troncone L, Benard L, Ishikawa K, Gordon RE, 
Lamas S, Laborda J, Hajjar RJ, Lebeche D. Deletion of delta-like 1 
homologue accelerates fibroblast-myofibroblast differentiation and in-
duces myocardial fibrosis. Eur Heart J. 2019;40:967–978. DOI: 10.1093/
eurhe artj/ehy188.

 12. Bolger AP, Sharma R, Li W, Leenarts M, Kalra PR, Kemp M, Coats 
AJ, Anker SD, Gatzoulis MA. Neurohormonal activation and the 
chronic heart failure syndrome in adults with congenital heart dis-
ease. Circulation. 2002;106:92–99. DOI: 10.1161/01.CIR.00000 
20009.30736.3F.

 13. Sharma R, Bolger AP, Li W, Davlouros PA, Volk HD, Poole-Wilson PA, 
Coats AJ, Gatzoulis MA, Anker SD. Elevated circulating levels of in-
flammatory cytokines and bacterial endotoxin in adults with congenital 
heart disease. Am J Cardiol. 2003;92:188–193. DOI: 10.1016/S0002 
-9149(03)00536 -8.

 14. Baggen VJM, van den Bosch AE, Eindhoven JA, Menting ME, 
Witsenburg M, Cuypers J, Boersma E, Roos-Hesselink JW. Prognostic 
value of galectin-3 in adults with congenital heart disease. Heart. 
2018;104:394–400. DOI: 10.1136/heart jnl-2017-312070.

 15. Eindhoven JA, van den Bosch AE, Oemrawsingh RM, Baggen VJ, 
Kardys I, Cuypers JA, Witsenburg M, van Schaik RH, Roos-Hesselink 
JW, Boersma E. Release of growth-differentiation factor 15 and 
associations with cardiac function in adult patients with congeni-
tal heart disease. Int J Cardiol. 2016;202:246–251. DOI: 10.1016/j.
ijcard.2015.09.010.

 16. Baggen VJ, Eindhoven JA, van den Bosch AE, Witsenburg M, Cuypers 
JA, Langstraat JS, Boersma E, Roos-Hesselink JW. Matrix metal-
loproteinases as candidate biomarkers in adults with congenital 
heart disease. Biomarkers. 2016;21:466–473. DOI: 10.3109/13547 
50X.2016.1153722.

 17. Ohuchi H, Hayama Y, Miike H, Suzuki D, Nakajima K, Iwasa T, Konagai 
N, Sakaguchi H, Miyazaki A, Shiraishi I, et al. Prognostic value of von 
willebrand factor in adult patients with congenital heart disease. Heart. 
2020;106:910–915.

 18. Bossers SS, Kapusta L, Kuipers IM, van Iperen G, Moelker A, Kroft LJ, 
Romeih S, de Rijke Y, Ten Harkel AD, Helbing WA. Ventricular func-
tion and cardiac reserve in contemporary Fontan patients. Int J Cardiol. 
2015;196:73–80. DOI: 10.1016/j.ijcard.2015.05.181.

 19. Kamphuis VP, Elbaz MSM, van den Boogaard PJ, Kroft LJM, Lamb HJ, 
Hazekamp MG, Jongbloed MRM, Blom NA, Helbing WA, Roest AAW, 
et al. Stress increases intracardiac 4D flow cardiovascular magnetic 
resonance -derived energetics and vorticity and relates to VO2max in 
Fontan patients. J Cardiovasc Magn Reson. 2019;21:43. DOI: 10.1186/
s1296 8-019-0553-4.

 20. Assarsson E, Lundberg M, Holmquist G, Björkesten J, Bucht Thorsen 
S, Ekman D, Eriksson A, Rennel Dickens E, Ohlsson S, Edfeldt G, et 
al. Homogenous 96-plex PEA immunoassay exhibiting high sensitivity, 
specificity, and excellent scalability. PLoS One. 2014;9:e95192. DOI: 
10.1371/journ al.pone.0095192.

 21. Abdel Raheem M, Sedik WF. Prognostic value of soluble ST2 (SST2) 
serum levels in infants and children with heart failure complicating con-
genital heart disease. Int J Pediatr. 2019;7:9471–9480.

 22. Laqqan M, Schwaighofer C, Graeber S, Raedle-Hurst T. Predictive 
value of soluble ST2 in adolescent and adult patients with complex 
congenital heart disease. PLoS One. 2018;13:e0202406. DOI: 10.1371/
journ al.pone.0202406.

 23. Brankovic M, Akkerhuis KM, Mouthaan H, Brugts JJ, Manintveld 
OC, van Ramshorst J, Germans T, Umans V, Boersma E, Kardys I. 
Cardiometabolic biomarkers and their temporal patterns predict poor 
outcome in chronic heart failure (Bio-SHiFT study). J Clin Endocrinol 
Metab. 2018;103:3954–3964. DOI: 10.1210/jc.2018-01241.

 24. Baggen VJM, van den Bosch AE, Eindhoven JA, Schut A-R, Cuypers 
JAAE, Witsenburg M, de Waart M, van Schaik RHN, Zijlstra F, Boersma 
E, et al. Prognostic value of N-terminal pro-B-type natriuretic peptide, 
troponin-T, and growth-differentiation factor 15 in adult congenital heart 
disease. Circulation. 2017;135:264–279. DOI: 10.1161/CIRCU LATIO 
NAHA.116.023255.

 25. Robbers-Visser D, Kapusta L, van Osch-Gevers L, Strengers JL, 
Boersma E, de Rijke YB, Boomsma F, Bogers AJ, Helbing WA. Clinical 
outcome 5 to 18 years after the Fontan operation performed on children 
younger than 5 years. J Thorac Cardiovasc Surg. 2009;138:89–95. DOI: 
10.1016/j.jtcvs.2008.12.027.

 26. Luijnenburg SE, Robbers-Visser D, Moelker A, Vliegen HW, Mulder BJ, 
Helbing WA. Intra-observer and interobserver variability of biventricular 

function, volumes and mass in patients with congenital heart disease 
measured by CMR imaging. Int J Cardiovasc Imaging. 2010;26:57–64. 
DOI: 10.1007/s1055 4-009-9501-y.

 27. Hinton RB, Ware SM. Heart failure in pediatric patients with congen-
ital heart disease. Circ Res. 2017;120:978–994. DOI: 10.1161/CIRCR 
ESAHA.116.308996.

 28. Eindhoven JA, van den Bosch AE, Jansen PR, Boersma E, Roos-
Hesselink JW. The usefulness of brain natriuretic peptide in complex 
congenital heart disease: a systematic review. J Am Coll Cardiol. 
2012;60:2140–2149. DOI: 10.1016/j.jacc.2012.02.092.

 29. Spiel AO, Gilbert JC, Jilma B. Von willebrand factor in cardiovascular dis-
ease: focus on acute coronary syndromes. Circulation. 2008;117:1449–
1459. DOI: 10.1161/CIRCU LATIO NAHA.107.722827.

 30. Hunt R, Hoffman CM, Emani S, Trenor CC III, Emani SM, Faraoni D, 
Kimchi-Sarfaty C, Ibla JC. Elevated preoperative von Willebrand factor 
is associated with perioperative thrombosis in infants and neonates with 
congenital heart disease. J Thromb Haemost. 2017;15:2306–2316. DOI: 
10.1111/jth.13860.

 31. Norozi K, Buchhorn R, Yasin A, Geyer S, Binder L, Seabrook JA, Wessel 
A. Growth differentiation factor 15: an additional diagnostic tool for the 
risk stratification of developing heart failure in patients with operated 
congenital heart defects? Am Heart J. 2011;162:131–135.

 32. van Duijvenboden K, de Bakker DEM, Man JCK, Janssen R, Gunthel 
M, Hill MC, Hooijkaas IB, van der Made I, van der Kraak PH, Vink A, et 
al. Conserved NPPB+ border zone switches from MEF2 to AP-1 driven 
gene program. Circulation. 2019;140:864–879.

 33. Richards M, Troughton RW. NT-proBNP in heart failure: therapy deci-
sions and monitoring. Eur J Heart Fail. 2004;6:351–354.

 34. Koch AM, Zink S, Singer H, Dittrich S. B-type natriuretic peptide levels 
in patients with functionally univentricular hearts after total cavopulmo-
nary connection. Eur J Heart Fail. 2008;10:60–62.

 35. Ohuchi H, Takasugi H, Ohashi H, Yamada O, Watanabe K, Yagihara 
T, Echigo S. Abnormalities of neurohormonal and cardiac autonomic 
nervous activities relate poorly to functional status in Fontan patients. 
Circulation. 2004;110:2601–2608.

 36. Ohuchi H, Yasuda K, Miyazaki A, Iwasa T, Sakaguchi H, Shin O, Mizuno 
M, Negishi J, Noritake K, Yamada O. Comparison of prognostic vari-
ables in children and adults with Fontan circulation. Int J Cardiol. 
2014;173:277–283.

 37. Stout KK, Daniels CJ, Aboulhosn JA, Bozkurt B, Broberg CS, Colman 
JM, Crumb SR, Dearani JA, Fuller S, Gurvitz M, et al. 2018 AHA/ACC 
guideline for the management of adults with congenital heart dis-
ease: a report of the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. Circulation. 
2019;139:e698–e800.

 38. Seaman CD, Yabes J, Comer DM, Ragni MV. Does deficiency of von 
Willebrand factor protect against cardiovascular disease? Analysis of a 
national discharge register. J Thromb Haemost. 2015;13:1999–2003.

 39. Binotto MA, Maeda NY, Lopes AA. Altered endothelial function follow-
ing the Fontan procedure. Cardiol Young. 2008;18:70–74.

 40. Al Haj Zen A, Madeddu P. DLK1: a novel negative regulator of angiogen-
esis? Cardiovasc Res. 2012;93:213–214.

 41. Dalal JJ, Digrajkar A, Das B, Bansal M, Toomu A, Maisel AS. ST2 ele-
vation in heart failure, predictive of a high early mortality. Indian Heart J. 
2018;70:822–827. DOI: 10.1016/j.ihj.2018.08.019.

 42. Parker DM, Everett AD, Stabler ME, Vricella L, Jacobs ML, Jacobs JP, 
Thiessen-Philbrook H, Parikh CR, Brown JR. Biomarkers associated 
with 30-day readmission and mortality after pediatric congenital heart 
surgery. J Card Surg. 2019;34:329–336. DOI: 10.1111/jocs.14038.

 43. Wang T, Liu J, McDonald C, Lupino K, Zhai X, Wilkins BJ, Hakonarson 
H, Pei L. GDF15 is a heart-derived hormone that regulates body growth. 
EMBO Mol Med. 2017;9:1150–1164.

 44. Raedle-Hurst TM, Koenigstein K, Gruenhage F, Raedle J, Herrmann 
E, Abdul-Khaliq H. Growth differentiation factor 15–an early marker 
of abnormal function of the Fontan circuit in patients with univen-
tricular hearts. Am Heart J. 2010;160:1105–1112. DOI: 10.1016/j.
ahj.2010.08.033.

 45. Wheatcroft SB, Kearney MT. IGF-dependent and IGF-independent 
actions of IGF-binding protein-1 and -2: implications for metabolic ho-
meostasis. Trends Endocrinol Metab. 2009;20:153–162. DOI: 10.1016/j.
tem.2009.01.002.

 46. van Breevoort D, van Agtmaal EL, Dragt BS, Gebbinck JK, Dienava-
Verdoold I, Kragt A, Bierings R, Horrevoets AJG, Valentijn KM, 
Eikenboom JC, et al. Proteomic screen identifies IGFBP7 as a novel 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 29, 2021

https://doi.org/10.1093/eurheartj/ehy188
https://doi.org/10.1093/eurheartj/ehy188
https://doi.org/10.1161/01.CIR.0000020009.30736.3F
https://doi.org/10.1161/01.CIR.0000020009.30736.3F
https://doi.org/10.1016/S0002-9149(03)00536-8
https://doi.org/10.1016/S0002-9149(03)00536-8
https://doi.org/10.1136/heartjnl-2017-312070
https://doi.org/10.1016/j.ijcard.2015.09.010
https://doi.org/10.1016/j.ijcard.2015.09.010
https://doi.org/10.3109/1354750X.2016.1153722
https://doi.org/10.3109/1354750X.2016.1153722
https://doi.org/10.1016/j.ijcard.2015.05.181
https://doi.org/10.1186/s12968-019-0553-4
https://doi.org/10.1186/s12968-019-0553-4
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1371/journal.pone.0202406
https://doi.org/10.1371/journal.pone.0202406
https://doi.org/10.1210/jc.2018-01241
https://doi.org/10.1161/CIRCULATIONAHA.116.023255
https://doi.org/10.1161/CIRCULATIONAHA.116.023255
https://doi.org/10.1016/j.jtcvs.2008.12.027
https://doi.org/10.1007/s10554-009-9501-y
https://doi.org/10.1161/CIRCRESAHA.116.308996
https://doi.org/10.1161/CIRCRESAHA.116.308996
https://doi.org/10.1016/j.jacc.2012.02.092
https://doi.org/10.1161/CIRCULATIONAHA.107.722827
https://doi.org/10.1111/jth.13860
https://doi.org/10.1016/j.ihj.2018.08.019
https://doi.org/10.1111/jocs.14038
https://doi.org/10.1016/j.ahj.2010.08.033
https://doi.org/10.1016/j.ahj.2010.08.033
https://doi.org/10.1016/j.tem.2009.01.002
https://doi.org/10.1016/j.tem.2009.01.002


J Am Heart Assoc. 2021;10:e015022. DOI: 10.1161/JAHA.119.015022 12

van den Bosch et al Biomarkers and Adverse Outcome in Young Fontans

component of endothelial cell-specific Weibel-Palade bodies. J 
Proteome Res. 2012;11:2925–2936. DOI: 10.1021/pr300 010r.

 47. Gandhi PU, Gaggin HK, Redfield MM, Chen HH, Stevens SR, Anstrom 
KJ, Semigran MJ, Liu P, Januzzi JL Jr. Insulin-like growth factor-bind-
ing protein-7 as a biomarker of diastolic dysfunction and functional ca-
pacity in heart failure with preserved ejection fraction: results from the 
RELAX trial. JACC Heart Fail. 2016;4:860–869.

 48. Guo XH, Liu LX, Zhang HY, Zhang QQ, Li Y, Tian XX, Qiu ZH. Insulin-like 
growth factor binding protein-related protein 1 contributes to hepatic fi-
brogenesis. J Dig Dis. 2014;15:202–210. DOI: 10.1111/1751-2980.12126.

 49. Barton JS, Hindmarsh PC, Preece MA. Serum insulin-like growth factor 
1 in congenital heart disease. Arch Dis Child. 1996;75:162–163. DOI: 
10.1136/adc.75.2.162.

 50. Dinleyici EC, Kilic Z, Buyukkaragoz B, Ucar B, Alatas O, Aydogdu 
SD, Dogruel N. Serum IGF-1, IGFBP-3 and growth hormone levels 
in children with congenital heart disease: relationship with nutritional 
status, cyanosis and left ventricular functions. Neuro Endocrinol Lett. 
2007;28:279–283.

 51. Furuhashi M, Saitoh S, Shimamoto K, Miura T. Fatty acid-binding 
protein 4 (FABP4): pathophysiological insights and potent clinical bio-
marker of metabolic and cardiovascular diseases. Clin Med Insights 
Cardiol. 2014;8:23–33. DOI: 10.4137/CMC.S17067.

 52. Makowski L, Brittingham KC, Reynolds JM, Suttles J, Hotamisligil GS. 
The fatty acid-binding protein, aP2, coordinates macrophage choles-
terol trafficking and inflammatory activity. Macrophage expression of 
aP2 impacts peroxisome proliferator-activated receptor gamma and 
IkappaB kinase activities. J Biol Chem. 2005;280:12888–12895. DOI: 
10.1074/jbc.M4137 88200.

 53. Diller G-P, Dimopoulos K, Okonko D, Li W, Babu-Narayan SV, Broberg 
CS, Johansson B, Bouzas B, Mullen MJ, Poole-Wilson PA, et al. Exercise 
intolerance in adult congenital heart disease: comparative severity, cor-
relates, and prognostic implication. Circulation. 2005;112:828–835. 
DOI: 10.1161/CIRCU LATIO NAHA.104.529800.

 54. Everett RJ, Stirrat CG, Semple SI, Newby DE, Dweck MR, Mirsadraee 
S. Assessment of myocardial fibrosis with T1 mapping MRI. Clin Radiol. 
2016;71:768–778. DOI: 10.1016/j.crad.2016.02.013.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 29, 2021

https://doi.org/10.1021/pr300010r
https://doi.org/10.1111/1751-2980.12126
https://doi.org/10.1136/adc.75.2.162
https://doi.org/10.4137/CMC.S17067
https://doi.org/10.1074/jbc.M413788200
https://doi.org/10.1161/CIRCULATIONAHA.104.529800
https://doi.org/10.1016/j.crad.2016.02.013

