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Proteomics of pediatric heart failure: from traditional
biomarkers to new discovery strategies*
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Abstract Heart failure in children is a complex clinical syndrome with multiple aetiologies. The underlying
disorders that lead to heart failure in children differ significantly from those in adults. Some clinical biomarkers
for heart failure status and prognosis appear to be useful in both age groups. This review outlines the use and the
present status of biomarkers for heart failure in paediatric cardiology. Furthermore, clinical scenarios in which
development of new biomarkers might address management or prognosis are discussed. Finally, strategies for
proteomic discovery of novel biomarkers and application to practice are described.
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HEART FAILURE IS CHALLENGING TO ASSESS AND

manage in children. Advances in molecular
diagnosis, classification, and prognosis have

improved through individual and multi-institutional
efforts, such as the Pediatric Cardiomyopathy
Registry.1 In addition, devices and transplantation,
modelled on approaches to heart failure in adults,
have been successfully implemented.2 Nevertheless,
there are many gaps in knowledge about the
diagnosis, prognosis, predictive testing, and treat-
ment in paediatric heart failure. The discovery
process for new proteomic biomarkers also has the
potential to provide better disease assessment and
management and importantly may uncover biologi-
cal insights leading to new therapies. This review will
focus on the present clinical applications of biomar-
kers in heart failure and the development of
new biomarkers for paediatric heart failure using
proteomics.

Heart failure can be defined broadly as a clinical
syndrome in which there is impaired ability of the
heart to fill and eject blood from the ventricles.2,3 The
main causes of heart failure in children that lead to
hospitalisation include CHD, various forms of cardi-
omyopathy, and myocarditis.2 In spite of many
advances in the diagnosis and treatment of paediatric
heart failure, there are many ongoing challenges to
paediatric cardiologists and their colleagues in allied
specialties who care for these children.

The definition of biomarkers

Biomarkers of disease can be helpful in many aspects of
disease management. The National Cancer Institute at
the National Institutes of Health has provided a defi-
nition of biomarkers as “A biological molecule found in
blood, other body fluids, or tissues that is a sign of a
normal or abnormal process, or of a condition or disease.
A biomarker may be used to see how well the body
responds to a treatment for a disease or condition”.4

Biomarkers for paediatric heart failure should offer
one or more characteristics including accurate diag-
nostic information, risk stratification and monitoring
of therapeutic effects and clinical status, and should be
available in a relatively short timescale so as to inform
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clinical care. As described by Braunwald5, biomarkers
of heart failure may detect one or more of the several
processes involved in heart failure, including
inflammation, oxidative stress, extracellular-matrix re-
modelling, neurohormonal activation, and myocyte
injury or stress. In addition, it is likely that novel
biomarkers discovered by unbiased approaches may
uncover cellular regulatory pathways not previously
linked to heart failure. These novel markers can be
followed-up in laboratory studies that can result in a
new biological insight about heart failure.

Classical biomarkers in cardiology and
contributions to paediatric and clinical care

A number of biomarkers that are well-established in
adult cardiology have been studied in paediatric heart
failure. Examples of these include brain natriuretic
peptide or amino terminal [NT]-pro brain natriuretic
peptide, troponins, and norepinephrine.6 Brain
natriuretic peptide is a protein secreted in response to
ventricular or atrial stretch.7 Troponins I and T are
small sarcomere proteins with cardiac-specific isoforms,
and are useful as biomarkers for cardiac myocyte
necrosis, but as assays have become more sensitive it is
apparent that there is troponin leak even in situations
without apparent myocyte necrosis.5 Other biomarkers
such as arginine vasopressin, epinephrine, and
norepinephrine are associated with the activation of the
renin–angiotensin–aldosterone system and the sympa-
thetic nervous system.5 The interleukins and C-reactive
protein indicating inflammation may offer some valu-
able clues to the paediatric cardiologist.5 Syndecan-1
andGalectin-3 indicating cardiac fibrosis are also useful
as biomarkers for heart failure.8,9 The following sec-
tions of the review will address the applications of some
of the established biomarkers of paediatric heart failure.
Published reviews discuss a range of established and
novel biomarkers relevant to heart failure in adults.5,10

Markers of neurohormonal activation in
paediatric heart failure

Heart failure triggers the activations of several
components of the neurohormonal system, specifi-
cally the activation of the renin–angiotensin–aldos-
terone system and the sympathetic nervous system.
Neurohormonal activation results in compensatory
changes in water and sodium retention, tachycardia,
arterial vasoconstriction, and venoconstriction,
which augment the cardiac preload and afterload.11

These compensatory responses are ultimately
deleterious in the failing heart.11 Angiotensin-
converting enzyme inhibitors and β-blockers can
inhibit the two systems, respectively, and are
mainstays in modern therapy of heart failure.

Norepinephrine is a biomarker for heart failure. Ross
et al12,13 reported that elevated plasma nor-
epinephrine levels were present in paediatric heart
failure patients and correlated with the severity of
heart failure as well as with normalising after reso-
lution of heart failure. Current therapeutic strategies
in paediatric heart failure follow along the lines of
adult heart failure treatment using medications,
which antagonise the neurohormonal activation,3

although typically rather than following hormone
levels per se, clinical signs correlating with neuro-
hormonal activation serve as the measures.

Troponins

Assays for cardiac troponin I and T have been widely
used in the diagnosis of adult myocardial infarc-
tion.14 In paediatric practice, elevation of troponin is
a useful marker for acute myocarditis, cardiac contu-
sion injury, and cardiac toxicity from chemotherapy
in children.15–17 In addition, studies have shown that
cardiac ischaemia/injury leads to elevated troponin
levels in children.18,19 Checchia et al18 reported that
the ejection fraction and circumferential fibre short-
ening of survivors from cardiac arrest are inversely
correlated with troponin I level. Although troponin
assays provide valuable information about cardiac
injury and myocarditis, overuse of troponin screening
in children with chest pain provides minimal benefits
and is associated with increased resource utilisation,
unless patients have symptoms that may suggest
myocarditis, such as fever and/or electrocardiographic
abnormalities.20

Another setting in which troponin assays may be
helpful is in the monitoring for rejection after cardiac
transplantation. Troponins may be elevated in acute
rejection after heart transplantation.21,22 A recent
pilot study examined the use of a sensitive troponin T
assay along with [NT]-pro brain naturetic peptide
levels in children with suspected acute rejection and
correlated these markers with rejection on biopsy;21

however, this will require further study in larger
populations to assess whether biomarkers could
replace endomyocardial biopsy, which is the current
standard of care.21 Earlier studies have suggested that
elevated troponin levels might also be useful as a
measurement of potential cardiac graft status in organ
donors.23 More recently, a study demonstrated that
troponin I levels in a potential transplant donor heart
were not correlated with post-transplant hospital
length of stay and graft status.24

High-sensitivity troponin assays are defined dif-
ferently by different groups, although some in the
biomarker community advocate a definition of these
assays as assays that detect troponin in the blood
of 50% or more of apparently healthy adults.25
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Potter et al26 also found that transient elevations of
high-sensitivity troponin T did not correlate with any
cardiac disease in healthy young children. It is notable
that the presence of troponin in highly sensitivity assays
shows promise to suggest risk for all-cause mortality
in adults presenting to the emergency care even
when acute myocardial infarction is ruled out at initial
presentation.27 Further investigations are required
before the value of high-sensitivity troponin markers
is determined in paediatric heart failure.

Brain natriuretic peptides in paediatric heart
failure and CHD

Brain natriuretic peptide and amino terminal [NT]-
pro brain natriuretic peptide are biomarkers corre-
lated with myocyte stress.5 Elevated levels of brain
natriuretic peptide and amino terminal [NT]-pro
brain natriuretic peptide in paediatric heart failure
correlate with symptoms and adverse events, includ-
ing the need for mechanical cardiac support.28–30

Children with single ventricle have a high risk of
developing heart failure. Lowenthal et al31 reported
that the elevation of plasma brain natriuretic peptide
and [NT]-pro brain natriuretic peptide was corre-
lated with Ross scores in young children with single
ventricle and were helpful tests to detect clinical
heart failure in young children with single ventricle,
regardless of the stage of palliation. A study of a
cohort of children who had the Fontan procedure
evaluated in the outpatient setting demonstrated that
the majority had normal levels of brain natriuretic
peptide and elevation of the levels had only a modest
correlation with poor outcome.32 Book et al33 repor-
ted that adult patients with right ventricular heart
failure due to CHD had elevated plasma brain
natriuretic peptide levels. A group of patients aged
19.7± 4.0 years after the atrial switch operation
showed elevated brain natriuretic peptide levels and
correlated with the indices of right ventricular func-
tion.34 Nevertheless, another group of patients aged
9.6–37.7 years with systemic right ventricle had
normal plasma brain natriuretic peptide levels, but
increases were noted with poor clinical status.35

Furthermore, these authors found that the brain
natriuretic peptide level was positively correlated
with the severity of tricuspid regurgitation.35 As
reviewed by Kim and Januzzi36, combined with
standard clinical assessments of heart failure, assays of
brain natriuretic peptide or [NT]-pro brain
natriuretic peptide have been shown to be valuable in
the diagnosis of acute decompensated heart failure,
and the use of these assays longitudinally may be
associated with improved clinical outcomes of heart
failure in adults.

Caveats in the extension of adult heart failure
biomarkers to children

The experience with biomarkers in adult heart failure
should be extended to paediatric heart failure with
caution. The aetiologies of heart failure in children
differ significantly.2 In addition, there are significant
differences in the normal ranges of some assays between
children and adults. Data have shown that the baseline
level of troponins and brain natriuretic peptide in neo-
nates are higher than that of teenagers and adults.37,38

Opportunities for the development of
additional biomarkers for paediatric
heart failure

There are numerous other opportunities for the
development of biomarkers in paediatric heart failure
to address gaps in the present clinical approaches.
Biomarkers may prove to be useful in the assessment
and prognosis of foetal CHD and cardiomyopathy.
Biomarkers may provide useful information for the
timing of surgical revision, sequential palliative
procedures, and heart transplantation for cyanotic
CHD and end-stage heart failure – for example, one
study demonstrated that in addition to clinical risk
factors peak serum lactate and peak vasoactive ino-
trope scores may be useful in stratifying risk for
extracorporeal membrane oxygenation after the
Norwood procedure.39 A recent review outlined that
the use of some novel biomarkers such as ubiquitin
C-terminal hydrolase 1, phosphorylated axonal neu-
rofilament heavy chain, tissue plasminogen activator,
plasminogen activator inhibitor 1, and glial fibrillary
acidic protein may help identify children at high risk
following paediatric heart surgery.40 On the other
hand, there is a paucity of data, and this is an
important area for further research.
Surrogate markers predicating the event of sudden

cardiac death may be useful in cardiomyopathic dis-
eases in paediatrics, as current preventative strategies
with internal cardiac defibrillators are associated with
higher complication rates in children.41 Hyper-
trophic cardiomyopathy is a leading cause of sudden
cardiac death in young athletes. A novel model
reported by O’Mahony et al42 demonstrated that
clinical factors can predict risk of sudden cardiac
death and provide accurate individualised estimates
for the probability of sudden cardiac death in patients
with hypertrophic cardiomyopathy aged 16 years and
above using easily collected clinical parameters.
Although this strategy does not include serum bio-
markers, validation of biomarkers that can track the
risk of sudden death may be useful. In particular, it
would be useful to validate markers associated with
late gadolinium enhancement as surrogate imaging
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markers for fibrosis, which has been associated with
the risk of ventricular arrhythmia.43

Discovery strategies to develop new
biomarkers for paediatric heart failure

In order to develop new biomarkers for paediatric
heart failure, it is necessary to define some of the gaps
in knowledge in paediatric heart failure. The United
States National Heart, Lung, and Blood Institute
recently convened a working group of experts who
recommended strategies to enhance progress in
understanding and treating paediatric heart failure.44

In a similar effort, during the Second International
Conference on Paediatric Cardiomyopathy, Kantor
et al45 reviewed biomarkers of heart failure to high-
light the current knowledge and future directions of
biomarker usage in paediatric cardiomyopathy and
heart failure.
The National Heart Lung and Blood working

group acknowledged the lack of progress in pae-
diatric heart failure and the need to focus on
mechanisms that may be specific to paediatric heart
failure. This group encouraged a number of specific
studies including mechanistic studies, development
of better disease models, and partnering with
industry and other groups to advance therapies such
as improved mechanical support, development of
cellular therapies, and cellular models of disease.44

Development of protein, DNA, and microRNA
biomarkers was also encouraged. This group also
suggested ongoing development of registries and
databases, including linking genotype, genomics,
and protein biomarkers to disease outcome;44 how-
ever, the development of new biomarkers and spe-
cifically those linked to paediatric heart failure
remains a work in progress.

Pathways for biomarker development

A potential developmental strategy in paediatric
heart failure is the development of new biomarkers
using proteomics approaches. About 15 years ago, the
proteomics methods were heavily based on two-
dimensional gel electrophoresis technology, but the
field has been transformed by the application of
newer methodologies using mass spectrometry.
Increasingly, mass spectrometer is the instrument of
choice to profile tissue and body fluid proteins and
metabolites in health and disease.
Mass spectrometry-based proteomics is a powerful

technique based on detecting the physical–chemical
properties – namely, mass-to-charge ratios – of whole
proteins or more commonly proteins digested with
enzymes – typically trypsin – to peptides. After
peptide mixtures are further separated by liquid

chromatography, they are injected into the mass
spectrometer where they undergo a series of coupled
process that include the following: ionisation, accel-
eration, deflection by the application of an electric or
magnetic field, and detection. The application of this
rapidly progressing technology has transformed the
discovery-based studies of many diseases. Although
the field is advancing rapidly, extensive details about
the use of mass spectrometry-based protein profiling
in cardiovascular disease are beyond the scope of this
review but are described in recent reviews.46–49

The process of proteomic biomarker discovery
starts by defining a small, relatively homogeneous
patient cohort along with an age-matched control
population. Of course it is also necessary to define the
type of samples that will be utilised for the study – for
example, tissue-derived versus body fluids. Standard
operating procedures for sample collection and clin-
ical phenotype must be carefully defined. Logically,
preference is given to biomarkers detectable in sam-
ples obtained via less-invasive means, such as saliva,
urine, or serum. Subsequently, the results should be
validated in a larger, separate set of samples, before
involving large pharmaceutical companies or even
“startup” smaller biotechnology firms. Ultimately
industry involvement is necessary in the process of
translating the discovery efforts to large well-
characterised study populations and the final devel-
opment of a clinical assay platform. Figure 1 provides
a schematic representation of this process.
Several aspects of assay development must be con-

sidered. An early consideration when developing a
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Figure 1.
A schematic representation of the development pipeline for proteomic
biomarkers from assay development to validation, and the potential
cohort numbers of samples as well, and the number of analytes
measured at various stages of the process.
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biomarker is the optimisation of the methods that will
be used to isolate the proteins and digestions of the
proteins to peptides from the collected sample. Auto-
mated methodologies for sample preparation and
digestion to peptides are emerging and available for
β testing or commercially to assure a low coefficient of
variation in sample measurements. In some instances,
when the protein of interest is on the lower end of
protein abundance in the biological samples, strategies
are used to enrich the proteins of interest. For those
cases, techniques to deplete the most abundant pro-
tein, such as albumin in serum samples,50 organelle
specific,46 or phosphorylated peptides enrich-
ment,51,52 are implemented in the sample preparation
to overcome the problem of dynamic scale.
Generally speaking, proteomics discovery can be

defined as the application of techniques that can
broadly detect proteins, or their modifications, asso-
ciated with a disease state. Proteomics techniques can
be applied directly to the tissue of interest, such a heart
biopsy, or applied to a body fluid that reflects acute or
chronic protein change in diseased tissue, such as the
classical example of cardiac troponins partial proteo-
lysis leakage to the serum during cardiac ischaemic
injury. Measuring protein rather than gene, micro-
RNAs, or non-coding RNA expression changes has
been, in general, more useful to correlate with diseases
states; however, efforts in the area of genomics are
being made to push these molecules as useful bio-
markers for diagnosis or prognosis.53,54 Perhaps, even
better than focussing on a given protein, previous
work measuring post-translational modifications, such
as site-specific phosphorylation, better correlate with a
disease state like heart failure.51,52,55–57

A general problem with discovery-based approa-
ches is that the experiments result in large amount of
information, thus data analysis and data mining for
biological relevance is time consuming and complex.
For this and other reasons, many published laboratory
findings never progress to clinical application.56,57

A notable exception to this limitation is a recent
study where they identified quiescin Q6 as a
biomarker for acutely decompensated adult heart
failure.48 The key to success in that study was the
method development tailored to small-abundance
proteins and sophisticated software algorithms to
screen for biologically significant molecules that were
further validated in an animal model, and combined
with a gold standard biomarker, such as B-type
natriuretic peptide. This is when hypothesis-based
efforts, or targeted proteomics, can yield more pro-
mising candidates;49,55 however, the drawbacks are
the limitation to available biological knowledge,
which is particularly relevant to paediatric heart
failure, and prior knowledge can limit new insights
into disease processes.

In summary, a number of studies using small
patient cohorts have supported the use of biomarkers
such as brain natriuretic factor and troponins
in paediatric heart failure. Assessment of biomarkers
in larger cohorts such as in established registries or in
patients involved in clinical trials is one opportunity
to learn more about the correlation of biomarkers
with disease. Application of discovery-based pro-
teomic approaches may well contribute to the future
care of children with heart failure.

Acknowledgements

The work of the authors was supported in part by an
NIH NHLBI proteomics contract, HHSN268201
000032C, NIH HL63038 to A.M.M.; American Heart
Association and the Lawrence and Florence A.
DeGeorge Charitable Trust Scientist Development
Grant (AHA-12SDG9140008) to G.A.R.-C.; and
Natural Science Foundation of China, No. 81300124 as
well as Shen Zhen Scientific Plan, No. JCYJ20140416
141331544 to M.X.

Conflicts of Interest

None.

Ethical Standards

This work was performed in accordance to the ethical
standards and AAUP, Policy Documents and Reports
11th edition (Baltimore: Johns Hopkins University
Press, 2015), 91–93.

References
1. Wilkinson JD, Landy DC, Colan SD, et al. The pediatric cardio-

myopathy registry and heart failure: key results from the first
15 years. Heart Fail Clin 2010; 6: 401–413.

2. Rossano JW, Shaddy RE. Heart failure in children: etiology and
treatment. J Pediatr 2014; 165: 228–233.

3. Kantor PF, Lougheed J, Dancea A, et al. Presentation, diagnosis, and
medical management of heart failure in children: Canadian Cardio-
vascular Society guidelines. Can J Cardiol 2013; 29: 1535–1552.

4. Biomarker. NCI dictionary of cancer terms. National Cancer
Institute.

5. Braunwald E. Biomarkers in heart failure. N Eng J Med 2008; 358:
2148–2159.

6. Ohuchi H, Diller GP. Biomarkers in adult congenital heart disease
heart failure. Heart Fail Clin 2014; 10: 43–56.

7. Bhatia V, Nayyar P, Dhindsa S. Brain natriuretic peptide in
diagnosis and treatment of heart failure. J Postgrad Med 2003; 49:
182–185.

8. Ho JE, Liu C, Lyass A, et al. Galectin-3, a marker of cardiac fibrosis,
predicts incident heart failure in the community. J Am Coll Cardiol
2012; 60: 1249–1256.

9. Tromp J, van der Pol A, Klip IT, et al. Fibrosis marker syndecan-1
and outcome in patients with heart failure with reduced and pre-
served ejection fraction. Circulation 2014; 7: 457–462.

10. Schmitter D, Cotter G, Voors AA. Clinical use of novel biomarkers
in heart failure: towards personalized medicine. Heart Fail Rev
2014; 19: 369–381.

Xu et al: Proteomics of pediatric heart failure 55

https://doi.org/10.1017/S1047951115000839 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951115000839


11. Ma TK, Kam KK, Yan BP, Lam YY. Renin-angiotensin-
aldosterone system blockade for cardiovascular diseases:
current status. Br J Pharmacol 2010; 160: 1273–1292.

12. Ross RD, Daniels SR, Schwartz DC, Hannon DW, Kaplan S.
Return of plasma norepinephrine to normal after resolution of
congestive heart failure in congenital heart disease. Am J Cardiol
1987; 60: 1411–1413.

13. Ross RD, Daniels SR, Schwartz DC, Hannon DW, Shukla R,
Kaplan S. Plasma norepinephrine levels in infants and children
with congestive heart failure. Am J Cardiol 1987; 59:
911–914.

14. Eisenman A. Troponin assays for the diagnosis of myocardial
infarction and acute coronary syndrome: where do we stand? Expert
Rev Cardiovasc Ther 2006; 4: 509–514.

15. Brown JL, Hirsh DA, Mahle WT. Use of troponin as a screen for
chest pain in the pediatric emergency department. Pediatr Cardiol
2012; 33: 337–342.

16. Hirsch R, Landt Y, Porter S, et al. Cardiac troponin I in pediatrics:
normal values and potential use in the assessment of cardiac injury.
J Pediatr 1997; 130: 872–877.

17. Lipshultz SE, Miller TL, Scully RE, et al. Changes in cardiac
biomarkers during doxorubicin treatment of pediatric patients
with high-risk acute lymphoblastic leukemia: associations with
long-term echocardiographic outcomes. J Clin Oncol 2012; 30:
1042–1049.

18. Checchia PA, Sehra R, Moynihan J, Daher N, Tang W, Weil MH.
Myocardial injury in children following resuscitation after
cardiac arrest. Resuscitation 2003; 57: 131–137.

19. Diaz-Miron JL, Dillon PA, Saini A, et al. Left main coronary artery
dissection in pediatric sport-related chest trauma. J Emerg Med
2014; 47: 150–154.

20. Liesemer K, Casper TC, Korgenski K, Menon SC. Use and misuse
of serum troponin assays in pediatric practice. Am J Cardiol 2012;
110: 284–289.

21. Dyer AK, Barnes AP, Fixler DE, et al. Use of a highly sensitive
assay for cardiac troponin T and N-terminal pro-brain natriuretic
peptide to diagnose acute rejection in pediatric cardiac transplant
recipients. Am Heart J 2012; 163: 595–600.

22. Siaplaouras J, Thul J, Kramer U, Bauer J, Schranz D. Cardiac
troponin I: a marker of acute heart rejection in infant and child
heart recipients? Pediatr Transplant 2003; 7: 43–45.

23. Potapov EV, Ivanitskaia EA, Loebe M, et al. Value of cardiac
troponin I and T for selection of heart donors and as predictors of
early graft failure. Transplantation 2001; 71: 1394–1400.

24. Lin KY, Sullivan P, Salam A, et al. Troponin I levels from donors
accepted for pediatric heart transplantation do not predict
recipient graft survival. J Heart Lung Transplant 2011; 30:
920–927.

25. Korley FK, Jaffe AS. Preparing the United States for high-
sensitivity cardiac troponin assays. J Am Coll Cardiol 2013; 61:
1753–1758.

26. Potter JM, Koerbin G, Abhayaratna WP, Cunningham RD,
Telford RD, Hickman PE. Transient troponin elevations in the
blood of healthy young children. Clin Chim Acta 2012; 413:
702–706.

27. Korley FK, Schulman SP, Sokoll LJ, et al. Troponin elevations
only detected with a high-sensitivity assay: clinical correlations
and prognostic significance. Acad Emerg Med 2014; 21:
727–735.

28. Price JF, Thomas AK, Grenier M, et al. B-type natriuretic peptide
predicts adverse cardiovascular events in pediatric outpatients with
chronic left ventricular systolic dysfunction. Circulation 2006; 114:
1063–1069.

29. Rusconi PG, Ludwig DA, Ratnasamy C, et al. Serial measurements
of serum NT-proBNP as markers of left ventricular systolic func-
tion and remodeling in children with heart failure. Am Heart J
2010; 160: 776–783.

30. Wong DT, George K, Wilson J, et al. Effectiveness of serial
increases in amino-terminal pro-B-type natriuretic peptide levels to
indicate the need for mechanical circulatory support in children
with acute decompensated heart failure. Am J Cardiol 2011; 107:
573–578.

31. Lowenthal A, Camacho BV, Lowenthal S, et al. Usefulness of
B-type natriuretic peptide and N-terminal pro-B-type natriuretic
peptide as biomarkers for heart failure in young children with
single ventricle congenital heart disease. Am J Cardiol 2012; 109:
866–872.

32. Atz AM, Zak V, Breitbart RE, et al. Factors associated with serum
brain natriuretic peptide levels after the Fontan procedure.
Congenit Heart Dis 2011; 6: 313–321.

33. Book WM, Hott BJ, McConnell M. B-type natriuretic peptide
levels in adults with congenital heart disease and right ventricular
failure. Am J Cardiol 2005; 95: 545–546.

34. Chow PC, Cheung EW, Chong CY, et al. Brain natriuretic peptide
as a biomarker of systemic right ventricular function in patients
with transposition of great arteries after atrial switch operation. Int
J Cardiol 2008; 127: 192–197.

35. Koch AM, Zink S, Singer H. B-type natriuretic peptide in patients
with systemic right ventricle. Cardiology 2008; 110: 1–7.

36. KimHN, Januzzi JL Jr. Natriuretic peptide testing in heart failure.
Circulation 2011; 123: 2015–2019.

37. Lipshultz SE, Simbre VC 2nd, Hart S, et al. Frequency of elevations
in markers of cardiomyocyte damage in otherwise healthy new-
borns. Am J Cardiol 2008; 102: 761–766.

38. Nir A, Bar-Oz B, Perles Z, Brooks R, Korach A, Rein AJ.
N-terminal pro-B-type natriuretic peptide: reference plasma levels
from birth to adolescence. Elevated levels at birth and in infants and
children with heart diseases. Acta Paediatr 2004; 93: 603–607.

39. Friedland-Little JM, Hirsch-Romano JC, Yu S, et al. Risk factors for
requiring extracorporeal membrane oxygenation support after a
Norwood operation. J Thorac Cardiovasc Surg 2014; 148: 266–272.

40. Agirbasli M, Undar A. Monitoring biomarkers after pediatric heart
surgery: a new paradigm on the horizon. Artif Organs 2013; 37:
10–15.

41. Kamp AN, Von Bergen NH, Henrikson CA, et al. Implanted
defibrillators in young hypertrophic cardiomyopathy patients: a
multicenter study. Pediatr Cardiol 2013; 34: 1620–1627.

42. O’Mahony C, Elliott PM. Prevention of sudden cardiac death in
hypertrophic cardiomyopathy. Heart 2014; 100: 254–260.

43. Adabag AS, Maron BJ, Appelbaum E, et al. Occurrence and
frequency of arrhythmias in hypertrophic cardiomyopathy in rela-
tion to delayed enhancement on cardiovascular magnetic resonance.
J Am Coll Cardiol 2008; 51: 1369–1374.

44. Burns KM, Byrne BJ, Gelb BD, et al. New mechanistic and ther-
apeutic targets for pediatric heart failure: report from a National
Heart, Lung, and Blood Institute working group. Circulation
2014; 130: 79–86.

45. Kantor PF, Rusconi P, Lipshultz S, Mital S, Wilkinson JD, Burch
M. Current applications and Future Needs for Biomarkers in
Pediatric Cardiomyopathy and Heart Failure: Summary from the
Second International Conference on Pediatric Cardiomyopathy.
Prog Pediatr Cardiol 2011; 32: 11–14.

46. Agnetti G, Husberg C, Van Eyk JE. Divide and conquer: the
application of organelle proteomics to heart failure. Circ Res 2011;
108: 512–526.

47. Gregorich ZR, Chang YH, Ge Y. Proteomics in heart failure: top-
down or bottom-up? Pflugers Arch 2014; 466: 1199–1209.

48. Mebazaa A, Vanpoucke G, Thomas G, et al. Unbiased plasma
proteomics for novel diagnostic biomarkers in cardiovascular dis-
ease: identification of quiescin Q6 as a candidate biomarker of
acutely decompensated heart failure. Eur Heart J 2012; 33:
2317–2324.

49. Ramirez-Correa GA, Martinez-Ferrando MI, Zhang P, Murphy AM.
Targeted proteomics of myofilament phosphorylation and other

56 Cardiology in the Young: Volume 25 Supplement 2 2015

https://doi.org/10.1017/S1047951115000839 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951115000839


protein posttranslational modifications. Proteomics Clin Appl 2014;
8: 543–553.

50. Holewinski RJ, Jin Z, Powell MJ, Maust MD, Van Eyk JE. A fast
and reproducible method for albumin isolation and depletion from
serum and cerebrospinal fluid. Proteomics 2013; 13: 743–750.

51. Kooij V, Holewinski RJ, Murphy AM, Van Eyk JE. Characteriza-
tion of the cardiac myosin binding protein-C phosphoproteome in
healthy and failing human hearts. J Mol Cell Cardiol 2013; 60:
116–120.

52. Schechter MA, Hsieh MK, Njoroge LW, et al. Phosphoproteomic
profiling of human myocardial tissues distinguishes ischemic
from non-ischemic end stage heart failure. PloS One 2014; 9:
e104157.

53. Marchionni L, Afsari B, Geman D, Leek JT. A simple and
reproducible breast cancer prognostic test. BMC Genomics 2013;
14: 336.

54. Marchionni L,Wilson RF,Wolff AC, et al. Systematic review: gene
expression profiling assays in early-stage breast cancer. Ann Intern
Med 2008; 148: 358–369.

55. Zhang P, Kirk JA, Ji W, et al. Multiple reaction monitoring to
identify site-specific troponin I phosphorylated residues in the
failing human heart. Circulation 2012; 126: 1828–1837.

56. Ahmad T, Fiuzat M, Pencina MJ, et al. Charting a roadmap for
heart failure biomarker studies. JACC 2014; 2: 477–488.

57. Schoenhoff FS, Fu Q, Van Eyk JE. Cardiovascular proteomics: impli-
cations for clinical applications. Clin Lab Med 2009; 29: 87–99.

Xu et al: Proteomics of pediatric heart failure 57

https://doi.org/10.1017/S1047951115000839 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951115000839

	Outline placeholder
	The definition of biomarkers
	Classical biomarkers in cardiology and contributions to paediatric and clinical care
	Markers of neurohormonal activation in paediatric heart failure
	Troponins
	Brain natriuretic peptides in paediatric heart failure and CHD
	Caveats in the extension of adult heart failure biomarkers to children
	Opportunities for the development of additional biomarkers for paediatric heart failure
	Discovery strategies to develop new biomarkers for paediatric heart failure
	Pathways for biomarker development
	Figure 1A schematic representation of the development pipeline for proteomic biomarkers from assay development to validation, and the potential cohort numbers of samples as well, and the number of analytes measured at various stages of the process.
	Acknowledgements
	ACKNOWLEDGEMENTS


