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Fetal heart failure is mainly caused by congenital heart defect and arrhythmia. It is difficult 
to appropriately diagnose the severity of fetal heart failure simply by ultrasonography 
because the development of a fetal heart in fetoplacental circulation and how well the 
fetal myocardium can adapt to postnatal cardiopulmonary circulation are challenging to 
assess. In adult cardiology, natriuretic peptides (NPs) are the most useful biomarker of 
heart failure; however, studies investigating NP levels in the fetuses and amniotic fluid are 
quite limited. Furthermore, little is known about their production and metabolism. This 
review summarized the most relevant findings on NP levels in the umbilical cord blood 
and amniotic fluid. The findings can then extend their use as a diagnostic biomarker of 
heart failure in fetuses with congenital heart defect and/or arrhythmia.

Keywords: natriuretic peptide, fetal heart failure, congenital heart defect, arrhythmia, placenta, metabolism, 
prenatal diagnosis, ultrasonography

INTRODUCTION

Prenatal diagnosis of complex congenital heart defects (CHDs) is critical to predict the 
need for emergent postnatal interventions and facilitates a more rapid stabilization of 
postnatal circulation (Levey et  al., 2010; Holland et  al., 2015). The pathophysiology of 
CHDs, including Ebstein’s anomaly, is associated with a high perinatal mortality caused 
by the progression of heart failure in utero (Freud et  al., 2015). Sustained tachyarrhythmia 
or bradyarrhythmia is associated with the progression of fetal heart failure (Schmidt et  al., 
1991; Naheed et  al., 1996). Therefore, transplacental antiarrhythmic therapy for fetal 
tachyarrhythmia is highly recommended during preterm gestation (Donofrio et  al., 2014). 
An accurate prenatal diagnosis of structural heart abnormalities or arrhythmias and an 
assessment of heart failure in utero are important in providing appropriate management 
for fetuses with CHD and/or arrhythmia (Miyoshi et  al., 2019c).

The development of a fetal heart in fetoplacental circulation and how well the fetal myocardium 
can adapt to postnatal cardiopulmonary circulation are difficult to assess. Thus, fetal heart 
failure is still challenging to diagnose. Recent studies have shown that the cardiovascular 
profile score is a comprehensive echocardiographic marker of fetal heart failure (Falkensammer 
et  al., 2001; Huhta, 2005; Hofstaetter et  al., 2006). This method is based on a composite 
scoring system for grading the severity of fetal heart failure using five echocardiographic 
parameters that are as follows: fetal effusion, arterial and venous Doppler findings, heart size, 
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and cardiac function. The cardiovascular profile score may 
be  useful in the baseline and serial evaluations of fetuses at 
risk of myocardial dysfunction. However, there are some issues 
associated with the use of echocardiography for evaluating 
cardiac function in fetuses with CHD and/or arrhythmia 
(Wieczorek et  al., 2008; Miyoshi et  al., 2019c). For example, 
the severity of tricuspid valve regurgitation is not always easy 
to evaluate accurately (Neves et  al., 2014). The gap in timing 
between atrial contraction and atrioventricular valve closure 
due to arrhythmias leads to abnormal venous Doppler findings. 
Therefore, it is important to identify objective biomarkers that 
can reflect the severity of fetal heart failure.

Natriuretic peptides (NPs) are established as biomarkers of 
heart failure in adult cardiology (Böhm et  al., 2011; McMurray 
et al., 2012); however, studies investigating NP levels in the fetuses 
and amniotic fluid are quite limited. Furthermore, little is known 
about their production and metabolism. This review summarized 
the most relevant findings on NPs in the umbilical cord blood 
and amniotic fluid. This finding can extend their use as a diagnostic 
biomarker of heart failure in fetuses with CHD and/or arrhythmia.

CLINICAL SIGNIFICANCE OF NPs AS 
BIOMARKERS OF FETAL HEART 
FAILURE

Umbilical Cord Blood NP Levels
Our previous study showed that plasma NP levels in the 
umbilical cord blood were correlated with the severity of heart 
failure in fetuses with CHD and/or arrhythmia (Miyoshi et  al., 
2018b; Table 1). The plasma concentrations of atrial NP (ANP), 
brain NP (BNP), and N-terminal fragment of pro-brain NP 
(NT-proBNP) in the umbilical cord blood had similar profiles 
in heart failure. Several studies showed that fetuses with CHD 
have significantly higher NT-proBNP levels in the umbilical 
cord blood than controls (Lechner et  al., 2009; Merz et  al., 
2012; Bae et  al., 2015; Lee et  al., 2016). The NT-proBNP levels 
in the umbilical cord blood of fetuses with a single ventricular 
physiology are significantly higher than those with a biventricular 
physiology. Fetuses with a ventricular outflow tract obstruction 
and an intact interventricular septum have significantly higher 
NT-proBNP levels than those with other types of CHD. Hence, 
a high ventricular pressure leads to increase NP levels (Merz 
et  al., 2012; Bae et  al., 2015). We  analyzed in detail the 
association between heart failure severity and NP concentrations. 
Results showed that, compared with other types of CHD, right 
heart defects with moderate or severe tricuspid valve 
regurgitation, including Ebstein’s anomaly, are associated with 
lower cardiovascular profile scores and higher NP levels (Miyoshi 
et  al., 2018b). Conversely, fetuses with a right heart defect but 
no or mild tricuspid valve regurgitation, which does not lead 
to high right ventricular pressure, had low NP levels. These 

findings strongly support the notion that elevated NP levels 
are mainly attributed to a high central venous pressure, rather 
than morphological abnormality itself.

Fetal tachyarrhythmia or bradyarrhythmia was strongly 
correlated with high NP levels (Miyoshi et al., 2018b). Abnormal 
venous Doppler sonography findings were more common and 
severe in fetuses with tachyarrhythmia or bradyarrhythmia than 
in those with CHD. Elevated NP levels are closely associated 
with abnormal venous Doppler findings, which indicate an 
increase in central venous pressure (Johnson et al., 1992). Elevated 
wall stress leads to cardiac remodeling and hypertrophy, which 
increases myocardial oxygen consumption and aggravates 
myocardial function. To overcome reduction in ventricular 
compliance, end-diastolic filling pressure, and hydrostatic central 
venous pressure increase to maintain cardiac output, thereby 
resulting in a higher release of NP from the fetal heart (Harada 
et  al., 1998; Gardiner, 2005). Furthermore, our previous study 
found that NP levels in the umbilical cord blood reflect the 
severity of fetal arrhythmia and responses to fetal therapy. In 
the fetuses with tachyarrhythmias, NP levels in the responders 
of fetal therapy decreased to the levels similar to normal fetuses. 
Thus, NP concentrations can be  used as biomarkers for the 
efficacy of fetal therapy (Miyoshi et al., 2019a). Similar to adults, 
damage to the ventricular wall in fetal tachyarrhythmia is reversible 
in utero (Gopinathannair et  al., 2015). Meanwhile, the group 
with no indications for fetal therapy had significantly lower 
cardiovascular profile scores than the control group and had 
similar NP levels in the umbilical cord blood. Thus, NP levels 
complement echocardiographic assessment, and they may be useful 
in determining whether fetal treatment for arrhythmia is indicated.

Preterm birth and fetal acidemia are associated with high 
NP levels in fetuses with CHD and/or arrhythmia (Miyoshi et al., 
2018b). Earlier studies have shown that gestational age is not 
an important determinant of ANP levels in fetuses and newborns 
(Kingdom et  al., 1992; Ville et  al., 1994). Plasma ANP levels in 
the umbilical cord blood were actually higher in fetuses with 
hydrops than in controls. Therefore, preterm birth caused by 
fetal heart failure or hydrops may contribute to high NP levels. 
A previous study has revealed that umbilical cord vein ANP 
levels were inversely correlated to umbilical artery pH (Kingdom 
et  al., 1992). Maternal hypertensive disorder and fetal acidemia 
during labor stimulate fetal ANP production (Mäkikallio et  al., 
2001). In a recent research, high umbilical cord blood BNP 
levels and low pH might be  associated with adverse outcomes 
in fetuses with CHD (Sahin-Uysal et  al., 2020). Therefore, NP 
levels in the umbilical cord blood may be  a useful surrogate 
marker of fetal maturation and antenatal stress (Kanbe et al., 2009).

Amniotic Fluid NP Levels
In the amniotic fluid, NT-proBNP levels increase in a stepwise 
fashion with the severity of fetal heart failure in fetuses with 
CHD and/or arrhythmia (Miyoshi et  al., 2018a). In contrast, 
ANP and BNP concentrations in the amniotic fluid are 
extremely low; hence, they are not good markers of fetal heart  
failure (Table  1). Although NT-proBNP is released from 
cardiomyocytes in equimolar amounts of BNP, it is not 
metabolized by the NP receptor C (NPR-C). Moreover, the 

Abbreviations: NP, Natriuretic peptide; CHD, Congenital heart defect; ANP, Atrial 
natriuretic peptide; BNP, Brain natriuretic peptide; NT-proBNP, N-terminal fragment 
of pro-brain natriuretic peptide; NPR-C, NP receptor C.
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half-life of NT-proBNP is significantly longer than that of BNP 
(McMurray et al., 2012). The glycosylation of NT-proBNP may 
further prevent metabolism via protease digestion in the amniotic 
fluid, similar in the blood (Hammerer-Lercher et  al., 2008). 
Amniotic fluid NT-proBNP levels were strongly correlated with 
umbilical vein plasma NT-proBNP levels. Preterm birth, fetal 
tachyarrhythmias or bradyarrhythmias, and right heart defects 
with moderate or severe tricuspid valve regurgitation were 
associated with high amniotic fluid NT-proBNP levels, similar 
to the umbilical vein plasma NT-proBNP levels (Miyoshi et al., 
2018b). Amniotic fluid NT-proBNP levels in fetuses with fetal 
tachyarrhythmias or bradyarrhythmias and right heart defects 
with moderate or severe tricuspid valve regurgitation were 
median 230 (range, 50–539) pg/ml and median 231 (range, 
132–1,329) pg/ml, respectively, which were significantly higher 
than those of median 33 (range, 1–185) pg/ml in normal fetuses.

There are few data on the association between amniotic fluid 
NPs and fetal heart failure. Previous studies have reported a good 
correlation between amniotic fluid NT-proBNP levels and the 
severity of twin-twin transfusion syndrome in monochorionic 
diamniotic twin pregnancies (Bajoria et al., 2002; Delabaere et al., 
2010; Habli et  al., 2010; Van Mieghem et  al., 2010). Both donor 
and recipient twins develop heart failure in severe twin-twin 
transfusion syndrome. However, BNP release is affected by factors 
such as fetal hypoxemia and renin transfer involving placental 
shunting from the donor to the recipient twin. Moreover, whether 

BNP production in the amniotic membrane is affected by 
polyhydramnios or oligohydramnios due to the twin-twin transfusion 
syndrome remains unclear. Our study focused on singletons with 
CHD and/or arrhythmia and systematically compared the association 
between amniotic fluid NP levels and fetal heart failure. 
We  concluded that amniotic fluid NT-proBNP levels can reflect 
the severity of fetal heart failure (Miyoshi et  al., 2018a).

Several studies have investigated NP levels in the umbilical 
cord blood and amniotic fluid upon delivery. The effects of 
maternal blood or vaginal secretion cannot be  completely 
eliminated during amniotic fluid NP measurements, even though 
the mode of delivery and labor were not associated with NP 
concentrations (Miyoshi et  al., 2018a). Percutaneous umbilical 
blood sampling or amniocentesis is required to provide  
real-time information and to identify therapeutic strategies with 
NPs in fetuses with CHD and/or arrhythmia. Ultrasonography 
is a non-invasive and repeatable investigation, while percutaneous 
umbilical blood sampling and amniocentesis are invasive and 
have several medical restrictions. However, amniocentesis is a 
common obstetric procedure that uses a hollow needle inserted 
into the uterus for screening chromosomal abnormalities in a 
fetus. Compared with percutaneous umbilical cord blood 
sampling, amniocentesis has a lower rate of complications and 
is technically easier to perform (Bigelow et  al., 2016; Salomon 
et  al., 2019). Our results will help to optimize the design of 
prospective studies using cardiovascular profile scores, and the 

TABLE 1 | ANP, BNP, and NT-proBNP in the umbilical cord blood and amniotic fluid in fetuses with CHD/arrhythmia.

ANP BNP NT-proBNP

Detection specificity Mature ANP

proANP

Mature BNP

proBNP

NT-proBNP

proBNP

Umbilical cord blood

 Concentration, median (minimum–
maximum)*

42 (6–1,975) pg/ml 18 (0.2–1,276) pg/ml 636 (140–24,921) pg/ml

Major molecular form Mature ANP proBNP NT-proBNP
Major sites of metabolism Placenta and umbilical vessels Not identified Not identified
Mechanism of metabolism NPR-C

NEP digestion

NPR-C

NEP digestion

Protease digestion

Stability Unstable Less stable Stable
Use as a biomarker of fetal heart failure Useful Useful Highly useful
Factors affecting concentrations Fetal heart failure, tachyarrhythmias 

or bradyarrhythmias, right heart 
defects with moderate or severe 
TR, ventricular outflow tract 
obstruction without interventricular 
septum, preterm birth, and 
acidemia

Fetal heart failure, tachyarrhythmias or 
bradyarrhythmias, right heart defects 
with moderate or severe TR, 
ventricular outflow tract obstruction 
without interventricular septum, 
preterm birth, and acidemia

Fetal heart failure, tachyarrhythmias or 
bradyarrhythmias, right heart defects with 
moderate or severe TR, ventricular outflow 
tract obstruction without interventricular 
septum, preterm birth, and acidemia

Amniotic fluid

 Concentration, median  
(minimum–maximum)#

0.3 (0.2–9.8) pg/ml 3.9 (0.2–15.3) pg/ml 48 (7–1,329) pg/ml  
Approximately 1/30 of the umbilical vein level

Stability Unstable Unstable Stable
Use as a biomarker of fetal heart failure Not applicable Not applicable Extremely useful
Factors affecting concentrations Not identified Not identified Fetal heart failure, tachyarrhythmias or 

bradyarrhythmias, right heart defects with 
moderate or severe TR, and gestational age

ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CHD, congenital heart defect; NEP, neutral endopeptidase; NPR, natriuretic peptide receptor; NT-proBNP, N-terminal 
fragment of pro-brain natriuretic peptide; proANP: pro-atrial natriuretic peptide; proBNP; pro-brain natriuretic peptide; and TR, tricuspid valve regurgitation. 
*Umbilical vein plasma (Miyoshi et al., 2018a).
#Amniotic fluid (Miyoshi et al., 2018b).
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measurement of NP concentrations in amniotic fluid samples 
collected via amniocentesis should be  planned to identify the 
proper timing of delivery and improve the prognosis of fetuses 
with CHD and/or arrhythmia. Amniotic fluid NT-proBNP 
measurements are expected to complement the inadequate points 
of echocardiography in fetuses with CHD and/or arrhythmia.

PRODUCTION AND METABOLISM OF 
NPs IN THE FETOPLACENTAL 
CIRCULATION

Molecular Forms and Metabolism of NPs 
in the Fetoplacental Circulation
A recent study has found the differential metabolism of ANP 
and BNP in the fetoplacental circulation (Miyoshi et al., 2019b; 
Figure  1). After passing through the placenta, the ANP levels 
in the umbilical vein plasma decreased to approximately one-half 
of the levels in the umbilical artery plasma in fetuses with 
CHD and/or arrhythmia and in controls. Thus, the placenta 
and umbilical vessels may be the major sites of ANP metabolism. 
Interestingly, previous reports showed that ANP, but not BNP, 
is expressed in the human placenta, particularly in cytotrophoblast 
cells (Lim and Gude, 1995; Graham et  al., 1996). In our study 
cohort, there were several cases in which the ANP levels were 

higher in the umbilical vein than in the umbilical artery plasma. 
Hence, ANP may be  secreted from the placenta locally or 
into the fetoplacental circulation (Miyoshi et  al., 2019b) and 
may play a pivotal role in the regulation of fetoplacental  
hemodynamics.

By contrast, plasma BNP levels did not almost decrease 
after passing through the placenta, regardless of the type or 
presence of fetal heart disease. In adult cardiology, the half-life 
of BNP in the plasma is 10-fold longer than that of ANP 
(Mukoyama et  al., 1991). Binding and internalization by the 
NPR-C and enzymatic degradation are the two main pathways 
involved in the clearance of circulating NPs (Nussenzveig et al., 
1990; Norman et  al., 1991). NPR-C-mediated degradation is 
the major mechanism responsible for the clearance of NPs 
from the circulation (Matsuo et  al., 2019). The binding affinity 
of ANP to NPR-C is greater than that of BNP to NPR-C 
(Koller et al., 1991; Suga et al., 1992). Delayed BNP metabolism 
also reflects relative resistance to neutral endopeptidase, which 
is a major peptidase responsible for NP degradation (Smith 
et  al., 2000; Walther et  al., 2004). Therefore, the lower affinity 
of BNP to NPR-C and its resistance to neutral endopeptidase 
can make BNP more stable in the fetoplacental circulation.

Reverse-phase high-performance liquid chromatography 
revealed that in the fetoplacental circulation, ANP and BNP 
mainly comprised the mature and precursor forms, respectively 
(Miyoshi et  al., 2019b; Table  1). In the adult circulation, ANP 

FIGURE 1 | Production and metabolism of ANP, BNP, and NT-proBNP in the fetoplacental circulation and amniotic fluid. The fetus and mother independently 
produce and metabolize ANP and BNP. Fetal plasma ANP comprises the mature form, and the placenta and umbilical vessels can be the major sites of ANP 
metabolism. Fetal plasma BNP predominantly consists of the precursor form, which may reduce BNP metabolism in the fetoplacental circulation in addition to its 
lower affinity to natriuretic peptide receptor C. The plasma ANP, BNP, and NT-proBNP levels in the umbilical cord blood reflect the severity of heart failure. Amniotic 
fluid NT-proBNP derived from the fetal heart via fetal urine can be used to assess fetal heart failure at late preterm gestation or thereafter. ANP, atrial natriuretic 
peptide; BNP, brain natriuretic peptide; and NT-proBNP, N-terminal fragment of pro-brain natriuretic peptide.
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circulates as a mature alpha-ANP with full bioactivity, and 
BNP in the blood mainly comprises mature, fully active BNP-32 
and weakly active its precursor proBNP (Matsuo et  al., 2019). 
Recent studies have shown that glyco-proBNP – a glycosylated 
precursor – is a major circulating component, which results 
from impaired processing events by the glycosylation of 
threonine-71 of proBNP, in adults (Liang et  al., 2007; Seferian 
et  al., 2007; Semenov et  al., 2009; Miller et  al., 2011). ProBNP 
is highly glycosylated, and its properties are different from 
those of simple 108-residue proBNP peptide. The presence of 
highly glycosylated proBNP in the circulation may help to 
reduce BNP metabolism in the placenta and umbilical vessels 
since glycosylation generally provides protective effects against 
proteases (McCarthy et al., 2014). Differences in the circulating 
molecular forms are also responsible for the different properties 
in the metabolic clearance between ANP and BNP in the 
fetoplacental circulation. In adult patients with acute 
decompensated heart failure, self-compensation of myocardium 
for heart failure occurred by increasing mature BNP secretion 
via accelerating proBNP processing and activating the BNP/
cGMP cascade (Takahama et  al., 2018). Further studies should 
be  conducted to validate the pathophysiology and prognostic 
value of different ANP and BNP molecular forms in fetuses 
with heart failure.

Several studies have shown that there is no or little exchange 
of ANP, BNP, and NT-proBNP across the placenta (Castro 
et  al., 1989; Bar-Oz et  al., 2005; Lechner et  al., 2009). Fetus 
and mother secrete ANP and BNP independently of each other, 
and high NP levels in the umbilical cord plasma of fetuses 
with CHD and/or arrhythmia are primarily derived from the 
fetal heart (Miyoshi et  al., 2019b). Therefore, the plasma 
concentrations of ANP and BNP in the fetoplacental circulation 
are likely to be  regulated by the balance between production 
by the fetal heart and metabolism and clearance in the placenta 
and umbilical vessels.

Origin of Amniotic Fluid NPs
The major source of NPs in the amniotic fluid has not yet 
been established (Figure  1). Fetal urine and lung fluid are 
contributors to amniotic fluid volume and NP concentrations 
(Merz et  al., 2014; Carvajal et  al., 2017). Amniotic membranes 
also produce and secrete NPs (Itoh et  al., 1993; Carvajal et  al., 
2009). Gestational age should be  considered in the assessment 
of amniotic fluid NT-proBNP concentrations. In normal fetuses 
with early gestation age, the amniotic membranes are the main 
source of NPs in the amniotic fluid. The reference values for 
amniotic fluid NT-proBNP in normal fetuses gradually decreased 
according to the progression of pregnancy, and it reaches a 
plateau after 34  weeks of gestation (Merz et  al., 2014; Carvajal 
et al., 2017). A correlation between amniotic fluid and umbilical 
cord blood NT-proBNP concentrations was observed, even 
though the amniotic fluid had significantly lower NT-proBNP 
concentrations than the plasma (Miyoshi et  al., 2018a). This 
correlation was similar to that between urinary and plasma 
NT-proBNP concentrations in adult patients with heart failure 
(Hammerer-Lercher et al., 2008). Taken together, at late preterm 
gestation or thereafter, amniotic fluid NT-proBNP is considered 

to be  mainly derived from the fetal heart and can be  used 
to assess fetal heart failure.

CONCLUSION

Plasma NP levels in the umbilical cord blood reflect the severity 
of heart failure in fetuses with CHD and/or arrhythmia. Elevated 
NP levels are mainly attributed to an increase in central venous 
pressure secondary to arrhythmia or atrioventricular valve 
regurgitation caused by CHD. The plasma concentrations of ANP, 
BNP, and NT-proBNP in the umbilical cord blood had similar 
correlation profiles with the severity of fetal heart failure. Meanwhile, 
NT-proBNP levels in the amniotic fluid and umbilical cord blood 
are strongly correlated and amniotic fluid NT-proBNP levels increase 
according to the severity of fetal heart failure. In contrast, the 
ANP and BNP concentrations in the amniotic fluid are extremely 
low and, thus, are not good markers for assessing fetal heart failure.

The fetus and mother produce and metabolize NPs 
independently of each other. Metabolism in the fetoplacental 
circulation is quite different between ANP and BNP. Fetal 
plasma ANP comprises the mature form, and the placenta 
and umbilical vessels may be the major sites of ANP metabolism. 
Fetal plasma BNP predominantly consists of the precursor 
form, which may reduce BNP metabolism in the fetoplacental 
circulation in addition to its lower affinity to NPR-C.

The features of ANP, BNP, and their related peptides in 
the umbilical cord blood and amniotic fluid provided a strong 
basis for their use as biomarkers that can complement the 
inadequate points of ultrasonography.

AUTHOR CONTRIBUTIONS

TM drafted the manuscript. HH and NM edited and revised 
the manuscript. All authors contributed to the article and 
approved the submitted version.

FUNDING

This work was supported by JSPS KAKENHI Grants (19K08343) 
from the Ministry of Education, Culture, Sports, Science and 
Technology of Japan. This work was also supported in part by 
grants from the National Cerebral and Cardiovascular Center 
(26-6-1, 27-1-5), the National Center for Child Health and 
Development (2020B-8), and the Kawano Masanori Memorial 
Public Interest Incorporated Foundation for Promotion of 
Pediatrics. The funding sources were not involved in the study 
design, collection, analysis, and interpretation of data, writing 
of the manuscript, and decision to submit the article for publication.

ACKNOWLEDGMENTS

We would like to thank Enago (www.enago.jp) for English 
language review.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
http://www.enago.jp


Miyoshi et al. Natriuretic Peptides in Fetal Heart Failure

Frontiers in Physiology | www.frontiersin.org 6 March 2021 | Volume 12 | Article 654356

 

REFERENCES

Bae, J. Y., Cha, H. H., and Seong, W. J. (2015). Amino-terminal proB-type 
natriuretic peptide levels in the umbilical cord blood of neonates differ 
according to the type of prenatally diagnosed congenital heart disease. Pediatr. 
Cardiol. 36, 1742–1747. doi: 10.1007/s00246-015-1228-z

Bajoria, R., Ward, S., and Chatterjee, R. (2002). Natriuretic peptides in the 
pathogenesis of cardiac dysfunction in the recipient fetus of twin-twin 
transfusion syndrome. Am. J. Obstet. Gynecol. 186, 121–127. doi: 10.1067/
mob.2002.118845

Bar-Oz, B., Lev-Sagie, A., Arad, I., Salpeter, L., and Nir, A. (2005). N-terminal 
pro-B-type natriuretic peptide concentrations in mothers just before delivery, 
in cord blood, and in newborns. Clin. Chem. 51, 926–927. doi: 10.1373/
clinchem.2005.048892

Bigelow, C. A., Cinelli, C. M., Little, S. E., Benson, C. B., Frates, M. C., and 
Wilkins-Haug, L. E. (2016). Percutaneous umbilical blood sampling: current 
trends and outcomes. Eur. J. Obstet. Gynecol. Reprod. Biol. 200, 98–101. doi: 
10.1016/j.ejogrb.2016.02.038

Böhm, M., Voors, A. A., Ketelslegers, J. M., Schirmer, S. H., Turgonyi, E., 
Bramlage, P., et al. (2011). Biomarkers: optimizing treatment guidance in 
heart failure. Clin. Res. Cardiol. 100, 973–981. doi: 10.1007/s00392-011-0341-0

Carvajal, J. A., Delpiano, A. M., Cuello, M. A., Poblete, J. A., Casanello, P. C., 
Sobrevia, L. A., et al. (2009). Brain natriuretic peptide (BNP) produced by 
the human chorioamnion may mediate pregnancy myometrial quiescence. 
Reprod. Sci. 16, 32–42. doi: 10.1177/1933719108324137

Carvajal, J. A., Ferrer, F. A., Araya, F. I., and Delpiano, A. M. (2017). Normal 
amino-terminal pro-brain natriuretic peptide (NT-proBNP) values in amniotic 
fluid. Clin. Biochem. 50, 23–26. doi: 10.1016/j.clinbiochem.2016.09.002

Castro, L. C., Arora, C. P., Roll, K. E., Sassoon, D. A., and Hobel, C. J. (1989). 
Perinatal factors influencing atrial natriuretic peptide levels in umbilical 
arterial plasma at the time of delivery. Am. J. Obstet. Gynecol. 161, 623–627. 
doi: 10.1016/0002-9378(89)90366-9 

Delabaere, A., Marceau, G., Kemeny, S., Sapin, V., Ughetto, S., Coste, K., et al. 
(2010). Intra-amniotic N-terminal pro-brain natriuretic peptide in severe 
twin-to-twin transfusion syndrome treated by fetoscopic laser coagulation. 
Ultrasound Obstet. Gynecol. 35, 620–621. doi: 10.1002/uog.7579

Donofrio, M. T., Moon-Grady, A. J., Hornberger, L. K., Copel, J. A., Sklansky, M. S., 
Abuhamad, A., et al. (2014). Diagnosis and treatment of fetal cardiac disease: 
a scientific statement from the American Heart Association. Circulation 
129, 2183–2242. doi: 10.1161/01.cir.0000437597.44550.5d

Falkensammer, C. B., Paul, J., and Huhta, J. C. (2001). Fetal congestive heart 
failure: correlation of Tei-index and cardiovascular-score. J. Perinat. Med. 
29, 390–398. doi: 10.1515/JPM.2001.055

Freud, L. R., Escobar-Diaz, M. C., Kalish, B. T., Komarlu, R., Puchalski, M. D., 
Jaeggi, E. T., et al. (2015). Outcomes and predictors of perinatal mortality 
in fetuses with ebstein anomaly or tricuspid valve dysplasia in the current 
era: a multicenter study. Circulation 132, 481–489. doi: 10.1161/
CIRCULATIONAHA.115.015839

Gardiner, H. M. (2005). Response of the fetal heart to changes in load: from 
hyperplasia to heart failure. Heart 91, 871–873. doi: 10.1136/hrt.2004.047399

Gopinathannair, R., Etheridge, S. P., Marchlinski, F. E., Spinale, F. G., Lakkireddy, D., 
and Olshansky, B. (2015). Arrhythmia-induced cardiomyopathies: mechanisms, 
recognition, and management. J. Am. Coll. Cardiol. 66, 1714–1728. doi: 
10.1016/j.jacc.2015.08.038

Graham, C. H., Watson, J. D., Blumenfeld, A. J., and Pang, S. C. (1996). 
Expression of atrial natriuretic peptide by third-trimester placental 
cytotrophoblasts in women. Biol. Reprod. 54, 834–840. doi: 10.1095/
biolreprod54.4.834

Habli, M., Cnota, J., Michelfelder, E., Salisbury, S., Schnell, B., and Polzin, W., 
et  al. (2010). The relationship between amniotic fluid levels of brain-type 
natriuretic peptide and recipient cardiomyopathy in twin-twin transfusion 
syndrome. Am. J. Obstet. Gynecol. 203, 404.e1–e7. doi: 10.1016/j.ajog.2010.06.070

Hammerer-Lercher, A., Halfinger, B., Sarg, B., Mair, J., Puschendorf, B., 
Griesmacher, A., et al. (2008). Analysis of circulating forms of proBNP and 
NT-proBNP in patients with severe heart failure. Clin. Chem. 54, 858–865. 
doi: 10.1373/clinchem.2007.090266

Harada, M., Saito, Y., Kuwahara, K., Ogawa, E., Ishikawa, M., Nakagawa, O., 
et al. (1998). Interaction of myocytes and nonmyocytes is necessary for 

mechanical stretch to induce ANP/BNP production in cardiocyte culture. 
J. Cardiovasc. Pharmacol. 31(Suppl. 1), S357–S359. doi: 10.1097/00005344- 
199800001-00100

Hofstaetter, C., Hansmann, M., Eik-Nes, S. H., Huhta, J. C., and Luther, S. L. 
(2006). A cardiovascular profile score in the surveillance of fetal hydrops. 
J. Matern. Fetal Neonatal Med. 19, 407–413. doi: 10.1080/14767050600682446

Holland, B. J., Myers, J. A., and  Woods, C. R. Jr. (2015). Prenatal diagnosis 
of critical congenital heart disease reduces risk of death from cardiovascular 
compromise prior to planned neonatal cardiac surgery: a meta-analysis. 
Ultrasound Obstet. Gynecol. 45, 631–638. doi: 10.1002/uog.14882

Huhta, J. C. (2005). Fetal congestive heart failure. Semin. Fetal Neonatal Med. 
10, 542–552. doi: 10.1016/j.siny.2005.08.005

Itoh, H., Sagawa, N., Hasegawa, M., Okagaki, A., Inamori, K., Ihara, Y., et al. 
(1993). Brain natriuretic peptide is present in the human amniotic fluid 
and is secreted from amnion cells. J. Clin. Endocrinol. Metab. 76, 907–911. 
doi: 10.1210/jcem.76.4.8473404

Johnson, P., Sharland, G., Allan, L. D., Tynan, M. J., and Maxwell, D. J. (1992). 
Umbilical venous pressure in nonimmune hydrops fetalis: correlation with cardiac 
size. Am. J. Obstet. Gynecol. 167, 1309–1313. doi: 10.1016/S0002-9378(11)91707-4

Kanbe, T., Maeno, Y., Fujino, H., Kanda, H., Hirose, A., Okada, J., et al. (2009). 
Brain-type natriuretic peptide at birth reflects foetal maturation and antenatal 
stress. Acta Paediatr. 98, 1421–1425. doi: 10.1111/j.1651-2227.2009.01357.x

Kingdom, J. C., McQueen, J., Connell, J. M., and Whittle, M. J. (1992). Maternal 
and fetal atrial natriuretic peptide levels at delivery from normal and growth 
retarded pregnancies. Br. J. Obstet. Gynaecol. 99, 845–849. doi: 
10.1111/j.1471-0528.1992.tb14418.x

Koller, K. J., Lowe, D. G., Bennett, G. L., Minamino, N., Kangawa, K., Matsuo, H., 
et al. (1991). Selective activation of the B natriuretic peptide receptor by C-type 
natriuretic peptide (CNP). Science 252, 120–123. doi: 10.1126/science.1672777

Lechner, E., Wiesinger-Eidenberger, G., Wagner, O., Weissensteiner, M., 
Schreier-Lechner, E., Leibetseder, D., et al. (2009). Amino terminal pro 
B-type natriuretic peptide levels are elevated in the cord blood of neonates 
with congenital heart defect. Pediatr. Res. 66, 466–469. doi: 10.1203/
PDR.0b013e3181b3aee4

Lee, S. M., Kwon, J. E., Song, S. H., Kim, G. B., Park, J. Y., Kim, B. J., et al. 
(2016). Prenatal prediction of neonatal death in single ventricle congenital 
heart disease. Prenat. Diagn. 36, 346–352. doi: 10.1002/pd.4787

Levey, A., Glickstein, J. S., Kleinman, C. S., Levasseur, S. M., Chen, J., 
Gersony, W. M., et al. (2010). The impact of prenatal diagnosis of complex 
congenital heart disease on neonatal outcomes. Pediatr. Cardiol. 31, 587–597. 
doi: 10.1007/s00246-010-9648-2

Liang, F., O’Rear, J., Schellenberger, U., Tai, L., Lasecki, M., Schreiner, G. F., 
et al. (2007). Evidence for functional heterogeneity of circulating B-type 
natriuretic peptide. J. Am. Coll. Cardiol. 49, 1071–1078. doi: 10.1016/j.
jacc.2006.10.063

Lim, A. T., and Gude, N. M. (1995). Atrial natriuretic factor production by 
the human placenta. J. Clin. Endocrinol. Metab. 80, 3091–3093. doi: 10.1210/
jcem.80.10.7559903

Mäkikallio, K., Vuolteenaho, O., Jouppila, P., and Räsänen, J. (2001). Umbilical 
artery N-terminal peptide of proatrial natriuretic peptide in hypertensive 
pregnancies and fetal acidemia during labor. Obstet. Gynecol. 97, 23–28. 
doi: 10.1016/s0029-7844(00)01088-7

Matsuo, A., Nagai-Okatani, C., Nishigori, M., Kangawa, K., and Minamino, N. 
(2019). Natriuretic peptides in human heart: novel insight into their molecular 
forms, functions, and diagnostic use. Peptides 111, 3–17. doi: 10.1016/j.
peptides.2018.08.006

McCarthy, C., Saldova, R., Wormald, M. R., Rudd, P. M., McElvaney, N. G., 
and Reeves, E. P. (2014). The role and importance of glycosylation of acute 
phase proteins with focus on alpha-1 antitrypsin in acute and chronic 
inflammatory conditions. J. Proteome Res. 13, 3131–3143. doi: 10.1021/
pr500146y

McMurray, J. J., Adamopoulos, S., Anker, S. D., Auricchio, A., Böhm, M., 
Dickstein, K., et al. (2012). ESC Guidelines for the diagnosis and treatment 
of acute and chronic heart failure 2012: The Task Force for the Diagnosis 
and Treatment of Acute and Chronic Heart Failure 2012 of the European 
Society of Cardiology. Developed in collaboration with the Heart Failure 
Association (HFA) of the ESC. Eur. Heart J. 33, 1787–1847. doi: 10.1093/
eurheartj/ehs104

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1007/s00246-015-1228-z
https://doi.org/10.1067/mob.2002.118845
https://doi.org/10.1067/mob.2002.118845
https://doi.org/10.1373/clinchem.2005.048892
https://doi.org/10.1373/clinchem.2005.048892
https://doi.org/10.1016/j.ejogrb.2016.02.038
https://doi.org/10.1007/s00392-011-0341-0
https://doi.org/10.1177/1933719108324137
https://doi.org/10.1016/j.clinbiochem.2016.09.002
https://doi.org/10.1016/0002-9378(89)90366-9
https://doi.org/10.1002/uog.7579
https://doi.org/10.1161/01.cir.0000437597.44550.5d
https://doi.org/10.1515/JPM.2001.055
https://doi.org/10.1161/CIRCULATIONAHA.115.015839
https://doi.org/10.1161/CIRCULATIONAHA.115.015839
https://doi.org/10.1136/hrt.2004.047399
https://doi.org/10.1016/j.jacc.2015.08.038
https://doi.org/10.1095/biolreprod54.4.834
https://doi.org/10.1095/biolreprod54.4.834
https://doi.org/10.1016/j.ajog.2010.06.070
https://doi.org/10.1373/clinchem.2007.090266
https://doi.org/10.1097/00005344-199800001-00100
https://doi.org/10.1097/00005344-199800001-00100
https://doi.org/10.1080/14767050600682446
https://doi.org/10.1002/uog.14882
https://doi.org/10.1016/j.siny.2005.08.005
https://doi.org/10.1210/jcem.76.4.8473404
https://doi.org/10.1016/S0002-9378(11)91707-4
https://doi.org/10.1111/j.1651-2227.2009.01357.x
https://doi.org/10.1111/j.1471-0528.1992.tb14418.x
https://doi.org/10.1126/science.1672777
https://doi.org/10.1203/PDR.0b013e3181b3aee4
https://doi.org/10.1203/PDR.0b013e3181b3aee4
https://doi.org/10.1002/pd.4787
https://doi.org/10.1007/s00246-010-9648-2
https://doi.org/10.1016/j.jacc.2006.10.063
https://doi.org/10.1016/j.jacc.2006.10.063
https://doi.org/10.1210/jcem.80.10.7559903
https://doi.org/10.1210/jcem.80.10.7559903
https://doi.org/10.1016/s0029-7844(00)01088-7
https://doi.org/10.1016/j.peptides.2018.08.006
https://doi.org/10.1016/j.peptides.2018.08.006
https://doi.org/10.1021/pr500146y
https://doi.org/10.1021/pr500146y
https://doi.org/10.1093/eurheartj/ehs104
https://doi.org/10.1093/eurheartj/ehs104


Miyoshi et al. Natriuretic Peptides in Fetal Heart Failure

Frontiers in Physiology | www.frontiersin.org 7 March 2021 | Volume 12 | Article 654356

Merz, W. M., Kübler, K., Albers, E., Stoffel-Wagner, B., and Gembruch, U. 
(2012). N-terminal pro-B-type natriuretic peptide in the circulation of fetuses 
with cardiac malformations. Clin. Res. Cardiol. 101, 73–79. doi: 10.1007/
s00392-011-0366-4

Merz, W. M., Leufgen, C., Fimmers, R., Stoffel-Wagner, B., and Gembruch, U. 
(2014). Reference intervals for N-terminal pro-B-type natriuretic peptide in 
amniotic fluid between 10 and 34 weeks of gestation. PLoS One 9:e114416. 
doi: 10.1371/journal.pone.0114416

Miller, W. L., Phelps, M. A., Wood, C. M., Schellenberger, U., Van Le, A., 
Perichon, R., et al. (2011). Comparison of mass spectrometry and clinical 
assay measurements of circulating fragments of B-type natriuretic peptide 
in patients with chronic heart failure. Circ. Heart Fail. 4, 355–360. doi: 
10.1161/CIRCHEARTFAILURE.110.960260

Miyoshi, T., Hosoda, H., Kurosaki, K. I., Shiraishi, I., Nakai, M., Nishimura, K., 
et al. (2019a). Plasma natriuretic peptide levels reflect the status of the 
heart failure in fetuses with arrhythmia. J. Matern. Fetal Neonatal Med. 15, 
1–7. doi: 10.1080/14767058.2019.1651271

Miyoshi, T., Hosoda, H., Miyazato, M., Kangawa, K., Yoshimatsu, J., and 
Minamino, N. (2019b). Metabolism of atrial and brain natriuretic peptides 
in the fetoplacental circulation of fetuses with congenital heart diseases. 
Placenta 83, 26–32. doi: 10.1016/j.placenta.2019.06.382

Miyoshi, T., Hosoda, H., Umekawa, T., Asada, T., Fujiwara, A., Kurosaki, K. I., 
et al. (2018a). Amniotic fluid natriuretic peptide levels in fetuses with 
congenital heart defects or arrhythmias. Circ. J. 82, 2619–2626. doi: 10.1253/
circj.CJ-18-0235

Miyoshi, T., Katsuragi, S., Neki, R., Kurosaki, K. I., Shiraishi, I., Nakai, M., 
et al. (2019c). Cardiovascular profile and biophysical profile scores predict 
short-term prognosis in infants with congenital heart defect. J. Obstet. 
Gynaecol. Res. 45, 1268–1276. doi: 10.1111/jog.13970

Miyoshi, T., Umekawa, T., Hosoda, H., Asada, T., Fujiwara, A., Kurosaki, K. I., 
et al. (2018b). Plasma natriuretic peptide levels in fetuses with congenital 
heart defect and/or arrhythmia. Ultrasound Obstet. Gynecol. 52, 609–616. 
doi: 10.1002/uog.18925

Mukoyama, M., Nakao, K., Hosoda, K., Suga, S., Saito, Y., Ogawa, Y., et al. 
(1991). Brain natriuretic peptide as a novel cardiac hormone in humans. 
Evidence for an exquisite dual natriuretic peptide system, atrial natriuretic 
peptide and brain natriuretic peptide. J. Clin. Invest. 87, 1402–1412. doi: 
10.1172/JCI115146

Naheed, Z. J., Strasburger, J. F., Deal, B. J.,  Benson, D. W. Jr., and Gidding, S. S. 
(1996). Fetal tachycardia: mechanisms and predictors of hydrops fetalis. J. 
Am. Coll. Cardiol. 27, 1736–1740. doi: 10.1016/0735-1097(96)00054-x

Neves, A. L., Mathias, L., Wilhm, M., Leshko, J., Linask, K. K., Henriques-Coelho, T., 
et al. (2014). Evaluation of prenatal risk factors for prediction of outcome 
in right heart lesions: CVP score in fetal right heart defects. J. Matern. 
Fetal Neonatal Med. 27, 1431–1437. doi: 10.3109/14767058.2013.878695

Norman, J. A., Little, D., Bolgar, M., and Di Donato, G. (1991). Degradation 
of brain natriuretic peptide by neutral endopeptidase: species specific sites 
of proteolysis determined by mass spectrometry. Biochem. Biophys. Res. 
Commun. 175, 22–30. doi: 10.1016/S0006-291X(05)81194-5

Nussenzveig, D. R., Lewicki, J. A., and Maack, T. (1990). Cellular mechanisms 
of the clearance function of type C receptors of atrial natriuretic factor. J. 
Biol. Chem. 265, 20952–20958. doi: 10.1016/S0021-9258(17)45309-9

Sahin-Uysal, N., Gulumser, C., Kocaman, E., Varan, B., Bayraktar, N., and 
Yanık, F. (2020). Maternal and cord blood homocysteine, vitamin B12, folate, 
and B-type natriuretic peptide levels at term for predicting congenital heart 
disease of the neonate: a case-control study. J. Matern. Fetal Neonatal Med. 
33, 2649–2656. doi: 10.1080/14767058.2019.1633300

Salomon, L. J., Sotiriadis, A., Wulff, C. B., Odibo, A., and Akolekar, R. (2019). 
Risk of miscarriage following amniocentesis or chorionic villus sampling: 
systematic review of literature and updated meta-analysis. Ultrasound Obstet. 
Gynecol. 54, 442–451. doi: 10.1002/uog.20353

Schmidt, K. G., Ulmer, H. E., Silverman, N. H., Kleinman, C. S., and Copel, J. A. 
(1991). Perinatal outcome of fetal complete atrioventricular block: a multicenter 
experience. J. Am. Coll. Cardiol. 17, 1360–1366. doi: 10.1016/s0735-1097 
(10)80148-2

Seferian, K. R., Tamm, N. N., Semenov, A. G., Mukharyamova, K. S., Tolstaya, A. A., 
Koshkina, E. V., et al. (2007). The brain natriuretic peptide (BNP) precursor 
is the major immunoreactive form of BNP in patients with heart failure. 
Clin. Chem. 53, 866–873. doi: 10.1373/clinchem.2006.076141

Semenov, A. G., Postnikov, A. B., Tamm, N. N., Seferian, K. R., Karpova, N. S., 
Bloshchitsyna, M. N., et al. (2009). Processing of pro-brain natriuretic peptide 
is suppressed by O-glycosylation in the region close to the cleavage site. 
Clin. Chem. 55, 489–498. doi: 10.1373/clinchem.2008.113373

Smith, M. W., Espiner, E. A., Yandle, T. G., Charles, C. J., and Richards, A. M. 
(2000). Delayed metabolism of human brain natriuretic peptide reflects 
resistance to neutral endopeptidase. J. Endocrinol. 167, 239–246. doi: 10.1677/
joe.0.1670239

Suga, S., Nakao, K., Hosoda, K., Mukoyama, M., Ogawa, Y., Shirakami, G., 
et al. (1992). Receptor selectivity of natriuretic peptide family, atrial natriuretic 
peptide, brain natriuretic peptide, and C-type natriuretic peptide. Endocrinology 
130, 229–239. doi: 10.1210/endo.130.1.1309330

Takahama, H., Takashio, S., Nishikimi, T., Hayashi, T., Nagai-Okatani, C., 
Nakagawa, Y., et al. (2018). Ratio of pro-B-type natriuretic peptide (BNP) 
to total BNP is decreased in mild, but not severe, acute decompensated 
heart failure patients: a novel compensatory mechanism for acute heart 
failure. Int. J. Cardiol. 258, 165–171. doi: 10.1016/j.ijcard.2017.12.047

Van Mieghem, T., Doné, E., Gucciardo, L., Klaritsch, P., Allegaert, K.,  
Van Bree, R., et al. (2010). Amniotic fluid markers of fetal cardiac dysfunction 
in twin-to-twin transfusion syndrome. Am. J. Obstet. Gynecol. 202, 48.e1–e7. 
doi: 10.1016/j.ajog.2009.08.013

Ville, Y., Proudler, A., Abbas, A., and Nicolaides, K. (1994). Atrial natriuretic 
factor concentration in normal, growth-retarded, anemic, and hydropic 
fetuses. Am. J. Obstet. Gynecol. 171, 777–783. doi: 10.1016/0002-9378(94)90097-3

Walther, T., Stepan, H., Pankow, K., Gembardt, F., Faber, R., Schultheiss, H. P., 
et al. (2004). Relation of ANP and BNP to their N-terminal fragments in 
fetal circulation: evidence for enhanced neutral endopeptidase activity and 
resistance of BNP to neutral endopeptidase in the fetus. BJOG 111, 452–455. 
doi: 10.1111/j.1471-0528.2004.00123.x

Wieczorek, A., Hernandez-Robles, J., Ewing, L., Leshko, J., Luther, S., and 
Huhta, J. (2008). Prediction of outcome of fetal congenital heart disease 
using a cardiovascular profile score. Ultrasound Obstet. Gynecol. 31, 284–288. 
doi: 10.1002/uog.5177

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2021 Miyoshi, Hosoda and Minamino. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1007/s00392-011-0366-4
https://doi.org/10.1007/s00392-011-0366-4
https://doi.org/10.1371/journal.pone.0114416
https://doi.org/10.1161/CIRCHEARTFAILURE.110.960260
https://doi.org/10.1080/14767058.2019.1651271
https://doi.org/10.1016/j.placenta.2019.06.382
https://doi.org/10.1253/circj.CJ-18-0235
https://doi.org/10.1253/circj.CJ-18-0235
https://doi.org/10.1111/jog.13970
https://doi.org/10.1002/uog.18925
https://doi.org/10.1172/JCI115146
https://doi.org/10.1016/0735-1097(96)00054-x
https://doi.org/10.3109/14767058.2013.878695
https://doi.org/10.1016/S0006-291X(05)81194-5
https://doi.org/10.1016/S0021-9258(17)45309-9
https://doi.org/10.1080/14767058.2019.1633300
https://doi.org/10.1002/uog.20353
https://doi.org/10.1016/s0735-1097(10)80148-2
https://doi.org/10.1016/s0735-1097(10)80148-2
https://doi.org/10.1373/clinchem.2006.076141
https://doi.org/10.1373/clinchem.2008.113373
https://doi.org/10.1677/joe.0.1670239
https://doi.org/10.1677/joe.0.1670239
https://doi.org/10.1210/endo.130.1.1309330
https://doi.org/10.1016/j.ijcard.2017.12.047
https://doi.org/10.1016/j.ajog.2009.08.013
https://doi.org/10.1016/0002-9378(94)90097-3
https://doi.org/10.1111/j.1471-0528.2004.00123.x
https://doi.org/10.1002/uog.5177
http://creativecommons.org/licenses/by/4.0/

	Significance of Atrial and Brain Natriuretic Peptide Measurements in Fetuses With Heart Failure
	Introdu ction
	Clinical Significance of NPs as Biomarkers of Fetal Heart Failure
	Umbilical Cord Blood NP Levels
	Amniotic Fluid NP Levels

	Production and Metabolism of NPs in the Fetoplacental Circulation
	Molecular Forms and Metabolism of NPs in the Fetoplacental Circulation
	Origin of Amniotic Fluid NPs

	Conclusion
	Author Contributions

	References

