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The placenta is the largest fetal organ, and toward the end of pregnancy the umbilical circulation receives at least 40% of the biventricular cardiac output. It is not surprising, therefore, that there are likely to be close haemodynamic links between the development of the placenta and the fetal heart. Development of the placenta is precocious, and in advance of that of the fetus. The placenta undergoes considerable remodeling at the end of the first trimester of pregnancy, and its vasculature is capable of adapting to environmental conditions and to variations in the blood supply received from the mother. There are two components to the placental membranes to consider, the secondary yolk sac and the chorioallantoic placenta. The yolk sac is the first of the extraembryonic membranes to be vascularized, and condensations in the mesenchyme at ~17 days post-conception (p.c.) give rise to endothelial and erythroid precursors. A network of blood vessels is established ~24 days p.c., with the vitelline vein draining through the region of the developing liver into the sinus venosus. Gestational sacs of early pregnancy failures often display aberrant development of the yolk sac, which is likely to be secondary to abnormal fetal development. Vasculogenesis occurs in the villous mesenchyme of the chorioallantoic placenta at a similarly early stage. Nucleated erythrocytes occupy the lumens of the placental capillaries and end-diastolic flow is absent in the umbilical arterial circulation throughout most of the first trimester, indicating a high resistance to blood flow. Resistance begins to fall in the umbilico-placental circulation around 12–14 weeks. During normal early pregnancy the placental capillary network is plastic, and considerable remodeling occurs in response to the local oxygen concentration, and in particular to oxidative stress. In pregnancies complicated by preeclampsia and/or fetal growth restriction, utero-placental malperfusion induces smooth muscle cells surrounding the placental arteries to dedifferentiate and adopt a proliferative phenotype. This change is associated with increased umbilical resistance measured by Doppler ultrasound, and is likely to exert a major effect on the developing heart through the afterload. Thus, both the umbilical and maternal placental circulations may impact on development of the heart.
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INTRODUCTION

The placenta and the fetal heart are two of the first organs to differentiate, and hence it is assumed that their development is interlinked. Common genes and micronutrients, such as folate, regulate essential steps in the formation of both organs, and so cardiac and placental abnormalities frequently co-exist (Linask, 2013). However, there is mounting evidence that primary defects in placental development may influence the development of the fetal heart and its function after delivery.

Conceptually, the influence of the placenta may be two-fold. Firstly, the effectiveness of the placenta as a source of oxygen and nutrients, and as a selective barrier to xenobiotics, can have a profound impact on the morphogenesis and functional capacity of many organ systems through developmental programming (Burton et al., 2016). Secondly, despite a lack of experimental data it is highly probable that the haemodynamics of the umbilico-placental circulation impact on fetal cardiac development (Linask et al., 2014). The placenta is the largest of the fetal organs, and at term receives ~40% of fetal cardiac output. The resistance offered by the arterial and capillary network within the placental villous trees will vary according to the stage of development and the presence of placental pathology. Since cardiac gene expression is highly sensitive to biomechanical cues, that resistance may influence the differentiation of cardiomyocytes and morphogenesis of the heart (Hove et al., 2003; Kowalski et al., 2014).

In this review, we focus on the potential biomechanical cues offered by the extra-embryonic circulations that might synergise human placental and cardiac development. We concentrate on the anatomical and physiological development of the vitelline and chorioallantoic placental circulations, and consider how the haemodynamics of the fetal placental circulation, as assessed in vivo with Doppler ultrasound, provide further information on the potential impact of placental pathologies on umbilical haemodynamics.

DEVELOPMENT OF THE FETAL-PLACENTAL CIRCULATIONS

The extracorporeal circulation to the extra-embryonic membranes comprises two circulations, that to the secondary yolk sac, the vitelline circulation, and that to the definitive placenta, the chorionic or umbilical circulation. Of these, the vitelline circulation is the first to develop, and its maximal function is contemporaneous with morphogenesis of the heart (Jones and Jauniaux, 1995; Gittenberger-de Groot et al., 2013).

A capillary network can be identified within the mesenchymal layer of the human yolk sac from ~5 weeks gestational age (Pereda and Niimi, 2008), and venous drainage is through the region of the developing liver into the sinus venosus (Figure 1). The size of these capillaries remains below the resolution of standard ultrasound imaging during the biological life of the secondary yolk sac, and only the larger vessels on the vitelline duct have been studied in utero with color Doppler imaging toward the end of the first-trimester when it is no longer functional (Mäkikallio et al., 2004). The yolk sac shows degenerative changes from 10 weeks of gestation suggesting that its involution in normal pregnancies is a spontaneous event rather than the result of mechanical compression by the expanding amniotic cavity (Jauniaux et al., 1991d). In early fetal demise, the yolk sac increases in size and becomes less dense due to oedema just before or immediately after activity of the fetal heart has stopped. These variations in size and appearance of the yolk sac are the consequence of abnormal fetal development or death rather than being the primary cause of the early pregnancy failure (Jauniaux et al., 1991d).
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FIGURE 1. The extravillous circulations. The yolk sac is the first of the extraembryonic membranes to be vascularized, and likely plays a key role in maternal-fetal transport during the period of organogenesis before the chorionic circulation is fully established at ~12 weeks. Changes in the resistance offered by each circulation may affect gene expression and differentiation of the fetal cardiomyocytes. From Burton et al. (2016) with permission.



The biological functions of the human yolk sac have rarely been studied (Gulbis et al., 1998), and thus are poorly understood. Recent RNA-Seq data indicate through conservation of transcripts across species that it may be important for transport of nutrients to the early fetus during early gestation (Cindrova-Davies et al., 2017). In particular, transcripts encoding proteins involved in the handling and metabolism of cholesterol are some of the most abundant. Cholesterol is essential for the formation of cell and organelle membranes, and hence cell replication, but it is also an essential co-factor for signaling molecules, such as sonic hedgehog, that play critical roles during morphogenesis (Lewis et al., 2001). As well as transport of macro- and micronutrients, the yolk sac also expresses many ATP-binding cassette (ABC) transporters that may play an important role in protecting the developing embryo during the critical period of organogenesis through the efflux of environmental toxins and xenobiotics.

Elements of the chorionic circulation can first be observed in the mesenchyme of placental villi during the 5th week of gestation. Haemangioblastic clusters differentiate and give rise to an extensive network of capillaries lying predominantly just under the trophoblastic basement membrane (Demir et al., 1989; Charnock-Jones and Burton, 2000; Aplin et al., 2015). The number of capillary profiles per villus profile, and the percentage of the villous stromal core occupied by the capillaries, increase steadily from weeks 6 to 15 of pregnancy (Jauniaux et al., 1991a). The early capillaries possess a relatively low coverage of pericytes, suggesting that they are plastic and capable of remodeling (Zhang et al., 2002).

Extensive remodeling occurs toward the end of the first trimester when the definitive placenta is formed. Villi initially develop over the entire gestational sac, but starting from around 8 weeks of gestation the villi over the superficial pole begin to regress, forming the smooth membranes or chorion laeve. Regression is associated with the progressive onset of the maternal arterial circulation to the placenta, first in the periphery and then in the rest of the placenta. This process is mediated by the migration of extravillous trophoblastic cells (EVT) into the placental bed and modulated by locally high levels of oxidative stress within the villi (Jauniaux et al., 2003a). Consistent with this theory, the junctional complexes between endothelial cells forming the capillaries within the regressing villi loose their integrity, and the villi become avascular, hypocellular ghosts (Burton et al., 2010).

Events at this stage of development play a key role in determining the final size and shape of the placenta (Burton et al., 2010; Salafia et al., 2012), and so may impact development of the fetal heart. Excessive or asymmetric regression of the villi may lead to more ellipsoid placentas or eccentric insertion of the umbilical cord, the latter being less efficient as estimated by the fetal/placental weight ratio (Yampolsky et al., 2009). Reduced efficiency may restrict the supply of nutrients to the fetus, but in addition the branching pattern of the chorionic arteries as they radiate out over the chorionic plate will be different depending on the position of the insertion of the cord. Predicting the impact of these differences on the resistance offered by the network is complex. When cord insertion is central the branching pattern of the arteries is predominantly dichotomous, whereas when the cord insertion is eccentric the monopodial pattern of branching dominates (Gordon et al., 2007). Modeling reveals that energy losses are least at monopodial branch points, and hence this pattern may be favored to ensure even distribution of blood flow when there are relatively long distances across the chorionic plate to be traversed (Gordon et al., 2007). In most placentas, however, the branching pattern is a mix of the two types, making prediction of the vascular impedance offered by the chorionic arteries difficult.

Elaboration of the peripheral components of the villous trees, the intermediate and terminal villi, increases exponentially from around 20 weeks of gestation onwards (Jackson et al., 1992). The fetal capillary network develops commensurately, and at term comprises ~550 km of capillaries, and contains ~35 mls of fetal blood (Burton and Jauniaux, 1995). The villi are arranged into 30–40 fetal lobules, each of which is supplied with maternal blood by a spiral artery and represents an independent maternal-fetal exchange unit.

Within the terminal villi, there are numerous connections between individual capillaries (Jirkovská et al., 2008; Plitman Mayo et al., 2016a). These connections create a number of seemingly parallel circuits, and it is possible that flow moves in different directions at different times according to local pressure differentials. Modeling suggests that the direction of flow through the network has little impact on the efficiency of diffusional exchange (Plitman Mayo et al., 2016b). Localized dilatations of the fetal capillaries, referred to as sinusoids, occur along their length, particularly at the points of sharp bends. It has been suggested that the sinusoids serve to reduce the resistance within a capillary loop, and thereby ensure even perfusion within a villus or series of villi (Kaufmann et al., 1988). They may have other functions, however, for the sinusoids bring the outer wall of their capillary into close contact with the inner surface of the trophoblastic epithelium covering of the villi, which is locally thinned. As a result, the villous membrane separating the maternal and fetal circulations is extremely attenuated, and these sites, referred to as vasculo-syncytial membranes, are the most important locations for diffusional exchange (Plitman Mayo et al., 2016b). The local increase in capillary cross-sectional area also leads to a slowing in flow velocity, facilitating exchange.

ONSET OF THE CHORIONIC CIRCULATION

The embryonic heart starts as a primitive tube and the first contractions are seen at ~22 days (beginning of the 5th week after the last menstrual period). The heart starts to beat before the development of the conduction system, and before a competent valvular mechanism has formed (Collins, 2016). The primitive bilateral aortae, each consisting of ventral and dorsal parts, fuse during the 4th embryonic week (6 weeks LMP) to form a single definitive descending aorta. The umbilical arteries connect to the primitive dorsal aorta (Figure 1). Cardiac output and heart rate increase in proportion with the developing embryonic body. By 10 weeks the fetal heart rate reaches its peak at around 170 beats/min (bpm) and then slows down to 120–160 bpm for the rest of pregnancy (van Heeswijk et al., 1990). Abnormally slow (Doubilet and Benson, 2005) and fast (Doubilet et al., 2000) heart rates during the second month of pregnancy have been associated with a high risk of embryonic demise. It is hypothesized that subsequent hypoperfusion of the secondary yolk sac, causing a progressive loss of structure and necrosis or oedema can explain why in a pregnancy destined to miscarry, changes in the diameter of the sac may precede arrest of the embryonic heart by a few days (Datta and Raut, 2017).

Although an extensive capillary network is visible within the early villi, there is little evidence of an effective chorionic circulation during the first trimester. The capillaries remain of small caliber, and are filled with large nucleated fetal erythrocytes emerging from the secondary yolk sac that are densely packed together (Figure 2). The presence of the nuclei renders the erythrocytes less deformable than their mature forms, and thus the blood has a high viscosity (Jauniaux et al., 1991c). Primitive erythrocytes are characterized by the presence of embryonic globins with high oxygen affinities (Manning et al., 2017). When the definitive erythropoiesis starts in the fetal liver around 8 weeks of gestation (Baron et al., 2013), the number of nucleated red cells drops (Jauniaux et al., 1991b) and there is a switch to fetal/adult globins. Equally, serial reconstructions of embryos at this stage of development reveal that the connection between the descending aorta and the umbilical circulation is extremely narrow (Corner, 1929). Originally interpreted by Corner as evidence that the two circulations differentiate independently in situ, the constriction must limit blood flow to the placenta, possibly protecting the forming heart from the high resistance of the placental circulation in the process. These limitations to the establishment of both of the placental circulations during the first 2 months of gestation support the concept that the developing embryo and its placenta are protected from excessive oxygen exposure during the sensitive period of organogenesis (Jauniaux et al., 2003b). The combination of anatomical and physiological barriers provides the embryo with what is strictly necessary to its development (Jauniaux et al., 2003c).
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FIGURE 2. Development of the placental vasculature. (A) Placental villi of 6 weeks gestational age prior to onset of the chorionic circulation, showing the presence of nucleated erythrocytes in the developing fetal capillaries (arrowed). (B) Villi at 14 weeks gestational age showing the presence of non-nucleated erythrocytes in the larger vessels within the stromal core, indicative of onset of the chorionic circulation. (C) Villi of 27 weeks gestational age. By now the smaller peripheral villi are being elaborated. (D) Villi of 40 weeks gestational age showing well vascularized terminal villi. Scale bar for all images = 50 μm. Stain; haematoxylin and eosin for all.



The chorionic circulation develops progressively during the 3rd month of pregnancy and coincides with the establishment of the arterial inflow into the intervillous space of the placenta (Jauniaux et al., 2000). How the onset of the two circulations is co-ordinated is not known, but cues may be altered pressure differentials across the villous membrane following expansion of the intervillous space, the associated increase in oxygenation or changes in local cytokine or hormone production by the trophoblast secondary to an increase in shear stress at the villous surface.

ESTABLISHMENT OF THE MATERNAL ARTERIAL CIRCULATION TO THE PLACENTA

Contrary to many of the standard embryological textbook accounts, the maternal arterial circulation to the human placenta is not fully established in normal pregnancies until toward the end of the first trimester (Jauniaux et al., 2000). During the early weeks of pregnancy the maternal spiral arteries that will ultimately supply the placenta undergo extensive remodeling that involves the loss of elastin and smooth muscle from their walls and dilation of the terminal segments that open into the intervillous space (Harris, 2010). This remodeling ensures a continuous high volume of maternal blood flow through the placenta after onset of the circulation at the end of the first trimester, but at a low velocity and pressure that avoids mechanical damage to the villous tress and allows an adequate transit time for maternal-fetal exchange (Burton et al., 2009).

Remodeling is achieved through the actions of the extravillous trophoblast (EVT) cells that migrate from the placenta into the underlying decidua, both through the stroma and down the lumens of the spiral arteries as interstitial and endovascular trophoblast, respectively. The magnitude of the endovascular migration is such that the mouths of the arteries are effectively plugged for most of the first trimester (Hustin and Schaaps, 1987; Burton et al., 1999), with only a network of intercellular spaces connecting the arterial lumen to intervillous space (Figure 3). Plasma may pass at a slow rate through these spaces, but erythrocytes are largely excluded. Consequently the placenta is filled with a clear fluid for most of the first trimester (Hustin et al., 1988), and the oxygen concentration is relatively low (Jauniaux et al., 1999, 2000), although there is no evidence that the placental tissues are hypoxic (Cindrova-Davies et al., 2015). Histotrophic nutrition from the endometrial glands contributes to support of the conceptus at this time (Burton et al., 2002), and provides a rich supply of glucose to maintain glycolysis (Burton et al., 2017).
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FIGURE 3. Color Doppler mapping of the utero-placental circulation at 7 weeks 2 days of gestation showing the absence of circulation within the placenta (P). ECC, exocoleomic cavity; F, Fetus.



Toward the end of the first trimester the network of intercellular spaces gradually coalesces and dilates to form channels through the endovascular “plugs,” allowing maternal arterial blood to flow freely into the intervillous space (Burton et al., 1999; Roberts et al., 2017). This development has been documented using ultrasonography, but is best confirmed by the three-fold rise in oxygen concentration within the placenta between weeks 10 and 12 of gestation measured using an intra-arterial probe (Jauniaux et al., 2000). This rise in oxygenation, and/or the increase in shear stress at the villous surface caused by the maternal blood flow, which at this stage is still pulsatile (Collins et al., 2012), may stimulate the release of local vasodilators, such as nitric oxide (NO) from the syncytiotrophoblast. Such agents might in turn act on the closely approximated fetal capillaries, hence opening the chorionic circulation. This is an attractive hypothesis but it remains to be tested; the syncytiotrophoblast contains nitric oxide synthase (NOS) (Myatt et al., 1993), but as yet there are no data available indicating the sensitivity of this enzyme to shear stress.

Deficiencies in spiral artery remodeling are associated with a spectrum of complications of pregnancy, including miscarriage, pre-eclampsia, fetal growth restriction (FGR), and pre-term labor (Brosens et al., 2011). As will be discussed later, it is possible that defects in cardiac myogenesis arise secondary to poor placentation through malperfusion of the placenta and the generation of excessive intra-placental oxidative stress.

ASSESSMENT OF THE CHORIONIC CIRCULATION IN VIVO

The advent of Doppler ultrasound imaging has enabled the characteristics of the chorionic circulation to be followed from early in pregnancy by monitoring waveforms in the umbilical arteries and its main intra-placental branches (Jauniaux et al., 1991c, 1992). Early studies have shown a relationship with advancing gestation between the changes in flow velocity waveforms on Doppler imaging and the morphological development of the villous trees and their contained capillary networks (Loquet et al., 1988; Jauniaux et al., 1991b; Huisman et al., 1992; Mercé et al., 1996). These studies all showed major changes in the resistance to blood flow in the umbilico-placental circulation around the transition between the first and second trimesters. Until week 10 of gestation there is an absence of end-diastolic flow in the umbilical circulation, indicative of a high resistance (Figure 4). The end-diastolic flow gradually appears in the umbilical circulation between 12 and 14 weeks of gestation (Figure 5), indicating a decrease in resistance and allowing continuous perfusion of villi of the definitive placenta during the entire cardiac cycle (Jauniaux et al., 1991b). The mechanism by which a reduction in vascular impedance through the feto-placental circulation occurs during the second trimester is not known. Between 9 and 15 weeks, villous tissue NO and cyclic guanosine monophosphate (cGMP) concentrations are positively correlated with umbilical artery impedance, suggesting that these molecules modulate the reduction in resistance within the umbilico-placental circulation that occurs during the first trimester of pregnancy (Lees et al., 1998). The passage of fetal blood through an anatomically high-resistance circuit may possibly lead to stimulation of endothelial NOS activity, thus maintaining vasodilatation within the umbilico-placental circulation until further elaboration of the villous tree occurs. Alternatively, it may be due to the replacement of nucleated erythrocytes by their more easily deformable non-nucleated counterparts (Jauniaux et al., 1991b).
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FIGURE 4. Flow velocity waveforms from the umbilical artery at 10 weeks and 6 days showing the absence of end-diastolic flow in all cardiac cycles.
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FIGURE 5. Flow velocity waveforms from the umbilical artery at 13 weeks and 1 day showing partial end-diastolic flow. In some cardiac cycles there is flow throughout almost the entire diastolic phase, indicating a reduction in vascular resistance in the umbilico-placental vascular bed.



Peak systolic velocity increases more than three-fold progressively between 7 and 10 weeks, and the umbilical resistance index decreases dramatically at ~10 weeks (Mäkikallio et al., 2005). As the diameter of the outflow tract increases over the same period, the authors concluded that there must be a considerable increase in the umbilico-placental volume of blood flow at the end of the first trimester. This increase coincides temporally with completion of cardiac organogenesis (Gittenberger-de Groot et al., 2013), and with the start of diphasic diastolic filling of the atria, indicative of a more active umbilico-placental circulation and an increased venous return to the heart (Mäkikallio et al., 2005). Since the placental vasculature shows only gradual changes in vessel length and diameter across this period (Jauniaux et al., 1991a), these haemodynamic changes must presumably reflect opening of either the connection between the aorta and the umbilical arteries, or the existing capillaries within the villi and a reduction in the number of nucleated erythrocytes and thus overall blood viscosity.

During normal pregnancy the gradual reduction in the resistance to blood flow in the umbilical artery continues during the second and third trimesters, reflecting enlargement of the placental vasculature and/or the elaboration of peripheral villi and the creation of more parallel circuits. In pregnancies complicated by severe FGR, resistance may increase again during the second half of gestation, leading to absent or even reversed end-diastolic flow. These have pathological correlates, as follows.

PLACENTAL PATHOLOGY AND FETAL CARDIAC DEVELOPMENT

Epidemiological data have linked an individual's risk of cardiac disease with different attributes of their placenta, including its weight, surface area, and thickness (Barker et al., 2010, 2012; Eriksson et al., 2011). Whilst it might be expected that alteration of placental development impacts on fetal cardiac development, as it does with many other organs, there is limited experimental evidence of a direct linkage. Manipulation of the peroxisome proliferator-activator receptor (PPAR) or mitogen activated protein (MAP) kinase pathways in the placenta alone has been reported to cause cardiac defects in mice (Barak et al., 1999; Adams et al., 2000). The mechanisms remain unknown, and further research is required to fully assess the extent of what has been referred to as the heart-placenta axis (Linask, 2013).

Associations between cardiac defects and placental abnormalities have been reported following pathological examination of the placenta after delivery. Thus, hypoplastic left heart syndrome has been linked to a reduced placental weight, villous immaturity with reduced vascularization and vasculo-syncytial membranes, and increased fibrin deposition (Jones et al., 2015). Whether the effects are mediated through reduced transport efficiency, altered endocrine function—there was an increase in placental leptin levels, or haemodynamic changes in the umbilical circulation is not known. A trend toward a reduced placental volume has been also reported in a prospective trial of complex congenital heart disease using MRI, and the lack of statistical significance may be due to the relatively small sample size (Andescavage et al., 2015). A strong association with FGR has been recently found in women carrying a fetus with congenital heart disease of having a higher risk (odds ratio 3.32; 95% CI−2.39 to 4.56) of a birth weight lower than the 3rd centile (Ruiz et al., 2016). Eccentric insertion of the umbilical cord has also been associated with a higher risk of congenital heart disease, (odds ratio of 2.33–3.76) (Albalawi et al., 2017). The main defects were conotruncal and left and right heart disease, and again there was an association with FGR. Finally, fetal thrombotic vasculopathy has been associated with a six-fold increase in congenital heart disease (Saleemuddin et al., 2010).

Separating the effects of placental function from those of aberrant umbilical haemodynamics is difficult in the human situation. Experimental manipulations in animal models have shown that the haemodynamics within the vitelline or umbilical circulations can have a major impact on the differentiation of cardiomyocytes and heart development (Kowalski et al., 2014; Midgett et al., 2017). A common theme in many of the pathological studies is that of FGR. As described earlier, these pregnancies are often associated with absent or reversed end-diastolic umbilical arterial flow, indicative of raised placental vascular resistance (Arbeille, 1997; Soregaroli et al., 2002). Morphological studies searching for correlates following delivery have focused on the arteries within the stem villi, which are believed to be the principal resistance vessels in the placental circulation. While there is no reduction in the number of vessels within the villi (Jackson et al., 1995), suggesting that vasculogenesis and angiogenesis were initially normal, there have been consistent reports of medial hypertrophy and a reduction in luminal caliber (Fok et al., 1990; Salafia et al., 1997; Mitra et al., 2000).

We have recently demonstrated that these changes can be mimicked in vitro by exposing arterial explants taken from term placentas to oxidative stress (Lu et al., 2017). Induction of stress causes downregulation of the enzyme cystathionine-γ-lyase that generates the gasotransmitter hydrogen sulfide. Hydrogen sulfide maintains vascular smooth muscle cells in a differentiated state, and blocking its production causes the cells to adopt a pathological proliferative phenotype. As discussed earlier, pregnancies complicated by FGR are commonly associated with poor placentation and deficient remodeling of the maternal spiral arteries (Brosens et al., 2011). The aberrant remodeling is a powerful inducer of placental oxidative stress, either through increased shear stress at the villous surface or through malperfusion and ischaemia-reperfusion type injury (Burton and Jauniaux, 2011). We therefore speculate that the change in placental vascular resistance and umbilical arterial waveforms is secondary to increasing placental oxidative stress in later pregnancy, although the pathophysiological seeds are sown during the first trimester. The effect on the fetal heart is currently unknown, but it might be speculated that the increased resistance in the umbilico-placental circulation causes a degree of hyperplasia.

CONCLUSIONS

Development of the heart and the placenta are likely to be closely interlinked through several mechanisms. Firstly, failure of correct placentation results in fetal growth restriction, and an impaired nutrient supply or adverse fetal endocrine environment may have non-specific effects on the growth and differentiation of many organ systems (Burton et al., 2016). A recent study in a non-human primate has indicated that growth restriction mimics accelerated aging of the heart (Kuo et al., 2017), but a detailed consideration of these effects is beyond the scope of the current review. Secondly, cardiac and placental abnormalities may co-exist through polymorphisms in genetic developmental pathways common to both organs, in particular those regulated by Wnt/ß-catenin signaling, or through a lack of key micronutrients, such as folate (Linask, 2013). During evolution, gene networks underpinning development of other organs were recruited by the placenta (Cross et al., 2003), and so basic processes, such as cell adhesion and angiogenesis, are shared with the heart. Hence, disruption of integrin alpha 4 or of its ligand vascular cell adhesion molecule (VCAM-1) is associated with both major placental and cardiac abnormalities. In the placenta there is a failure of fusion of the allantois with the chorion, whereas in the heart there is a aberrant development of the epicardium and the coronary vessels (Kwee et al., 1995; Yang et al., 1995). A similar situation arises with Hand-1 (McFadden et al., 2005), with the embryos of murine knockouts dying at day E8.5 through placental failure. Thirdly, major abnormalities, such as transpositions, may arise if the placenta fails to function as a selective barrier to xenobiotics and other teratogens. Lastly, and the focus here, is that aberrant haemodynamics in the umbilico-placental circulation may influence cardiac development. As this circulation is only established toward the end of the period of cardiac organogenesis, it is more likely that placental problems influence cardiac differentiation biomechanically later in pregnancy when the placenta receives ~40% of fetal cardiac output. Changes in the umbilical vascular resistance through thrombotic vasculopathy or medial hyperplasia in the stem villus arteries could affect differentiation of the cardiomyocytes, resulting in hypo- or hyperplastic syndromes. More research is required to test this hypothesis, but if proved correct then interventions, such as hydrogen sulfide donors, may prove to be beneficial (Lu et al., 2017).

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The authors wish to acknowledge the contributions made to the ideas presented here by their numerous colleagues over the years, and the generosity of the funding agencies that have supported their research.

REFERENCES

 Adams, R. H., Porras, A., Alonso, G., Jones, M., Vintersten, K., Panelli, S., et al. (2000). Essential role of p38alpha MAP kinase in placental but not embryonic cardiovascular development. Mol. Cell 6, 109–116. doi: 10.1016/S1097-2765(05)00014-6

 Albalawi, A., Brancusi, F., Askin, F., Ehsanipoor, R., Wang, J., Burd, I., et al. (2017). Placental characteristics of fetuses with congenital heart disease. J. Ultrasound Med. 36, 965–972. doi: 10.7863/ultra.16.04023

 Andescavage, N., Yarish, A., Donofrio, M., Bulas, D., Evangelou, I., Vezina, G., et al. (2015). 3-D volumetric MRI evaluation of the placenta in fetuses with complex congenital heart disease. Placenta 36, 1024–1030. doi: 10.1016/j.placenta.2015.06.013

 Aplin, J. D., Whittaker, H., Jana Lim, Y. T., Swietlik, S., Charnock, J., and Jones, C. J. (2015). Hemangioblastic foci in human first trimester placenta: distribution and gestational profile. Placenta 36, 1069–1077. doi: 10.1016/j.placenta.2015.08.005

 Arbeille, P. (1997). Fetal arterial Doppler-IUGR and hypoxia. Eur. J. Obstet. Gynecol. Reprod. Biol. 75, 51–53. doi: 10.1016/S0301-2115(97)00202-9

 Barak, Y., Nelson, M. C., Ong, E. S., Jones, Y. Z., Ruiz-Lozano, P., Chien, K. R., et al. (1999). PPAR gamma is required for placental, cardiac, and adipose tissue development. Mol. Cell 4, 585–595. doi: 10.1016/S1097-2765(00)80209-9

 Barker, D. J., Larsen, G., Osmond, C., Thornburg, K. L., Kajantie, E., and Eriksson, J. G. (2012). The placental origins of sudden cardiac death. Int. J. Epidemiol. 41, 1394–1399. doi: 10.1093/ije/dys116

 Barker, D. J., Thornburg, K. L., Osmond, C., Kajantie, E., and Eriksson, J. G. (2010). The surface area of the placenta and hypertension in the offspring in later life. Int. J. Dev. Biol. 54, 525–530. doi: 10.1387/ijdb.082760db

 Baron, M. H., Vacaru, A., and Nieves, J. (2013). Erythroid development in the mammalian embryo. Blood Cells Mol. Dis. 51, 213–219. doi: 10.1016/j.bcmd.2013.07.006

 Brosens, I., Pijnenborg, R., Vercruysse, L., and Romero, R. (2011). The “Great Obstetrical Syndromes” are associated with disorders of deep placentation. Am. J. Obstet. Gynecol. 204, 193–201. doi: 10.1016/j.ajog.2010.08.009

 Burton, G. J., Fowden, A. L., and Thornburg, K. L. (2016). Placental origins of chronic disease. Physiol. Rev. 96, 1509–1565. doi: 10.1152/physrev.00029.2015

 Burton, G. J., and Jauniaux, E. (1995). Sonographic, stereological and Doppler flow velocimetric assessments of placental maturity. Br. J. Obstet. Gynaecol. 102, 818–825. doi: 10.1111/j.1471-0528.1995.tb10849.x

 Burton, G. J., and Jauniaux, E. (2011). Oxidative stress. Best Pract. Res. Clin. Obstet. Gynaecol. 25, 287–299. doi: 10.1016/j.bpobgyn.2010.10.016

 Burton, G. J., Jauniaux, E., and Charnock-Jones, D. S. (2010). The influence of the intrauterine environment on human placental development. Int. J. Dev. Biol. 54, 303–312. doi: 10.1387/ijdb.082764gb

 Burton, G. J., Jauniaux, E., and Murray, A. J. (2017). Oxygen and placental development; parallels and differences with tumour biology. Placenta 56, 14–18. doi: 10.1016/j.placenta.2017.01.130

 Burton, G. J., Jauniaux, E., and Watson, A. L. (1999). Maternal arterial connections to the placental intervillous space during the first trimester of human pregnancy; the Boyd Collection revisited. Am. J. Obstet. Gynecol. 181, 718–724. doi: 10.1016/S0002-9378(99)70518-1

 Burton, G. J., Watson, A. L., Hempstock, J., Skepper, J. N., and Jauniaux, E. (2002). Uterine glands provide histiotrophic nutrition for the human fetus during the first trimester of pregnancy. J. Clin. Endocrinol. Metab. 87, 2954–2959. doi: 10.1210/jcem.87.6.8563

 Burton, G. J., Woods, A. W., Jauniaux, E., and Kingdom, J. C. (2009). Rheological and physiological consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during human pregnancy. Placenta 30, 473–482. doi: 10.1016/j.placenta.2009.02.009

 Charnock-Jones, D. S., and Burton, G. J. (2000). Placental vascular morphogenesis. Baillieres. Best Pract. Res. Clin. Obstet. Gynaecol. 14, 953–968. doi: 10.1053/beog.2000.0137

 Cindrova-Davies, T., Jauniaux, E., Elliot, M. G., Gong, S., Burton, G. J., and Charnock-Jones, D. S. (2017). RNA-seq reveals conservation of function among the yolk sacs of human, mouse, and chicken. Proc. Natl. Acad. Sci. U.S.A. 114, E4753–E4761. doi: 10.1073/pnas.1702560114

 Cindrova-Davies, T., van Patot, M. T., Gardner, L., Jauniaux, E., Burton, G. J., and Charnock-Jones, D. S. (2015). Energy status and HIF signalling in chorionic villi show no evidence of hypoxic stress during human early placental development. Mol. Hum. Reprod. 21, 296–308. doi: 10.1093/molehr/gau105

 Collins, P. (2016). “Early embryonic circulation,” in Grays Anatomy, ed S. Standring (Philadelphia, PA: Elsevier), 200–204.

 Collins, S. L., Birks, J. S., Stevenson, G. N., Papageorghiou, A. T., Noble, J. A., and Impey, L. (2012). Measurement of spiral artery jets: general principles and differences observed in small-for-gestational-age pregnancies. Ultrasound Obstet. Gynecol. 40, 171–178. doi: 10.1002/uog.10149

 Corner, G. W. (1929). A well-preserved human embryo of 10 somites. Contrib. Embryol. 20, 81–102.

 Cross, J. C., Baczyk, D., Dobric, N., Hemberger, M., Hughes, M., Simmons, D. G., et al. (2003). Genes, development and evolution of the placenta. Placenta 24, 123–130. doi: 10.1053/plac.2002.0887

 Datta, M. R., and Raut, A. (2017). Efficacy of first-trimester ultrasound parameters for prediction of early spontaneous abortion. Int. J. Gynaecol. Obstet. 138, 325–330. doi: 10.1002/ijgo.12231

 Demir, R., Kaufmann, P., Castellucci, M., Erbengi, T., and Kotowski, A. (1989). Fetal vasculogenesis and angiogenesis in human placental villi. Acta Anat. 136, 190–203. doi: 10.1159/000146886

 Doubilet, P. M., Benson, C. B., and Chow, J. S. (2000). Outcome of pregnancies with rapid embryonic heart rates in the early first trimester. Am. J. Roentgenol. 175, 67–69. doi: 10.2214/ajr.175.1.1750067

 Doubilet, P. M., and Benson, C. B. (2005). Outcome of first-trimester pregnancies with slow embryonic heart rate at 6-7 weeks gestation and normal heart rate by 8 weeks at US. Radiology 236, 643–646. doi: 10.1148/radiol.2362040880

 Eriksson, J. G., Kajantie, E., Thornburg, K. L., Osmond, C., and Barker, D. J. (2011). Mother's body size and placental size predict coronary heart disease in men. Eur. Heart J. 32, 2297–2303. doi: 10.1093/eurheartj/ehr147

 Fok, R. Y., Pavlova, Z., Benirschke, K., Paul, R. H., and Platt, L. D. (1990). The correlation of arterial lesions with umbilical artery Doppler velocimetry in the placentas of small-for-dates pregnancies. Obstet. Gynecol. 75, 578–583.

 Gittenberger-de Groot, A. C., Bartelings, M. M., Poelmann, R. E., Haak, M. C., and Jongbloed, M. R. (2013). Embryology of the heart and its impact on understanding fetal and neonatal heart disease. Semin. Fetal Neonatal Med. 18, 237–244. doi: 10.1016/j.siny.2013.04.008

 Gordon, Z., Eytan, O., Jaffa, A. J., and Elad, D. (2007). Fetal blood flow in branching models of the chorionic arterial vasculature. Ann. N. Y. Acad. Sci. 1101, 250–265. doi: 10.1196/annals.1389.037

 Gulbis, B., Jauniaux, E., Cotton, F., and Stordeur, P. (1998). Protein and enzyme patterns in the fluid cavities of the first trimester gestational sac: relevance to the absorptive role of the secondary yolk sac. Mol. Hum. Reprod. 4, 857–862. doi: 10.1093/molehr/4.9.857

 Harris, L. K. (2010). Review: trophoblast-vascular cell interactions in early pregnancy: how to remodel a vessel. Placenta 31 (Suppl.), S93–S98. doi: 10.1016/j.placenta.2009.12.012

 Hove, J. R., Köster, R. W., Forouhar, A. S., Acevedo-Bolton, G., Fraser, S. E., and Gharib, M. (2003). Intracardiac fluid forces are an essential epigenetic factor for embryonic cardiogenesis. Nature 421, 172–177. doi: 10.1038/nature01282

 Huisman, T. W., Stewart, P. A., and Wladimiroff, J. W. (1992). Doppler assessment of the normal early fetal circulation. Ultrasound Obstet. Gynecol. 2, 300–305. doi: 10.1046/j.1469-0705.1992.02040300.x

 Hustin, J., and Schaaps, J. P. (1987). Echographic and anatomic studies of the maternotrophoblastic border during the first trimester of pregnancy. Am. J. Obstet. Gynecol. 157, 162–168. doi: 10.1016/S0002-9378(87)80371-X

 Hustin, J., Schaaps, J. P., and Lambotte, R. (1988). Anatomical studies of the utero-placental vascularisation in the first trimester of pregnancy. Trophob. Res. 3, 49–60.

 Jackson, M. R., Mayhew, T. M., and Boyd, P. A. (1992). Quantitative description of the elaboration and maturation of villi from 10 weeks of gestation to term. Placenta 13, 357–370. doi: 10.1016/0143-4004(92)90060-7

 Jackson, M. R., Walsh, A. J., Morrow, R. J., Mullen, J. B., Lye, S. J., and Ritchie, J. W. (1995). Reduced placental villous tree elaboration in small-for-gestational-age pregnancies: relationship with umbilical artery Doppler waveforms. Am. J. Obstet. Gynecol. 172, 518–525. doi: 10.1016/0002-9378(95)90566-9

 Jauniaux, E., Burton, G. J., Moscosco, G. J., and Hustin, J. (1991a). Development of the early placenta: a morphometric study. Placenta 12, 269–276.

 Jauniaux, E., Hempstock, J., Greenwold, N., and Burton, G. J. (2003a). Trophoblastic oxidative stress in relation to temporal and regional differences in maternal placental blood flow in normal and abnormal early pregnancies. Am. J. Pathol. 162, 115–125. doi: 10.1016/S0002-9440(10)63803-5

 Jauniaux, E., Gulbis, B., and Burton, G. J. (2003b). The human first trimester gestational sac limits rather than facilitates oxygen transfer to the foetus–a review. Placenta 24 (Suppl. A), S86–S93.

 Jauniaux, E., Gulbis, B., and Burton, G. J. (2003c). Physiological implications of the materno-fetal oxygen gradient in human early pregnancy. Reprod. Biomed. Online 7, 250–253.

 Jauniaux, E., Jurkovic, D., and Campbell, S. (1991b). in vivo investigations of anatomy and physiology of early human placental circulations. Ultrasound. Obstetr. Gynecol. 1, 435–445.

 Jauniaux, E., Jurkovic, D., Campbell, S., and Hustin, J. (1992). Doppler ultrasound features of the developing placental circulations: correlation with anatomic findings. Am. J. Obstet. Gynecol. 166, 585–587. doi: 10.1016/0002-9378(92)91678-4

 Jauniaux, E., Jurkovic, D., Campbell, S., Kurjak, A., and Hustin, J. (1991c). Investigation of placental circulations by colour Doppler ultrasound. Am. J. Obstet. Gynecol. 164, 486–488.

 Jauniaux, E., Jurkovic, D., Henriet, Y., Rodesch, F., and Hustin, J. (1991d). Development of the secondary human yolk sac: correlation of sonographic and anatomic features. Hum. Reprod. 6, 1160–1166.

 Jauniaux, E., Watson, A. L., Hempstock, J., Bao, Y.-P., Skepper, J. N., and Burton, G. J. (2000). Onset of maternal arterial bloodflow and placental oxidative stress; a possible factor in human early pregnancy failure. Am. J. Pathol. 157, 2111–2122. doi: 10.1016/S0002-9440(10)64849-3

 Jauniaux, E., Watson, A. L., Ozturk, O., Quick, D., and Burton, G. (1999). In-vivo measurement of intrauterine gases and acid-base values in early human pregnancy. Hum. Reprod. 14, 2901–2904. doi: 10.1093/humrep/14.11.2901

 Jirkovská, M., Janácek, J., Kaláb, J., and Kubínová, L. (2008). Three-dimensional arrangement of the capillary bed and its relationship to microrheology in the terminal villi of normal term placenta. Placenta 29, 892–897. doi: 10.1016/j.placenta.2008.07.004

 Jones, C. J., and Jauniaux, E. (1995). Ultrastructure of the materno-embryonic interface in the first trimester of pregnancy. Micron 26, 145–173. doi: 10.1016/0968-4328(95)00002-L

 Jones, H. N., Olbrych, S. K., Smith, K. L., Cnota, J. F., Habli, M., Ramos-Gonzales, O., et al. (2015). Hypoplastic left heart syndrome is associated with structural and vascular placental abnormalities and leptin dysregulation. Placenta 36, 1078–1086. doi: 10.1016/j.placenta.2015.08.003

 Kaufmann, P., Luckhardt, M., and Leiser, R. (1988). Three-dimensional representation of the fetal vessel system in the human placenta. Trophob. Res. 3, 113–137. doi: 10.1007/978-1-4615-8109-3_9

 Kowalski, W. J., Pekkan, K., Tinney, J. P., and Keller, B. B. (2014). Investigating developmental cardiovascular biomechanics and the origins of congenital heart defects. Front. Physiol. 5:408. doi: 10.3389/fphys.2014.00408

 Kuo, A. H., Li, C., Li, J., Huber, H. F., Nathanielsz, P. W., and Clarke, G. D. (2017). Cardiac remodelling in a baboon model of intrauterine growth restriction mimics accelerated ageing. J. Physiol. 595, 1093–1110. doi: 10.1113/JP272908

 Kwee, L., Baldwin, H. S., Shen, H. M., Stewart, C. L., Buck, C., Buck, C. A., et al. (1995). Defective development of the embryonic and extraembryonic circulatory systems in vascular cell adhesion molecule (VCAM-1) deficient mice. Development 121, 489–503.

 Lees, C., Jauniaux, E., Jurkovic, D., and Campbell, S. (1998). Placental nitric oxide production and umbilical artery vascular impedance in early pregnancy. Obstet. Gynecol. 91(5 Pt 1), 761–765.

 Lewis, P. M., Dunn, M. P., McMahon, J. A., Logan, M., Martin, J. F., St-Jacques, B., et al. (2001). Cholesterol modification of sonic hedgehog is required for long-range signaling activity and effective modulation of signaling by Ptc1. Cell 105, 599–612. doi: 10.1016/S0092-8674(01)00369-5

 Linask, K. K. (2013). The heart-placenta axis in the first month of pregnancy: induction and prevention of cardiovascular birth defects. J. Pregnancy 2013:320413. doi: 10.1155/2013/320413

 Linask, K. K., Han, M., and Bravo-Valenzuela, N. J. (2014). Changes in vitelline and utero-placental hemodynamics: implications for cardiovascular development. Front. Physiol. 5:390. doi: 10.3389/fphys.2014.00390

 Loquet, P., Broughton Pipkin, F., Symonds, E. M., and Rubin, P. C. (1988). Blood velocity waveforms and placental vascular formation. Lancet 2, 1252–1253.

 Lu, L., Kingdom, J., Burton, G. J., and Cindrova-Davies, T. (2017). Placental stem villus arterial remodeling associated with reduced hydrogen sulfide synthesis contributes to human fetal growth restriction. Am. J. Pathol. 187, 908–920. doi: 10.1016/j.ajpath.2016.12.002

 Mäkikallio, K., Jouppila, P., and Räsänen, J. (2005). Human fetal cardiac function during the first trimester of pregnancy. Heart 91, 334–338. doi: 10.1136/hrt.2003.029736

 Mäkikallio, K., Jouppila, P., and Tekay, A. (2004). First trimester uterine, placental and yolk sac haemodynamics in pre-eclampsia and preterm labour. Hum. Reprod. 19, 729–733. doi: 10.1093/humrep/deh106

 Manning, L. R., Popowicz, A. M., Padovan, J. C., Chait, B. T., and Manning, J. M. (2017). Gel filtration of dilute human embryonic hemoglobins reveals basis for their increased oxygen binding. Anal. Biochem. 519, 38–41. doi: 10.1016/j.ab.2016.12.008

 McFadden, D. G., Barbosa, A. C., Richardson, J. A., Schneider, M. D., Srivastava, D., and Olson, E. N. (2005). The Hand1 and Hand2 transcription factors regulate expansion of the embryonic cardiac ventricles in a gene dosage-dependent manner. Development 132, 189–201. doi: 10.1242/dev.01562

 Mercé, L. T., Barco, M. J., and Bau, S. (1996). Color Doppler sonographic assessment of placental circulation in the first trimester of normal pregnancy. J. Ultrasound Med. 15, 135–142. doi: 10.7863/jum.1996.15.2.135

 Midgett, M., Thornburg, K., and Rugonyi, S. (2017). Blood flow patterns underlie developmental heart defects. Am. J. Physiol. Heart Circ. Physiol. 312, H632–H642. doi: 10.1152/ajpheart.00641.2016

 Mitra, S. C., Seshan, S. V., and Riachi, L. E. (2000). Placental vessel morphometry in growth retardation and increased resistance of the umbilical artery Doppler flow. J. Matern. Fetal Med. 9, 282–286. doi: 10.1002/1520-6661(200009/10)9:5<282::AID-MFM5>3.0.CO;2-J

 Myatt, L., Brockman, D. E., Eis, A. L., and Pollock, J. S. (1993). Immunohistochemical localization of nitric oxide synthase in the human placenta. Placenta 14, 487–495. doi: 10.1016/S0143-4004(05)80202-4

 Pereda, J., and Niimi, G. (2008). Embryonic erythropoiesis in human yolk sac: two different compartments for two different processes. Microsc. Res. Tech. 71, 856–862. doi: 10.1002/jemt.20627

 Plitman Mayo, R., Charnock-Jones, D. S., Burton, G. J., and Oyen, M. L. (2016a). Three-dimensional modeling of human placental terminal villi. Placenta 43, 54–60. doi: 10.1016/j.placenta.2016.05.001

 Plitman Mayo, R., Olsthoorn, J., Charnock-Jones, D. S., Burton, G. J., and Oyen, M. L. (2016b). Computational modeling of the structure-function relationship in human placental terminal villi. J. Biomech. 49, 3780–3787. doi: 10.1016/j.jbiomech.2016.10.001

 Roberts, V. H. J., Morgan, T. K., Bednarek, P., Morita, M., Burton, G. J., Lo, J. O., et al. (2017). Early first trimester uteroplacental flow and the progressive disintegration of spiral artery plugs: new insights from contrast-enhanced ultrasound and tissue histopathology. Hum. Reprod. 32, 2382–2393. doi: 10.1093/humrep/dex301

 Ruiz, A., Ferrer, Q., Sánchez, O., Ribera, I., Arévalo, S., Alomar, O., et al. (2016). Placenta-related complications in women carrying a foetus with congenital heart disease. J. Matern. Fetal Neonatal Med. 29, 3271–3275. doi: 10.3109/14767058.2015.1121480

 Salafia, C. M., Pezzullo, J. C., Minior, V. K., and Divon, M. Y. (1997). Placental pathology of absent and reversed end-diastolic flow in growth-restricted fetuses. Obstet. Gynecol. 90, 830–836. doi: 10.1016/S0029-7844(97)00473-0

 Salafia, C. M., Yampolsky, M., Shlakhter, A., Mandel, D. H., and Schwartz, N. (2012). Variety in placental shape: when does it originate? Placenta 33, 164–170. doi: 10.1016/j.placenta.2011.12.002

 Saleemuddin, A., Tantbirojn, P., Sirois, K., Crum, C. P., Boyd, T. K., Tworoger, S., et al. (2010). Obstetric and perinatal complications in placentas with fetal thrombotic vasculopathy. Pediatr. Dev. Pathol. 13, 459–464. doi: 10.2350/10-01-0774-OA.1

 Soregaroli, M., Bonera, R., Danti, L., Dinolfo, D., Taddei, F., Valcamonico, A., et al. (2002). Prognostic role of umbilical artery Doppler velocimetry in growth-restricted fetuses. J. Matern. Fetal Neonatal Med. 11, 199–203. doi: 10.1080/jmf.11.3.199.203

 van Heeswijk, M., Nijhuis, J. G., and Hollanders, H. M. (1990). Fetal heart rate in early pregnancy. Early Hum. Dev. 22, 151–156.

 Yampolsky, M., Salafia, C. M., Shlakhter, O., Haas, D., Eucker, B., and Thorp, J. (2009). Centrality of the umbilical cord insertion in a human placenta influences the placental efficiency. Placenta 30, 1058–1064. doi: 10.1016/j.placenta.2009.10.001

 Yang, J. T., Rayburn, H., and Hynes, R. O. (1995). Cell adhesion events mediated by alpha 4 integrins are essential in placental and cardiac development. Development 121, 549–560.

 Zhang, E. C., Burton, G. J., Smith, S. K., and Charnock-Jones, D. S. (2002). Placental vessel adaptation during gestation and to high altitude: changes in diameter and perivascular cell coverage. Placenta 23, 751–762. doi: 10.1053/plac.2002.0856

Conflict of Interest Statement: 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 © 2018 Burton and Jauniaux. 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 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.

OPS/images/fphys-09-00373-g005.gif





OPS/images/fphys-09-00373-g003.gif





OPS/images/fphys-09-00373-g004.gif





OPS/images/fphys-09-00373-g001.gif





OPS/images/fphys-09-00373-g002.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Development of the Human Placenta
and Fetal Heart: Synergic or
Independent?









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





