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Abstract:



Neonates suffering from pulmonary hypertension of the newborn (PPHN) continue to represent an important proportion of patients requiring intensive neonatal care, and have an increased risk of morbidity and mortality. The human fetus has evolved to maintain a high pulmonary vascular resistance (PVR) in utero to allow the majority of the fetal circulation to bypass the lungs, which do not participate in gas exchange, towards the low resistance placenta. At birth, oxygen plays a major role in decreasing PVR to enhance pulmonary blood flow and establish the lungs as the organ of gas exchange. The failure of PVR to fall following birth results in PPHN, and oxygen remains the mainstay therapeutic intervention in the management of PPHN. Knowledge gaps on what constitutes the optimal oxygenation target leads to a wide variation in practices, and often leads to excessive oxygen use. Owing to the risk of oxygen toxicity, avoiding hyperoxemia is as important as avoiding hypoxemia in the management of PPHN. Current evidence supports maintaining arterial oxygen tension in the range of 50–80 mm Hg, and oxygen saturation between 90–97% in term infants with hypoxemic respiratory failure. Clinical studies evaluating the optimal oxygenation in the treatment of PPHN will be enthusiastically awaited.
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1. Introduction


The recognition that the persistent elevation of pulmonary arterial pressures following birth leads to respiratory failure in the newborn was first described almost five decades ago [1]. Ongoing improvement in our understanding of the underlying pathogenesis leading to pulmonary hypertension in the past couple of decades has led to many novel therapeutic interventions targeting specific molecular cascades implicated in regulating the pulmonary vascular bed [2,3,4]. Pulmonary hypertension in the neonatal period can be broadly categorized into two groups: (1) failure of the elevated pulmonary vascular resistance to fall following birth, defined as persistent pulmonary hypertension of the newborn (PPHN), and (2) pulmonary hypertension as a consequence of severe pulmonary vascular disease in premature infants suffering from bronchopulmonary dysplasia [5]. PPHN is primarily seen in term and late preterm infants, reported in about 2 in every 1000 live-born infants [6], and has, also, been recognized in approximately 2% of premature infants with respiratory distress syndrome [7]. Despite improved neonatal care, early mortality from PPHN remains high with worse neurodevelopmental outcomes amongst the survivors [8,9]. Oxygen remains the mainstay therapeutic intervention in treating PPHN, although targeting the ideal oxyhemoglobin saturation (SO2) to avoid hypoxemia and prevent hyperoxemia remains to be determined. In the following article, we focus on reviewing the fetal vascular system, and defining the optimal oxygen target range in PPHN whereby the adverse effects of hyperoxia and hypoxia may be avoided in an attempt to decrease pulmonary vascular resistance and improve outcomes.




2. Fetal Pulmonary Vascular Resistance


During gestation, the fetus has evolved to divert a large proportion of the circulation away from the lungs towards the placenta, which serves as the organ of gas exchange, by maintaining an elevated pulmonary vascular resistance (PVR) and a low placental vascular resistance. The high PVR during the fetal period is due to a combination of mechanical factors, various vasoconstrictor mediators, and relative hypoxemia. The fetal small pulmonary arteries have a characteristic cuboidal endothelium and thick muscular coat [10,11], which contribute to the elevated PVR. Following birth, the rapid involution of the medial smooth muscle and the thinning of the small pulmonary arteries [12] play an important role in decreasing PVR. Other factors responsible in maintaining high PVR in utero include mechanical factors (compression of the small pulmonary arteries by fluid-filled alveoli and the lack of rhythmic distension) [13] and the interaction of vasoconstrictor (e.g., endothelin-1 and thromboxane) and vasodilator (e.g., prostacyclin and endothelium-derived nitric oxide) mediators on the pulmonary artery smooth muscles cells (PASMC) [14].



2.1. Effects of Oxygen and Fetal PVR


The distinguishing pulmonary vascular response to constrict in response to hypoxia (in contrast to the systemic arteries) was first recognized following experiments in cats in the 1940s [15]. Experiments in fetal lambs have shown that hypoxemia does not increase PVR at ≈70% gestation (100 out of 147–150 days full term gestation), whereas fetal hypoxemia at ≈90% gestation (132–138 days) doubles PVR [16]. A similar pattern is observed during fetal hyperoxemia, whereby a significant drop in PVR is observed in fetal lambs at 135 days gestation, while no change in PVR occurs in response to increased oxygen tension at 94–101 days gestation [17,18]. In human studies, providing 60% oxygen by face mask to expecting mothers between 20 and 26 weeks gestation did not alter fetal pulmonary blood flow, whereas an increase in pulmonary blood flow was appreciated at 31–36 weeks gestation [19].



The amount of blood pumped into the pulmonary circulation is dynamic and changes during fetal life. Early in gestation, the cross-sectional pulmonary vasculature is low, maintaining a high PVR, and the lungs receive only approximately 13% of the cardiac output at 20 weeks (canalicular stage of lung development), which increases to 25–30% at 30 weeks (saccular stage) owing to the proliferation of pulmonary vessels with a resultant fall in PVR, then drops to ≈16–21% near term gestation in response to active hypoxic pulmonary vasoconstriction secondary to the pulmonary vessels developing greater sensitivity to oxygen [20,21,22,23].




2.2. Fetal Circulation and the Role of the Lungs


The purpose of the human fetal circulation is to enhance oxygenation to the fetal brain while minimizing toxicity. Owing to the fetus’s decreased oxygen consumption, in part due to its limited respiratory efforts and because thermoregulation is not necessary in utero, the fetus thrives in a hypoxic environment. The placenta serves as the primary buffer in limiting high blood oxygen exposure to the fetus by creating a large gradient between the maternal arterial partial pressure of oxygen PO2 = 90–100 mm Hg) and the umbilical vein (32–35 mm Hg) [20]. The placental (umbilical venous) and fetal pulmonary circulations comprise the sources of preload. Through an intricate system of shunts and streams, the higher blood oxygen content of the umbilical vein is preferentially diverted to the brain and coronary arteries (PO2 = 25–28 mm Hg, SO2 58–65%; Figure 1) [20,24].


Figure 1. Fetal circulation. The placenta serves as a major buffer in reducing oxygen exposure to the fetus. The partial oxygen tension (PO2) in the maternal uterine artery is 90–100 mm Hg compared to 32–35 mm Hg in the fetal umbilical vein (UV). The relatively higher oxygenated UV blood does not completely mix with the blood returning from the fetal body in the inferior vena cava (IVC), and is preferentially streamed towards the left atrium (through the foramen ovale). As the lungs do not participate in gas exchange in utero, the fetal pulmonary vascular resistance is very high, and the pulmonary circulation only receives 16–21% of the combined ventricular cardiac output (by phase-contrast MRI and Doppler studies) in the near-term human fetus. As a result, there is only a small amount of desaturated blood from the pulmonary veins draining into the left atrium, maintaining a relatively high PO2 in the left heart. Therefore, the blood pumped into the aorta supplying the brain and coronaries contains the highest fetal PO2 (25–28 mm Hg: saturation 58% in human fetus and 65% in fetal lambs). Desaturated blood returning from the brain and the body into the right heart is pumped through the pulmonary artery and is mostly diverted through the ductus arteriosus to supply the rest of the body. Approximately 29–30% of the combined ventricular cardiac output circulates to the placenta. SO2: oxyhemoglobin saturation (Copyright Satyan Lakshminrusimha).
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The pulmonary circulation participates in maintaining the oxygen delivery to the brain within a narrow range by redirecting the pulmonary and systemic blood flows by altering the amount of blood shunting through the foramen ovale and ductus arteriosus. Lamb studies have shown that administering 100% oxygen to ewes raises uterine arterial PO2 to 400 mm Hg, while only increasing fetal umbilical venous PO2 to 40–50 mm Hg, and fetal ascending aorta PO2 to 30–35 mm Hg [20]. The marginal increase in PO2 in the fetal ascending aorta can be explained by (1) the diversion of blood from the terminal villi to secondary and stem villi in the placenta reducing oxygen uptake, (2) the constriction of the ductus venosus distributing blood to the right and left lobes of the liver [25], and (3) the higher fetal blood oxygen content decreasing PVR and increasing pulmonary blood flow [26], thus causing more desaturated blood to return from the pulmonary veins into the left atrium, effectively buffering the oxygen content in the left ventricle (Figure 2).


Figure 2. Fetal adaptation to maternal hypoxia and hyperoxia. The pulmonary circulation plays an important role in maintaining stable oxygen delivery to the brain. Exposing the mother to supraphysiologic levels of oxygen only slightly raises fetal umbilical venous (UV) partial oxygen tension (PO2). The higher fetal PO2 increases blood flow towards the lungs, resulting in more desaturated blood draining into the left atrium from the pulmonary veins, thus lowering the PO2 in the left heart supplying the brain. With more blood flowing to the lungs, there is decreased blood flow to the brain, effectively counterbalancing the higher UV PO2 and maintaining constant oxygen delivery to the brain. Other protective mechanisms to avoid oxygen toxicity are highlighted in the red boxes. Conversely, exposing the mother to a hypoxic environment leads to a decrease in UV PO2 causing increased pulmonary vascular resistance and less blood shunting to the lungs, therefore limiting the amount of desaturated blood returning to the left atrium from the pulmonary veins. Increased umbilical flow, dilation of the ductus venosus, and cerebral vasodilation increase blood flow to the brain to counteract the lower PO2 to maintain oxygen delivery (Copyright Satyan Lakshminrusimha).
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Conversely, during fetal hypoxemia, PVR increases and results in less blood flowing towards the pulmonary artery, which (1) reduces a further drop in PO2 in the left atrium by decreasing the amount of desaturated blood returning from the pulmonary veins, and (2) preferentially directs the umbilical vein blood through the foramen ovale into the left atrium and ultimately into the aorta, therefore successfully providing a higher oxygen delivery to the brain [27]. An inverse relationship between pulmonary flow and foramen ovale shunt has been demonstrated using phase-contrast MRI in late-gestation human fetuses [22].




2.3. Fetal Oxygenation


Experiments in sheep in the 1950s have demonstrated that there is a linear decrease in the umbilical vein PO2 without a change in maternal uterine artery PO2 as gestation progresses [28], which has, later, been confirmed in human studies (Figure 3) [29]. This seemingly counterintuitive drop in PO2 as the fetus is growing and increases its oxygen consumption can be better understood when considering the concomitant rise in hemoglobin that occurs during gestation. The fetus can maintain a constant oxygen content (and oxygen delivery) with a drop in PO2 while more hemoglobin is produced [29]. Replacing fetal hemoglobin by transfusing adult hemoglobin packed red blood cells increases fetal PO2 by ≈5 mm Hg and maintains a similar oxygen content (Figure 3) [29]. Therefore, the fetus avoids oxygen toxicity by keeping the oxygen tension in the blood low, and guarantees adequate oxygen delivery to meet tissue oxygen demand by maintaining a constant oxygen content.


Figure 3. Umbilical venous partial pressure of oxygen and fetal hemoglobin during gestation. There is a linear decrease in the partial oxygen tension (PO2) with a concomitant rise in fetal hemoglobin as gestation progresses, which maintains the oxygen content in the blood constant throughout gestation. In addition, replacing fetal hemoglobin with adult hemoglobin packed red cells increases fetal PO2 by 4.8 mm Hg and maintains similar oxygen content. HbA: adult hemoglobin; HbF: fetal hemoglobin; PRBC: packed red blood cell. Data from [29] (Copyright Satyan Lakshminrusimha).
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Properties of fetal hemoglobin also allow adequate oxygen supply to the tissues in the fetus. The higher oxygen affinity of fetal hemoglobin shifts the oxygen dissociation curve to the left, which results in a greater release in oxygen at lower arterial PO2 compared to adult hemoglobin. In the adult, a decrease in PO2 from 97 mm Hg (level present in arterial blood) to 40 mm Hg (level in venous blood) results in a release of oxygen amounting to ≈5 mL/dL. For the fetus, the difference between the umbilical venous PO2 (35 mm Hg) and the umbilical arterial PO2 (25 mm Hg) results in a similar release of oxygen to the tissues of ≈4 mL/dL (Figure 4) [20]. Therefore, the fetal oxygen extraction is similar to that of adults (at lower PO2).


Figure 4. Oxygen hemoglobin dissociation curves and oxygen supply. The higher oxygen affinity of fetal hemoglobin (purple curve) shifts the oxygen dissociation curve to the left, which results in a greater release in oxygen at lower arterial partial oxygen tension (PO2) compared to adult hemoglobin (red curve). In the adult, a decrease in PO2 from 97 mm Hg (level present in arterial blood) to 40 mm Hg (level in venous blood) results in a release of oxygen amounting to ≈5 mL/dL (area shaded in red). For the fetus, the difference between the umbilical venous PO2 (35 mm Hg) and the umbilical arterial PO2 (25 mm Hg) results in a similar release of oxygen to the tissues of ≈4 mL/dL (area shaded in blue). AVDO2: arterio-venous difference in oxygen content. Data from [20] (Copyright Satyan Lakshminrusimha).
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3. Transition at Birth and PPHN


The most important trigger in reducing PVR at birth appears to be ventilation of the lungs and exposure to oxygen [30,31]. Oxygen is believed to be an important stimulus for the increased production of pulmonary endothelial nitric oxide (NO; a potent vasodilator) at the time of birth [32]. However, newborns with adverse in utero events or abnormalities of the pulmonary vascular bed that prevent a fall in PVR at birth will suffer from PPHN and hypoxic respiratory failure. Regardless of the underlying etiology responsible for PPHN, the accompanying hypoxemia, as a result of intrapulmonary shunting from ventilation/perfusion mismatch and/or extrapulmonary right-to-left shunting, further exacerbates the elevated PVR.



The Role of Oxygen in Treating PPHN


As has been mentioned earlier, the pulmonary vessels of the fetus nearing term develop oxygen sensitivity and contract or relax in response to hypoxemia or hyperoxemia, respectively. PVR is predominantly regulated by the PASMC in precapillary resistance arterioles, but alveolar oxygen tension, however, exerts a greater effect on these vessels than PO2 [33,34]. The first study to describe the relationship between PO2 and PVR in a postnatal animal model conducted it on healthy newborn calves: a fall in PO2 below ≈45 mm Hg resulted in an abrupt increase in PVR [35]. Also, reducing arterial oxygen tension to fetal values in newborn lambs markedly increases PVR [36]. In a lamb PPHN ductal ligation and meconium aspiration asphyxia model, PVR steadily increases when PO2 falls below ≈60 mm Hg with a very steep increase in PVR at PO2 values below ≈14 mm Hg [37]. Furthermore, an increase from 50% to 100% inspired oxygen in this study did not produce any further decrease in pulmonary arterial pressure or PVR. Although lambs with PPHN that are resuscitated with 100% oxygen compared to 21% oxygen marginally enhance the decrease in PVR at birth, the effect is not sustained, and 100% oxygen induces oxidative stress and increases pulmonary artery reactivity [38,39]. Finally, PVR has been shown to increase when capillary SO2 falls below 85% or exceeds 98% [37], and PVR is lowest in the SO2 target range of 90–94%.



Since the identification of endothelium-derived relaxing factor as NO [40,41], inhaled nitric oxide (iNO) has become an indispensible drug (where available) in the treatment of pulmonary hypertension, including PPHN. Randomized clinical studies in term newborns with PPHN have shown a significant improvement in oxygenation as well as a reduction in the need for extracorporeal membrane oxygenation in the patients who were allocated to receive iNO [42,43,44,45]. However, as many as 40% of newborns with PPHN may not respond to iNO treatment, particularly newborns with congenital diaphragmatic hernia [45,46]. Superoxide anions, known to enhance pulmonary vasoconstriction, have been found to be twofold higher in lambs with PPHN [47], and have shown to inactivate NO to produce peroxynitrite [48,49]. Ventilation with 100% oxygen promotes the formation of reactive oxygen species (ROS), such as superoxide anions, that enhance vasoconstriction in the neonatal pulmonary circulation [48,50], and inactivate NO through the formation of peroxynitrite [48,51]. ROS have also been shown to cause pulmonary vasoconstriction by interfering with various enzymes of the NO pathway [52,53]. In addition, 100% oxygen use impairs subsequent vasodilation to iNO [54]. Owing to the severe adverse effects of superfluous oxygen use, possibly further exacerbated when combined with iNO due to the formation of peroxynitrite, avoiding hyperoxemia may be as important as avoiding hypoxemia in the management of PPHN.





4. Oxygen Use for PPHN in the Neonatal Intensive Care Unit (NICU)


The goal of oxygen therapy in PPHN is to (1) relax the pulmonary vasculature by decreasing PVR and to prevent hypoxemia, which would further exacerbate hypoxic pulmonary vasoconstriction, (2) provide adequate oxygen delivery to vital tissues such as the brain and heart while maintaining tissue oxygen demand, (3) avoid anaerobic metabolism and lactic acidosis, and (4) minimize oxidative stress. The evidence strongly suggests that hypoxemia and hyperoxemia can exacerbate hypoxic respiratory failure in PPHN, but the optimal SO2 range whereby a balance is achieved where either extreme can be avoided has not yet been established. In recent years, a great deal of interest has been gained in trying to determine the optimal SO2 target in premature infants, and despite large meta-analyses [55,56], no clear consensus has been reached regarding what constitutes the best and safest SO2 target range. Targeting oxyhemoglobin saturation in extreme premature infants is a balance of competing adverse outcomes (increased risk of necrotizing enterocolitis and death at the lower saturation ranges vs. increased risk of retinopathy of prematurity at the higher saturation range) [57]. Similar challenges in identifying the optimal SO2 in patients with PPHN are expected (worsening PVR and anaerobic metabolisms with low oxygen administration vs. oxidative stress with giving too much oxygen). However, there have been no clinical trials to date that have studied SO2 targets in term infants with lung disease.



A recent survey of neonatologist (492/1500 or 33% response rate) working in level 3 or 4 neonatal intensive care units (NICUs) across the USA evaluating oxygen management in neonates with PPHN has shown wide practice variations regarding the optimal oxyhemoglobin saturation or oxygen tension targets [58]. Seventy percent (70%) of respondents chose capillary SO2 targets > 95%, and 11% aimed to achieve arterial PO2 > 120 mm Hg, while as many as 6% preferred to treat with 100% oxygen until they were confident that the pulmonary vascular reactivity had stabilized and did not wean FIO2 despite SO2 of 100%. Only 28% reported using specific oxygen titration guidelines. In an international survey with a majority of the 200 respondents working in level 3 or 4 NICUs (96%) and having access to iNO (83%), 22% of respondents target arterial PO2 > 81 mm Hg, 38% target capillary SO2 > 96% (while 56% aim between 91 and 95%), and 80% target a hemoglobin level 13–15 g/dL [59]. The wide practice variation and the tendency to hyperoxygenate newborns with PPHN highlight the importance in studying the optimal oxygen target range for this patient population in the clinical setting.



Determining the Optimal Oxygenation Range


The point at which hypoxic pulmonary vasoconstriction is evident should determine the lower limit of the target range for oxygenation. The PO2 surrounding the precapillary pulmonary arterioles (mainly influenced by alveolar PO2; PAO2) is the primary determinant of hypoxic pulmonary vasoconstriction [33,34]. However, as PAO2 is not directly measured in clinical settings, SO2 and arterial PO2 cut-offs have been evaluated in animal models, which have shown this point to correspond to an arterial PO2 of approximately 45–50 mmHg [4,35,37]. In lambs with PPHN induced by prenatal ligation of the ductus arteriosus, SO2 in the 90–97% range result in low PVR [4,37].



The second factor determining the lower limit of target oxygenation is the critical point below which oxygen consumption decreases when oxygen delivery is reduced (Figure 5). SO2 is a crude measure of oxygenation, and is not the sole determinant in tissue oxygen delivery; an evaluation of the factors influencing oxygen content (hemoglobin level) and blood flow (cardiac output and pulmonary: systemic blood flow ratio) need to be considered to yield a better approach in treating PPHN. Similar to fetal life, arterial oxygen content in the newborn appears to be a key determinant of oxygen delivery, and extremely low levels of hemoglobin limit oxygen delivery to the tissues. Allowing placental transfusion at birth by delaying cord clamping to increase the newborn’s hemoglobin levels in infants at risk of PPHN, such as those with congenital diaphragmatic hernia, may improve oxygenation.


Figure 5. Relationship between oxygen delivery and consumption. O2 delivery is a product of blood flow and arterial O2 content. When O2 delivery decreases below a critical point, O2 consumption is compromised leading to anaerobic metabolism and lactic acidosis. The driving force for O2 into mitochondria is PO2. Increased mitochondrial PO2 can lead to reactive oxygen species formation, while hypoxia can exacerbate pulmonary vasoconstriction. The optimal target range encompasses oxygenation that guarantees an oxygen delivery higher than the critical point so that oxygen consumption is not dependent on delivery, while also avoiding oxygen toxicity. Hb: hemoglobin; SaO2: arterial oxyhemoglobin saturation (Copyright Satyan Lakshminrusimha).
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Defining an upper limit for target SO2 or arterial PO2 in the management of PPHN is more challenging, and would represent the level of oxygenation when toxicity develops. Studies in lambs and calves have shown that targeting arterial PO2 over 80–100 mm Hg does not result in additional pulmonary vasodilation. Furthermore, hyperoxia (arterial PO2 > 100 mm Hg) during the initial management of infants with hypoxic ischemic encephalopathy was associated with a poor neurodevelopmental outcome [60].



Finally, adequate blood flow to the tissues, especially the brain, is crucial to prevent neurodevelopmental impairment. Avoiding extremes of pH and arterial PCO2 remain necessary interventions in the overall management of PPHN. Acidemia has been shown to increase PVR [35], and hypocapnia is known to reduce cerebral blood flow and be associated with worse neurologic outcomes in perinatal asphyxia [61,62].





5. Summary


Oxygen therapy has long been considered a life sustaining intervention, and despite evidence from as early as the 1950s suggesting that oxygen can be toxic by generating free oxygen radicals [63], it has not been until recently that healthcare providers are taking a more conservative approach when administering oxygen. In the management of PPHN, avoiding hyperoxemia is as important as preventing hypoxemia. However, current knowledge gaps on what constitutes the optimal oxygenation target leads to a wide variation in practices amongst neonatologists, and often leads to excessive oxygen use. Current evidence, based mainly on data available from transitional models, supports maintaining arterial PO2 in the range of 50–80 mm Hg, and SO2 between 90 and 97% in term infants with hypoxemic respiratory failure. Clinical studies evaluating the optimal oxygenation in the treatment of PPHN will be enthusiastically awaited.
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