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Series Foreword




Richard A. Polin, MD











Medicine is a science of uncertainty and an art of probability.


—William Osler





Controversy is part of everyday practice in the NICU. Good practitioners strive to incorporate the best evidence into clinical care. However, for much of what we do, the evidence is either inconclusive or does not exist. In those circumstances, we have come to rely on the teachings of experienced practitioners who have taught us the importance of clinical expertise. This series, “Neonatology Questions and Controversies,” provides clinical guidance by summarizing the best evidence and tempering those recommendations with the art of experience. To quote David Sackett, one of the founders of evidence-based medicine:





Good doctors use both individual clinical expertise and the best available external evidence and neither alone is enough. Without clinical expertise, practice risks become tyrannized by evidence, for even excellent external evidence may be inapplicable to or inappropriate for an individual patient. Without current best evidence, practice risks become rapidly out of date to the detriment of patients.





This series focuses on the challenges faced by care providers who work in the NICU. When should we incorporate a new technology or therapy into everyday practice, and will it have positive impact on morbidity or mortality? For example, is the new generation of ventilators better than older technologies such as CPAP, or do they merely offer more choices with uncertain value? Similarly, the use of probiotics to prevent necrotizing enterocolitis is supported by sound scientific principles (and some clinical studies). However, at what point should we incorporate them into everyday practice given that the available preparations are not well characterized or proven safe? A more difficult and common question is when to use a new technology with uncertain value in a critically ill infant. As many clinicians have suggested, sometimes the best approach is to do nothing and “stand there.”


The “Neonatology Questions and Controversies” series was developed to highlight the clinical problems of most concern to practitioners. The editors of each volume (Drs. Bancalari, Oh, Guignard, Baumgart, Kleinman, Seri, Ohls, Maheshwari, Neu, and Perlman) have done an extraordinary job selecting topics of clinical importance to everyday practice. When appropriate, less controversial topics have been eliminated and replaced by others thought to be of greater clinical importance. In total, there are 56 new chapters in the series. During the preparation of the Hemodynamics and Cardiology volume, Dr. Charles Kleinman died. Despite an illness that would have caused many to retire, Charlie worked until near the time of his death. He came to work each day, teaching students and young practitioners and offering his wisdom and expertise to families of infants with congenital heart disease.We dedicate the second edition of the series to his memory. As with the first edition, I am indebted to the exceptional group of editors who chose the content and edited each of the volumes. I also wish to thank Lisa Barnes (content development specialist at Elsevier) and Judy Fletcher (global content development director at Elsevier), who provided incredible assistance in bringing this project to fruition.










Preface


Cardiovascular compromise with or without congenital heart disease is a common finding in a large number of critically ill preterm and term neonates and is associated with a high incidence of mortality and significant short- and long-term morbidities. Therefore timely recognition and treatment of shock is of utmost importance. The diagnosis of shock is hampered by our inability to continuously assess systemic and organ blood flow in absolute numbers. As a result, treatment of cardiovascular compromise in neonates has rarely been based on a thorough understanding of the underlying cardiovascular pathophysiology. Instead, many of these neonates are routinely treated with volume boluses followed by the administration of vasopressors and/or inotropes with little regard to the etiology, phase, or pathophysiology of neonatal shock. It is not surprising therefore that there is very little evidence demonstrating that treatment of shock in neonates, especially without congenital heart disease, improves mortality or clinically meaningful short- and long-term outcomes.


However, since the publication of the first edition of Hemodynamics and Cardiology in the “Neonatology Questions and Controversies” series, some promising advances have been made in the ability to monitor neonatal hemodynamic parameters. In addition, recent studies have started to unravel some of the mysteries of the physiology and pathophysiology of cardiovascular transition to extrauterine life. The second edition ofthis series addresses these novel approaches and findings, making it both up-to-date and useful for the clinician and investigator who face uncertainty in clinical practice and study design and conduction.


The second edition has kept the major structure of the first edition and, accordingly, is divided into two parts.


The first part of this book, “Neonatal Hemodynamics,” addresses the principles of developmental physiology and the pathophysiology of neonatal shock, the autoregulation of vital and nonvital organ blood flow, and the controversies surrounding the definition of normal blood pressure in the neonatal patient population. In addition to discussions on the use of functional echocardiography, near-infrared spectroscopy, and advanced magnetic resonance imaging, there are new chapters on available methods to assess cardiac output and microcirculation and the application of these technologies to preterm and term neonates. The ensuing section includes chapters that describe the different clinical presentations of neonatal shock with a focus on characteristic clinical features and pathophysiology. Reasonable approaches to treatment are also reviewed, with an emphasis on evidence-based approaches whenever evidence is available. The final chapter in this part of the book addresses the role of hemodynamics in brain injury, focusing on the preterm neonate during the transitional period.


The second part, “Fetal and Neonatal Cardiology,” begins with a discussion of embryonic and fetal heart development. As the focus of pediatric cardiologists involved in the care of neonates with critical hemodynamic compromise has become more proactive, fetal diagnosis and management is becoming increasingly important, as has the role of fetal cardiology in the prenatal and postnatal management of neonates with congenital heart disease. Finally, the most recent therapeutic and imaging advances in the management of neonates with congenital heart disease are discussed in detail, providing novel information and conceptual framework for the clinician and researcher involved in the management and study of neonates with congenital heart disease.




Istvan Seri, MD, PhD, HonD












Part I


Neonatal Hemodynamics









Section A


Principles of Developmental Cardiovascular Physiology and Pathophysiology










Chapter 1 Principles of Developmental Cardiovascular Physiology and Pathophysiology




Shahab Noori, MD, RDCS, Theodora A. Stavroudis, MD, Istvan Seri, MD, PhD, HonD









• Principles of Developmental Physiology


• Developmental Cardiovascular Pathophysiology: Etiology and Pathophysiology of Neonatal Shock


• Case Study


• References








This chapter first reviews fetal, transitional, and posttransitional hemodynamics with an emphasis on the principles of developmental cardiovascular physiology. Building on the physiologic principles reviewed, the second part of the chapter then discusses the etiology and pathophysiology of neonatal cardiovascular compromise. The major goals of this chapter are to help the reader appreciate the impact of immaturity and/or pathologic events on the physiology of neonatal cardiovascular transition and understand the primary factors leading to cardiovascular compromise in the preterm and term neonate. Only with this knowledge can one appropriately assess and manage hemodynamic disturbance in the immediate transitional period and beyond and potentially reduce the end-organ damage caused by the decrease in oxygen delivery to the organs, especially the immature brain of the affected neonate.






Principles of Developmental Physiology






Fetal Circulation


Fetal circulation is characterized by low systemic vascular resistance (SVR) with high systemic blood flow and high pulmonary vascular resistance with low pulmonary blood flow. Given the low oxygen tension in the fetus, fetal circulation allows for preferential flow of the most oxygenated blood to the heart and brain, two of the three “vital organs.”1 With the placenta rather than the lungs being the organ of gas exchange, most of the right ventricular output is diverted through the patent ductus arteriosus (PDA) to the systemic circulation. In fact, the pulmonary blood flow only constitutes about 7-8% of the combined cardiac output in fetal lambs.2 However, the proportion of combined cardiac output that supplies the lungs is significantly higher in human fetus (11-25%), with some studies showing an increase in this proportion with advancing gestational age with the peak around 30 weeks.3-5 During fetal life both ventricles contribute to the systemic blood flow and the circulation depends on the persistence of connections via the foramen ovale and PDA between the systemic and pulmonary circuits. Thus the two circulations function in “parallel” in the fetus. The right ventricle is the dominant pumping chamber and its contribution to the combined cardiac output is about 60%. The combined cardiac output is in the range of 400-450 mL/kg/min in the fetus and it is much higher than the systemic flow (about 200 mL/kg/min) after birth. Approximately one third of the combined cardiac output (150 mL/kg/min) perfuses the placenta via the umbilical vessels. However, placental blood flow decreases to 21% of the combined cardiac output near term.6 The umbilical vein carries the oxygenated blood from the placenta though the portal veins and the ductus venosus to the inferior vena cava (IVC) and eventually to the heart. About 50% of oxygenated blood in the umbilical vein is shunted through ductus venosus and IVC to the right atrium where the oxygenated blood is preferentially directed to left atrium through the patent foramen ovale. This percentage decreases as gestation advances. One of the unique characteristics of the fetal circulation is that arterial oxygen saturation (Sao2) is different between the upper and lower body. Having the most oxygenated blood in the left atrium ensures supply of adequate oxygen to the heart and brain. Furthermore, in response to hypoxemia, most of the blood flow in umbilical vein bypasses the portal circulation via ductus venosus and delivers the most oxygenated blood to the heart and brain.









Transitional Physiology


After birth, the circulation changes from parallel to series and thus the left and right ventricular outputs must become equal. However, this process, especially in very preterm infants, is not complete for days or even weeks after birth due to the inability of the fetal channels to close in a timely manner. The persistence of the PDA significantly alters the hemodynamics during transition and beyond. The impact of the PDA on pulmonary and systemic blood flow in the preterm infant is discussed in Chapter 13. At birth, the removal of low resistance placental circulation and the surge in catecholamines and other hormones increases the SVR. On the other hand, the pulmonary vascular resistance drops precipitously due to the act of breathing air and exposure of the pulmonary arteries to higher partial pressure of oxygen as compared to very low level in utero. Organ blood flow also changes significantly. In the newborn lamb, cerebral blood flow (CBF) drops in response to oxygen exposure.7 Recently, a drop in CBF in the first few minutes after birth in normal term neonates was also reported.8 This drop in CBF appears to be related, at least in part, to cerebral vasoconstriction in response to the increase in arterial blood oxygen content immediately after birth. In addition, the correlation between left-to-right PDA shunting and middle cerebral artery flow velocity (a surrogate for CBF) suggests a possible role of PDA in the observed reduction in CBF.8 Finally, especially in some very preterm neonates, the inability of the immature myocardium to pump against the suddenly increased SVR might lead to a transient decrease in systemic blood flow, which in turn could also contribute to the decrease in CBF (Chapter 12).









Postnatal Circulation






Pressure, Flow, and Resistance


Poiseuille’s equation (Q = (ΔP × πr4) / 8 µl) describes the factors that determine the movement of fluid through a tube. This equation helps us understand how changes in cardiovascular parameters affect blood flow. Basically, flow (Q) is directly related to the pressure difference (ΔP) across the vessel and the fourth power of the radius (r) and inversely related to the length (l) of the vessel and the viscosity of the fluid (µ). Therefore blood pressure (BP) is the driving force behind moving blood through the vasculature. Because there are several differences between laminar flow of water through a tube and blood flow through the body, the relationship between the above factors in the body does not exactly follow the equation. In addition, because we do not measure all components of this equation, in clinical practice the interaction among BP, flow, and SVR is described by using an analogy of Ohm’s law (cardiac output = pressure gradient/SVR). Therefore blood flow is directly related to BP and inversely related to SVR. Regulation of and changes in cardiac output and SVR determine the BP. In other words, systemic BP is the dependent variable of the interaction between the two independent variables: cardiac output (flow) and SVR. Because cardiac output is somewhat also affected by SVR, in theory, cardiac output cannot be considered as a completely independent variable.


Cardiac output is determined by heart rate, preload, myocardial contractility, and afterload. Preload can be described in terms of pressure or volume, that is, central venous pressure or end-diastolic ventricular volume. Therefore preload is affected not only by the effective circulating blood volume but also by many other factors such as myocardial relaxation and compliance, contractility, and afterload. The limited data available on diastolic function in the newborn in general and in preterm infants in particular suggest lower myocardial compliance and relaxation function. On the other hand, baseline myocardial contractility is high or comparable to that in older children while the myocardial capacity to maintain contractility in the face of an increase in the afterload might be limited (see later). Afterload and SVR are related and usually change in the same direction. Yet, these two parameters are different and should not be used interchangeably. SVR is determined by the resistance of vascular system and regulated by changes in the diameter of the small resistance vessels, primarily the arterioles. In contrast, afterload is the force that myocardium has to overcome to pump blood out of the ventricles during the ejection period. Wall tension can be used as a measure of afterload. Therefore, based on La Place’s law, left ventricular afterload is directly related to the intraventricular pressure and the left ventricular diameter at the end of systole and indirectly related to the myocardial wall thickness. Indeed, changes in SVR exert their effect on afterload indirectly by affecting BP.









Organ Blood Flow Distribution


Under resting physiologic conditions, blood flow to each organ is regulated by a baseline vascular tone under the influence of the autonomic nervous system. Changes in the baseline vascular tone regulate organ blood flow. Vascular tone is regulated by local tissue (e.g., H+, CO2, and O2), paracrine (e.g., nitric oxide, prostacyclin, and endothelin-1), and neurohormonal factors as well as by the myogenic properties of the blood vessel. Under pathologic conditions such as hypoxia-ischemia, the relative organ distribution of cardiac output favors the “vital” organs (the brain, heart, and adrenal glands). In principle, vital organ designation is operational even in fetal life. However, the vascular bed of the forebrain (cortex) might only achieve the characteristic “vital organ” vasodilatory response to a decrease in perfusion pressure during late in the second trimester (see further discussion).









Microcirculatory Physiology


Other than being the site of exchange of oxygen and nutrients and the site of removal of metabolic by-products, microcirculation plays a significant role in regulating systemic and local hemodynamics. The small arteries and arterioles are the main regulators of peripheral vascular resistance, and the venules and small veins play an important role as capacitance vessels. Coupling of oxygen supply and demand is one of the primary functions of the microcirculation. Oxygen delivery (DO2) depends on blood flow and oxygen content. The total oxygen content of the blood (hemoglobin-bound and dissolved) can be calculated based on the hemoglobin concentration (Hb; g/dL), Sao2, and partial pressure of oxygen (Pao2; mm Hg) in the arterial blood ([1.36 × Hb × Sao2] + [0.003 × Pao2]). Tissue blood flow is adjusted based on the oxygen consumption (Vo2) determined by the metabolic requirements. When the blood flow cannot be increased beyond a certain point, oxygen extraction is increased to meet the demand for Vo2. Therefore Vo2 is not affected by the decrease in blood flow until the tissue’s capacity to extract more oxygen is exhausted. At this point, Vo2 becomes directly flow dependent.9


In healthy term infants, localized peripheral (buccal) perfusion assessed by capillary-weighted saturation using visible light spectroscopy has only a weak correlation with cardiac output during the transitional period.10 Therefore it is possible that under physiologic conditions, peripheral blood flow is not affected by the variability in the systemic blood flow. In other words, blood flow (cardiac output) is regulated to meet Vo2. In ventilated preterm infants, limb blood flow assessed by near-infrared spectroscopy (NIRS) showed no correlation with BP.11 Along with the poor correlation of buccal oxygen saturation with cardiac output in healthy term neonates, these findings suggest that regulation of the microcirculation and peripheral blood flow in hemodynamically relatively stable preterm and term neonates might be, at least to a certain point, independent of systemic blood flow.


Skin microcirculation has been more extensively studied in neonates. Orthogonal polarization spectral imaging studies of skin demonstrated that functional small vessel density, a measure of tissue perfusion and microcirculation, changes over the first postnatal month and directly correlates with hemoglobin concentration and environmental temperature in preterm infants.12 In this study, functional small vessel density was also inversely related to BP. This finding indicates that evaluation of skin microcirculation may be useful in the indirect assessment of SVR. Findings of laser Doppler flowmetry studies of the skin indicate that the relationship between peripheral microvascular blood flow and cardiovascular function evolves during the first few days in preterm infants.13 The inverse relationship between microvascular blood flow and calculated SVR and mean BP immediately after delivery was no longer present by the fifth day of postnatal life. In addition, preterm infants who died during the transitional period had higher baseline microvascular blood flow, that is, lower peripheral vascular resistance. These findings suggest that developmental changes in microcirculation also play a significant role in the regulation of transitional hemodynamics and that microcirculatory maladaptation is associated with and/or may increase the risk of mortality.


Given the limited data available and inconsistency of the findings, further studies of the regulation of microcirculation are needed to improve our understanding of the physiology and pathophysiology of the microcirculation during development and postnatal transition and characterizing its role in the regulation of systemic hemodynamics in the preterm and term neonate.












Myocardial Function—Developmental Aspects


There are significant differences in myocardial structure and function between the immature myocardium of the neonate and that of the older child and adult.14,15 The immature myocardium of the preterm and term neonate has fewer contractile elements, higher water content, greater surface-to-volume ratio, and an underdeveloped sarcoplasmic reticulum. The immature myocardium primarily relies on the function of L-type calcium channels and thus on extracellular calcium concentration for calcium supply necessary for muscle contraction. In children and adults these channels only serve to trigger the release of calcium from its abundant intracellular sources in the sarcoplasmic reticulum. These characteristics of the immature myocardium explain the observed differences in myocardial compliance and contractility between preterm and term neonates and children and adults.


Echocardiographic studies have shown that the immature myocardium has a higher baseline contractile state and that contractility rapidly decreases in face of an increase in afterload.16 The sensitivity of the immature myocardium to afterload means that for the same degree of rise in the afterload, the myocardium of the neonate has a more significant reduction in contractility compared to children or adults. With the rise in SVR after birth, left ventricular afterload increases. This, in turn, may lead to a significant decrease in myocardial contractility with possible clinical implications (see discussion under Myocardial Dysfunction).









Impact of the Immature Autonomic Nervous System on Regulating Cardiac Function and Vascular Tone


Circulatory function is mediated at the central and local levels through neural, hormonal, and metabolic mechanisms and reflex pathways (Fig. 1-1). Integral to the regulation of cardiac function and vascular tone is the central nervous system. The medulla generates complex patterns of sympathetic, parasympathetic, and cardiovascular responses that are essential for homeostasis as well as behavioral patterning of autonomic activity.17,18 The balance between sympathetic and parasympathetic outflow to the heart and blood vessels is regulated by peripheral baroreceptors and chemoreceptors in the aortic arch and carotid sinus as well as by the mechanoreceptors in the heart and lungs.19 Even though many of these pathways have been identified, much work remains to delineate the adaptation of cardiovascular control in the immature infant where the maturation of the many components of this complex system is at varying pace and has been shown to lead to instability in autonomic function and maintenance of adequate organ blood flow and BP. The effect of the dynamic nature of the developing system on cardiovascular function is unclear but it may have short- and long-term implications for neonates born prematurely or with growth restriction.20,21
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Figure 1-1 To meet cellular metabolic demand, a complex interaction among blood flow, vascular resistance, and blood pressure takes place. Vascular resistance and blood flow are the independent variables and blood pressure is the dependent variable in this interaction characterized by the simplified equation using an analogy of Ohm’s law: BP − CVP = CO × SVR. However, as cardiac output is also affected by SVR, it cannot be considered a completely independent variable. In addition to the interaction among the major determinants of cardiovascular function, complex regulation of blood flow distribution to vital and nonvital organs, recruitment of capillaries and extraction of oxygen plays a fundamental role in the maintenance of hemodynamic homeostasis. BP, blood pressure; CO, cardiac output; CVP, central venous pressure; GA, gestational age; OBF, organ blood flow; PaCO2, partial pressure of carbon dioxide in the arteries; Pao2, partial pressure of oxygen in the arteries; PDA, patent ductus arteriosus; PFO, patent foramen ovale; PNA, postnatal age; SVR, systemic vascular resistance.


(Modified with permission from Soleymani S, Borzage M, Seri I. Hemodynamic monitoring in neonates: advances and challenges. J Perinatol. 2010;30:S38-S45.)





Heart rate variability analysis is a noninvasive tool employed to assess the sympathetic and parasympathetic modulation of the cardiovascular system over a relatively short period of time.22-24 This method has been found useful in conditions where cardiac output has been impacted such as in patients with sepsis.25,26 Heart rate variability analysis holds promise to further characterize the autonomic control of cardiovascular function in that the relationship among heart rate variability, sympathovagal balance, and the modulation of the renin-angiotensin-aldosterone system in various pathophysiologic states can be explored.












Developmental Cardiovascular Pathophysiology: Etiology and Pathophysiology of Neonatal Shock


To ensure normal cellular function and maintenance of structural integrity, delivery of oxygen must meet cellular oxygen demand. Oxygen delivery is determined by the oxygen content of the blood and cardiac output (see earlier). However, cardiac output can only deliver oxygen effectively to the organs if perfusion pressure (BP) is maintained in a range appropriate under the given condition of the cardiovascular system. Because BP is determined by the interaction between SVR and cardiac output (BP ∝ SVR × systemic blood flow; see Fig. 1-1), the complex interdependence between perfusion pressure and systemic blood flow mandates that, if possible, both be monitored in critically ill neonates.


Indeed, if SVR is too low, BP (perfusion pressure) may drop below a critical level where cellular oxygen delivery becomes compromised despite normal or even high cardiac output. However, if SVR is too high, cardiac output and thus organ perfusion may decrease to a critical level so that cellular oxygen delivery becomes compromised despite maintenance of BP in the perceived normal range. Therefore the use of BP or cardiac output alone for the assessment of the cardiovascular status is misleading, especially under certain critical circumstances in preterm and term neonates. Unfortunately, while BP can be continuously monitored, there are only few, recently developed and not yet fully validated invasive and noninvasive bedside techniques to use to continuously monitor systemic perfusion in absolute numbers in the critically ill neonate (see Chapter 6). Therefore, in most intensive care units, the clinician has been left with monitoring the indirect and rather insensitive and nonspecific measures of organ perfusion such as urine output, capillary refill time (CRT), and lactic acidosis. Among these measures, lactic acidosis is the most specific indirect measure of tissue hypoperfusion, and it has become available from small blood samples along with routine blood-gas analysis. However, this measure has its limitations as well, in that elevated serum lactic acid levels may represent an ongoing impairment in tissue oxygenation or a previous event with improvement in tissue perfusion (washout phenomenon). Thus serum lactic acid concentration needs to be sequentially monitored and a single value may not provide appropriate information on tissue perfusion. Furthermore, when epinephrine is being administered, epinephrine-induced specific increases in lactic acid levels occur independent of the state of tissue perfusion.27


Because it is a common practice to routinely measure BP in neonates, population-based normative data are available for the statistically defined normal ranges of BP in preterm and term neonates.28-30 It is likely that the 5th or the 10th percentiles of these gestational- and postnatal-age-dependent normative data used to define hypotension do not represent BP values in every patient in whom autoregulation of organ blood flow or organ blood flow itself is necessarily compromised. Although recent findings have described the possible lower limits of BP below which autoregulation of CBF, cerebral function, and finally cerebral perfusion are impaired in very low birth weight (VLBW) preterm infants (Fig. 1-2), the true impact of gestational and postnatal age, the individual patient’s ability to compensate with increased cardiac output and appropriate regulation of organ blood flow, and the underlying pathophysiology on the dependency of CBF on BP in this population remains to be determined.31-36 Several epidemiologic studies have demonstrated that hypotension and/or low systemic perfusion are associated with increased mortality and morbidity in the neonatal patient population. Other studies found an increase in mortality and morbidity in preterm infants who received treatment for hypotension. Due to the retrospective and uncontrolled nature of these studies, it is hard to tease out the cause of adverse outcome associated with hypotension. It is possible that the poor outcome associated with hypotension is multifactorial and it may be due to the direct effect of hypotension on organ perfusion, the inappropriate use and titration of vasopressors/inotropes, coexistence of other pathologies with hypotension as a marker of disease severity, or a combination of all of these factors.37
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Figure 1-2 A, Definition of hypotension by three pathophysiologic phenomena of increasing severity: the “autoregulatory, functional and ischemic thresholds” of hypotension. Cerebral blood flow (CBF) is compromised when blood pressure decreases to below autoregulatory threshold. With further decrease in blood pressure, first brain function is impaired followed by tissue injury as ischemic threshold is crossed. B, Panel A and C. Serial measurements of CBF and mean arterial pressure (MAP) in a normotensive and untreated hypotensive extremely low birth weight (ELBW) neonates at 13 to 40 hours after birth. Note that there appears to be a breakpoint at 30 mm Hg in the CBF-MAP autoregulation curve. Panel B and D. Note the close relationship between CBF with MAP after the initiation of dopamine infusion (10 µg • kg–1 per min) in hypotensive ELBW neonates. Thus dopamine normalizes MAP and CBF but does not immediately restore CBF autoregulation. Plot of CBF versus MAP (Panel D) using the data of Panel B reveals a positive linear correlation (R = .88; P < .001). C, Relationship between mean blood pressure (MBP) and the relative power (RP) of the delta band of the amplitude-integrated EEG, showing line of best fit with 95% confidence interval in VLBW neonates. Horizontal dotted lines represent the normal range of the relative power of the delta band (10th-90th percentile). Vertical dotted line represents the point of intercept. Circled squares indicate infants with abnormal cerebral fractional oxygen extraction (CFOE).


(A, From McLean CW, Cayabyab RG, Noori S, et al. Cerebral circulation and hypotension in the premature infant—diagnosis and treatment. In: Perlman JM, ed. Neonatology questions and controversies: neurology. Philadelphia: Saunders/Elsevier; 2008:3-26. B, Adapted with permission from Munro MJ, Walker AM, Barfield CP. Hypotensive extremely low birth weight infants have reduced cerebral blood flow. Pediatrics 2004;114:1591-1596. C, Adapted with permission from Victor S, Marson AG, Appleton RE, et al. Relationship between blood pressure, cerebral electrical activity, cerebral fractional oxygen extraction, and peripheral blood flow in very low birth weight newborn infants. Pediatr Res. 2006;59:314-319.)









Definition and Phases of Shock


Shock is defined as a condition in which supply of oxygen to the tissues does not meet oxygen demand. In the initial compensated phase of shock, neuroendocrine compensatory mechanisms and increased tissue oxygen extraction maintain perfusion pressure, blood flow, and oxygen supply to the vital organs (heart, brain, and adrenal glands) at the expense of blood flow to the rest of the body. This is achieved by selective vasoconstriction of the resistance vessels in the nonvital organs leading to maintenance of BP in the normal range and redistribution of blood flow to the vital organs. Low-normal to normal BP, increased heart rate, cold extremities, delayed CRT, and oliguria are the hallmarks of this phase. However, whereas these clinical signs are useful in detecting early shock in pediatric and adult patients, they are of limited value in neonates, especially in preterm infants in the immediate postnatal period. Indeed, in preterm infants immediately after birth, shock is rarely diagnosed in this phase and it is usually only recognized in the second uncompensated phase. In the uncompensated phase of shock, the neuroendocrine compensatory mechanisms fail and hypotension and decreased vital and nonvital organ perfusion and oxygen delivery develop. These events first result in the loss of vital organ blood flow autoregulation and the development of lactic acidosis; if the process progresses, cellular function and then structural integrity become compromised. Even in the compensated phase, however, recognition of shock may be delayed because of the uncertainty about the definition of hypotension in preterm infants.38,39 Finally, if treatment is delayed or ineffective, shock progresses to its final irreversible phase. In this phase, irreparable cellular damage occurs in all organs and therapeutic interventions will fail to sustain life.









Etiology of Neonatal Shock


Neonatal shock may develop because of volume loss (absolute hypovolemia), myocardial dysfunction, abnormal peripheral vasoregulation, or a combination of two or all of these factors.









Hypovolemia


Adequate preload is essential for maintaining normal cardiac output and organ blood flow. Therefore pathologic conditions associated with absolute or relative hypovolemia can lead to a decrease in cardiac output, poor tissue perfusion, and shock. Although absolute hypovolemia is a common cause of shock in the pediatric population, in neonates in the immediate postnatal period it is rarely the primary cause. Neonates are born with approximately 80-100 mL/kg of blood volume and only a significant drop in blood volume leads to hypotension. Perinatal events that can cause hypovolemia include a tight nuchal cord, cord avulsion, cord prolapse, placental abruption, fetomaternal transfusion, and birth trauma such as subgaleal hemorrhage. Fortunately, these perinatal events either do not result in significant hypovolemia and shock in most instances (e.g., placental abruption) or their occurrence is very rare (e.g., cord avulsion). Another cause of absolute hypovolemia is transepidermal water loss in extremely low birth weight (ELBW) infants in the immediate postnatal period.


To explore the role of intravascular volume status in the occurrence of hypotension, several investigators have evaluated the relationship between blood volume and systemic arterial BP in normotensive and hypotensive preterm infants. Bauer and colleagues measured blood volume in 43 preterm neonates during the first 2 postnatal days and found a weak but statistically significant positive correlation between BP and blood volume (Fig. 1-3A).40 However, there was no correlation between blood volume and BP until blood volume exceeded 100 mL/kg.40 Barr and colleagues found no relationship between arterial mean BP and blood volume in preterm infants (see Fig. 1-3B) and no difference in blood volume between hypotensive and normotensive infants.41 Similarly, Wright and Goodall reported no relationship between blood volume and BP in preterm neonates in the immediate postnatal period (see Fig. 1-3C).42 Therefore absolute hypovolemia is thought to be an unlikely primary cause of hypotension in preterm infants in the immediate postnatal period. This notion is further supported by the fact that dopamine is more effective than volume administration in improving BP in preterm infants during the first days after delivery.43,44 On the other hand, increase in blood volume as a result of delayed cord clamping has been shown to confer some short-term hemodynamic benefits.45-48
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Figure 1-3 A, Relationship between blood volume and systemic blood pressure. Open and closed circles represent systolic blood pressure (SBP) measured by oscillometry or an umbilical artery catheter, respectively (see text for details). B and C, Relationship between blood volume and mean arterial blood pressure (MABP). There is no significant association (see text for details).


(A, Adapted with permission from Bauer K, Linderkamp O, Versmold HT. Systolic blood pressure and blood volume in preterm infants. Arch Dis Child Fetal Neonatal Ed. 1994;69:521-522. B, Adapted with permission from Barr PA, Bailey PE, Sumners J. Relation between arterial blood pressure and blood volume and effect of infused albumin in sick preterm infants. Pediatrics. 1977;60:282-289. C, Adapted with permission from and Wright IM, Goodall SR. Blood pressure and blood volume in preterm infants. Arch Dis Child Fetal Neonatal Ed. 1994;70:F230-F231.)












Myocardial Dysfunction


As discussed earlier, there are considerable differences in the structure and function of the myocardium among preterm and term infants and children. The significant immaturity of the myocardium of the preterm infant, at least in part, accounts for why these patients are susceptible to development of myocardial failure following delivery.14,15


The limited capacity to increase contractility above the baseline makes the immature myocardium susceptible to fail when SVR abruptly increases. This disadvantage associated with myocardial immaturity is especially important during the initial transitional period. As the low resistance placental circulation is removed, SVR suddenly increases. This acute rise in the SVR and afterload may compromise left cardiac output and systemic blood flow. Indeed, superior vena cava (SVC) flow, used as a surrogate for systemic blood flow (left cardiac output), is low in a large proportion of VLBW infants during the first 6-12 postnatal hours.49 The exaggerated decrease in myocardial contractility in response to increase in left ventricular afterload may play a role in development of low SVC flow.50 However, this low flow state appears to be transient as the majority of the patients recover by 24-36 hours after delivery. Similarly, findings of Doppler studies of CBF suggest an increase in CBF shortly after delivery.51 Therefore, although the myocardium of the preterm neonate undergoes structural and functional maturation over many months, it appears that, after a transient dysfunction of varying severity immediately after delivery, it can relatively rapidly adapt to the postnatal changes in systemic hemodynamics.


In addition to the developmentally regulated susceptibility to dysfunction, a decrease in the oxygen supply associated with perinatal depression is a major cause of poor myocardial function and low cardiac output in preterm and term neonates immediately following delivery. During fetal life, despite being in a “hypoxic” environment by postnatal norms, neuroendocrine and other compensatory mechanisms and the unique fetal circulation enable the fetus to tolerate the “relative” hypoxemia and even brief episodes of true fetal hypoxemia. As mentioned earlier, during fetal hypoxemia the distribution of blood flow is altered to maintain perfusion and oxygen supply to the vital organs including the heart.52-54 However, a significant degree of hypoxemia, especially when associated with metabolic acidosis, can rapidly exhaust the compensatory mechanisms and result in myocardial dysfunction. The critical threshold of fetal arterial oxygen saturation below which metabolic acidosis develops varies depending on the cause of fetal hypoxia. In the animal model of maternal hypoxia-induced fetal hypoxia, fetal arterial oxygen saturations below 30% are associated with metabolic acidosis. In addition, it appears that the fetus is more or less susceptible to hypoxia if the cause of hypoxia is umbilical cord occlusion or decreased uterine blood flow, respectively. Human data obtained by fetal pulse oximetry are consistent with the results of animal studies and indicate that the oxygen saturation of 30% is indeed the threshold for the development of fetal metabolic acidosis.55


An increase in cardiac enzymes and cardiac troponin T and I are useful in the assessment of the degree of myocardial injury associated with perinatal asphyxia.56-59 In addition, increases in cardiac troponin T and I have been shown to be helpful in diagnosing myocardial injury even in the mildly depressed neonate. Whereas cardiac troponin T and I may be more sensitive than echocardiographic findings in detecting myocardial injury, the cardiovascular significance of the elevation of troponins in the absence of myocardial dysfunction remains unclear.60


Modifications of the cardiac contractile protein, myosin regulatory light chain 2 (MLC2) have also been implicated in the development of cardiac systolic dysfunction following newborn asphyxia. In a piglet model of perinatal asphyxia, a decrease in MLC2 phosphorylation and an increase in MLC2 degradation via nitration were observed suggesting that these are potential targets for therapeutic interventions to reduce myocardial damage in perinatal depression.61 Nevertheless, documentation of clinical relevance of these findings is necessary to determine the future utility of such therapies.


Tricuspid regurgitation is the most common echocardiographic finding in neonates with perinatal depression and myocardial dysfunction. In cases with severe perinatal depression and myocardial injury, myocardial dysfunction frequently leads to decreases in cardiac output and the development of full-blown cardiogenic shock.62,63 Finally, if the myocardium is not appropriately supported by inotropes, the ensuing low cardiac output will exacerbate the existing metabolic acidosis.64


Cardiogenic shock due to congenital heart defect, arrhythmia, cardiomyopathy, and PDA is discussed in other chapters in this book.









Vasodilation


The regulation of vascular smooth muscle tone is complex and involves neuronal, endocrine, paracrine, and autocrine factors (Fig. 1-4). Regardless of the regulatory stimuli, intracellular calcium availability plays the central role in regulating vascular smooth muscle tone. In the process of smooth muscle cell contraction, the regulatory protein calmodulin combines with calcium to activate myosin kinase. This enzyme phosphorylates the myosin light chain, facilitating its binding with actin and thus resulting in contraction. As for vasodilation, in addition to the reduction in intracellular calcium availability, myosin phosphatase generates muscle relaxation by dephosphorylation of the myosin light chain.
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Figure 1-4 Regulation of vascular smooth muscle tone. The steps involved in vasoconstriction and vasodilation are shown in blue and red, respectively. Phosphorylation (P) of myosin is the critical step in the contraction of vascular smooth muscle. The action of vasoconstrictors such as angiotensin II and norepinephrine result in an increase in cytosolic calcium concentration, which activates myosin kinase. Vasodilators such as atrial natriuretic peptide and nitric oxide activate myosin phosphatase and, by dephosphorylating myosin, cause vasorelaxation. The plasma membrane is shown at resting potential (plus signs). cGMP, denotes cyclic guanosine monophosphate.


(Adapted with permission from Landry DW, Oliver JA. The pathogenesis of vasodilatory shock. N Engl J Med. 2001;345:588-595.)





Maintenance of the vascular tone depends on the balance between the opposing forces of vasodilation and vasoconstriction. The vasodilatory and vasoconstricting mediators exert their effects by inducing alteration in cytosolic calcium concentration and/or by direct activation of the enzymes involved in the process. Influx of calcium through cell membrane voltage-gated calcium channels and release of calcium from sarcoplasmic reticulum are the two sources responsible for the rise in cytosolic calcium required for muscle contraction.


Recently, the role of various potassium channels has been identified in the regulation of vascular tone. Among these, the adenosine triphosphate (ATP)-dependent potassium channel (KATP) emerged as the key channel through which many modulators exert their action on vascular smooth muscle tone. In addition, the KATP channel has been implicated in pathogenesis of vasodilatory shock.65 KATP channels are located on the smooth muscle cell membrane and opening of these channels leads to K+ efflux with resultant hyperpolarization of the cell membrane. Cell membrane hyperpolarization in turn causes the closure of the voltage-gated calcium channels in the cell membrane and thus a reduction in cytosolic calcium and a decreased vascular tone. Under normal conditions, the KATP channels are closed for the most part. However, under pathologic conditions a number of stimuli may activate these channels and thus affect tissue perfusion. For instance, via the associated reduction in ATP and the increase in H+ concentration and lactate levels, tissue hypoxia activates KATP channels, resulting in vasodilation and a compensatory increase in tissue perfusion.66


As mentioned earlier, a number of vasodilators and vasoconstrictors exert their effects through the KATP channels. For example, in septic shock, several endocrine and paracrine factors such as atrial natriuretic peptide, adenosine, and nitric oxide are released, resulting in activation of KATP channels.66,67 Thus KATP channels are thought to play an important role in pathogenesis of vasodilatory shock. Indeed, animal studies have shown an improvement in BP following administration of KATP channel blockers.68,69 However, a small human trial failed to show any benefit of the administration of the KATP channel inhibitor glibenclamide in adults with septic shock.70 Although the sample size was small and several problems have been identified with the methodology, the findings of this study suggest that the mechanism of vasodilation in septic shock is more complex than initially believed.71


Eicosanoids are derived from cell membrane phospholipids through metabolism of arachidonic acid by the cyclooxygenase or lipoxygenase enzymes and have a wide range of effects on vascular tone. For example, prostacyclin and prostaglandin (PG)E2 are vasodilators while thromboxane A2 is a vasoconstrictor. Apart from their involvement in the physiologic regulation of vascular tone, these eicosanoids also play a role in pathogenesis of shock. Both human and animal studies have shown a beneficial effect of cyclooxygenase inhibition in septic shock.72,73 In addition, rats deficient in essential fatty acid and thus unable to produce significant amounts of eicosanoids are less susceptible to endotoxic shock than their wild-type counterparts. However, the role of eicosanoids in the pathogenesis of shock is also more complex and some studies suggest that, under different conditions, they may actually have a beneficial role. For example, administration of PGI2, PGE1, and PGE2 improves the cardiovascular status in animals with hypovolemic shock.74,75 Another layer of complexity is revealed by the observation that production of both the vasodilator and vasoconstrictor prostanoids is increased in shock.76,77


Nitric oxide (NO) is another paracrine substance, which plays an important role in the regulation of vascular tone. Normally, NO is produced in vascular endothelial cells by the constitutive enzyme endothelial NO synthase (eNOS). NO then diffuses to the adjacent smooth muscle cells where it activates guanylyl cyclase, resulting in increased cyclic guanosine monophosphate (cGMP) formation. Cyclic GMP then induces vasodilation by the activation of cGMP-dependent protein kinase and the different K+ channels as well as by the inhibition of inositol triphosphate formation and calcium entry into the vascular smooth muscle cells.


In septic shock, endotoxin, and cytokines such as tumor necrosis factor alpha, result in increased expression of inducible NO synthase (iNOS).78-81 Studies in animals and humans have shown that NO level significantly increases in various forms of shock especially in septic shock.82,83 This excessive and dysregulated production of NO then leads to severe vasodilation, hypotension, and vasopressor resistance (see later and Chapters 12 and 14). Because of the role of NO in the pathogenesis of vasodilatory shock, a number of studies have looked at the NO production pathway as a potential target of therapeutic interventions. However, studies using a nonselective NOS inhibitor in patients with septic shock have found significant side effects and increased mortality associated with this treatment modality.84-86 The deleterious effects were likely due to inhibition of eNOS, the constitutive NOS that plays an important role in the physiologic regulation of vascular tone. Indeed, subsequent studies using a selective iNOS inhibitor found an improvement of BP and a reduction in lactic acidosis.87 Whether the use of selective iNOS inhibitors is beneficial in neonatal vasodilatory shock remains unknown.


Recently there has been a renewed interest in the cardiovascular effects of vasopressin.88,89 Although in postnatal life and under physiologic conditions, this hormone is primarily involved in the regulation of osmolality, there is accumulating evidence suggesting a role of vasopressin in the pathogenesis of vasodilatory shock. Vasopressin exerts its vascular effects through the two isoforms of V1 receptors. V1a receptor is expressed in all vessels while V1b is only present in pituitary gland. The renal epithelial effects of vasopressin are mediated through V2 receptors.


Postnatally and under physiologic conditions, vasopressin contributes little if any to the maintenance of vascular smooth muscle tone. However, under pathologic conditions such as in shock, with the decrease in BP vasopressin production increases attenuating the further decline in BP. With progression of the circulatory compromise, however, vasopressin levels decline as pituitary vasopressin stores become depleted. The decline in vasopressin production leads to further losses of vascular tone and contributes to the development of refractory hypotension.90 Findings on the effectiveness of vasopressin replacement therapy in reversing refractory hypotension further support the role of vasopressin in the pathogenesis of vasodilatory shock.91,92 The vasoconstrictor effects of vasopressin appear to be dose-dependent.93 As mentioned earlier, excessive production of NO and activation of KATP channels are some of the major mechanisms involved in the pathogenesis of vasodilatory shock. Under these circumstances, vasopressin inhibits NO-induced cGMP production and inactivates the KATP channels resulting in improvement in vascular tone. In addition, vasopressin releases calcium from sarcoplasmic reticulum and augments the vasoconstrictive effects of norepinephrine. As for its clinical use, vasopressin has been shown to improve cardiovascular function in neonates and children presenting with vasopressor-resistant vasodilatory shock after cardiac surgery.94 However, the few published case series on preterm infants with refractory hypotension show variable effects of vasopressin treatment with improvement in BP and urine output only in some patients.95,96


In general, vasodilation with or without decreased myocardial contractility is the dominant underlying cause of hemodynamic disturbances in septic shock. However, there are very limited data on changes in cardiovascular function in neonates with septic shock. A recent study in preterm infants with late-onset sepsis found that the high cardiac output characteristic for the earlier stages of septic shock diminished and SVR sharply increased before death in nonsurviving patients while there was only a mild increase in the SVR during the course of the cardiovascular disturbance in patients who survived. The authors also described a significant variability in hemodynamic response among the survivors.97 Another study in children with fluid resistant shock found different patterns of hemodynamic derangement in central venous catheter-related (CVCR) versus community acquired (CA) infections. Low SVR and low cardiac output were the dominant pathophysiologic findings in patients with CVCR and CA septic shock, respectively. These findings suggest that the hemodynamic response may be different depending on the type of bacterial pathogen and/or represent the fact that patients with CA septic shock are usually diagnosed at a later stage and thus myocardial dysfunction might have already set in at the time of the diagnosis.98 The results of the above studies underscore the importance of direct assessment of cardiac function by echocardiography and tailoring the treatment strategy according to the hemodynamic finding in each individual patient.


The case study presented here underscores this point and illustrates that the population-based BP values defining hypotension must be viewed as guidelines only that do not necessarily apply to the given patient. This is explained by the fact that a number of factors including gestational and postnatal age, preexisting insults, Paco2 and Pao2 levels, acidosis, and the underlying pathophysiology all impact the critical BP value in the given patient at which perfusion pressure becomes progressively inadequate to first sustain vital organ (brain, heart, adrenal glands) perfusion and blood flow autoregulation, then brain function and, finally structural integrity of the organs.












Case Study


A preterm infant (twin A) was born at [image: image] weeks’ gestation (BW 1180 g, 8th percentile) via cesarean section due to abnormal umbilical cord Doppler findings. There was no evidence of chorioamnionitis, and Apgar scores were 4 and 7 at 1 and 5 minutes, respectively. The patient was in room air without any respiratory support and blood gases and CRT had been normal during the first 3 postnatal hours in the neonatal intensive care unit. However, the neonate’s mean arterial BP had been low and at 3 hours of age was 21 mm Hg with systolic and diastolic BPs at 34 and 14 mm Hg, respectively.


What would be the best course of action? Should one increase BP by increasing SVR and cardiac output using a vasopressor with inotropic property such as dopamine or epinephrine? Or, is increasing cardiac output using a primarily inotropic agent such as dobutamine more appropriate in hypotensive preterm neonates during the early postnatal transitional period? Or, should one attempt to further increase preload by giving additional boluses of physiologic saline? Or, should we ignore the mean arterial BP value as the clinical exam and laboratory findings were not suggestive of poor perfusion and there was no metabolic acidosis? Most neonatologists would choose one of the above listed options and, in the absence of additional information on the hemodynamic status, it is indeed impossible to know what to do and whether the treatment choice chosen was the right one.


Therefore, before choosing a treatment option, we had obtained additional information on the cardiovascular status by assessing cardiac function, systemic perfusion, and CBF using targeted neonatal echocardiography (Fig. 1-5). Myocardial contractility, assessed by the shortening fraction, was 35% (normal 28-42%) and left ventricular output was 377 mL/kg/min (normal 150-300 mL/kg/min) in the presence of an equally bidirectional PDA flow. Middle cerebral artery (MCA) blood flow, assessed by MCA mean velocity and flow pattern, was normal. Using the additional hemodynamic information obtained by echocardiography and ultrasonography, it was clear that the cause of the low BP was the low SVR with a compensatory increase in the cardiac output (BP ∝ Cardiac output × SVR). Given the normal myocardial contractility, the high cardiac output and the normal CBF along with the lack of clinical or laboratory signs of systemic hypoperfusion, we opted to closely monitor the patient without any intervention to attempt to increase the BP. By 9 hours of age, mean BP spontaneously increased to 29 mm Hg and the repeat echocardiogram revealed a mild decrease in left ventricular output. Accordingly, a significant increase in the calculated SVR had occurred (Fig. 1-6). After another 24 hours had passed, mean BP increased to 31 mm Hg and, because cardiac output did not change, calculated SVR continued to rise. The patient remained clinically stable during the entire hospital course and was discharged home without evidence of early brain morbidity.





[image: image]

Figure 1-5 Direct assessment of hemodynamic by echocardiography and Doppler. A, The changes in cardiac wall motions are shown in this M-mode image; note the normal motion of the IVS and PW resulting in normal shortening fraction. B, The spectral Doppler at the aortic valve is shown here, which along with the diameter of aorta is used to estimate the left ventricular output. C, The middle cerebral artery flow Doppler depicts a normal pattern. AW, anterior wall; IVS, intraventricular septum; LV, left ventricle; PW, posterior Wall; RV, right ventricle.







[image: image]

Figure 1-6 The changes in hemodynamics are shown in these graphs. A, Mean BP gradually increased from 21 mm Hg to 31 mm Hg over 30 hours. B, The 38% increase in mean BP at 9 hours after birth was the result of an increase in SVR (57%) and a mild decrease in left ventricular output (LVO) (13%). SVR continued to rise without a significant change in LVO at 33 hours.




This case study illustrates several important points. First, without appropriate assessment of systemic and organ blood flow while relying on BP and the indirect clinical and laboratory signs of tissue perfusion, it would have been impossible to ascertain the adequacy of systemic and brain perfusion at the time of presentation. Secondly, assessment of cardiac output and the calculation of the SVR did aid in choosing the most appropriate course of action. Thirdly, in addition to the evaluation of cardiac output and calculation of SVR, information on systemic blood flow distribution to the organs, especially the brain, may help in formulating a pathophysiology-based treatment strategy in neonates with suspected hemodynamic derangement.


In this case, we chose to closely monitor the infants rather than to treat the hypotension as we documented a compensatory increase in cardiac output and one of the surrogate measures of CBF (MCA Doppler and flow pattern) was normal. In this case, it took 6 hours for the vascular tone to spontaneously improve to the degree where mean BP reached the lower limit of the population-based normal value. One may argue for the careful titration of low-dose vasopressor support even in this situation so that normalization of SVR can be facilitated and hence mean BP would have “normalized” faster. However, in a patient with evidence of adequate systemic and cerebral blood flow, the potential side effects of vasopressor use likely outweigh its benefits. This is especially true if vasopressors, when used, are not carefully titrated to achieve an appropriate hemodynamic target beyond the “normalization” of the BP. Because CBF autoregulation is impaired during hypotension, a significant and rapid rise in BP results in an abrupt increase in CBF with a potential for cerebral injury, possibly a hemorrhage.34 However, in patients in whom cardiac output does not compensate for the decreased SVR, hypotension will lead to decreased CBF with a potential for cerebral injury, possibly ischemic lesions especially in the white matter with or without a secondary hemorrhage.34 In addition and as discussed earlier, because our ability to clinically assess the adequacy of circulation is inaccurate, it is very important that low BP values are not disregarded without additional direct assessment of systemic hemodynamics and CBF and close and careful monitoring of the patient.99






Adrenal Insufficiency (See Chapters 12 and 14)


The adrenal glands play a crucial role in cardiovascular homeostasis. Mineralocorticoids regulate intravascular volume through their effects on maintaining adequate extracellular sodium concentration. In cases of mineralocorticoid deficiency such as the salt-wasting type of congenital adrenal hyperplasia, the renal loss of sodium is associated with volume depletion and leads to a decrease in circulating blood volume resulting in low cardiac output and shock. In addition to their role in the maintenance of circulating blood volume, physiologic levels of mineralocorticoids play an important role in the regulation of cytosolic calcium availability in the myocardium and vascular smooth muscle cells.100 Glucocorticoids exert their cardiovascular effects mainly by enhancing the sensitivity of the cardiovascular system to catecholamines. The rapid rise of BP in the early postnatal period has been attributed to maturation of glucocorticoid-regulated vascular smooth muscle cell response to central and local stimulatory mechanisms, changes in the expression of the vascular angiotensin II receptor subtypes, and accumulation of elastin and collagen in large arteries.101-103 Glucocorticoids play a role in the latter mechanism via their stimulatory effect on collagen synthesis in the vascular wall.104 Given the importance of corticosteroids in cardiovascular stability, it is not surprising that deficiency of these hormones plays a role in the pathogenesis of certain forms of neonatal shock.


Preterm infants are born with an immature hypothalamic-pituitary-adrenal axis. Several indirect pieces of evidence suggest that immature preterm infants are only capable of producing enough corticosteroids to meet their metabolic demand and support their growth during well state (Chapter 14). When critically ill, a number of these patients cannot mount an adequate stress response. This condition has been referred to as relative adrenal insufficiency. However, the cause of this condition remains unclear. Hanna et al reported normal adrenal response to both corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) stimulation tests in ELBW infants, and these authors concluded that failure of mounting an adequate stress response in sick preterm neonates may be related to the inability if the immature hypothalamus to recognize stress and/or because of inadequate hypothalamic secretion of CRH in response to stress.105 In contrast, Ng and colleagues reported a severely reduced cortisol (adrenal) response to human CRH in premature infants with vasopressor-resistant hypotension during the first postnatal week.106 The same group of investigators using CRH stimulation test also studied the characteristics of pituitary-adrenal response in a large group of VLBW infants.107 Compared with normotensive infants, hypotensive patients receiving vasopressors/inotropes had higher ACTH but lower cortisol responses. Similarly, Masumoto and colleagues found that while cortisol precursors were elevated in preterm infants with late onset circulatory collapse, their serum cortisol concentrations were similar to those of the control group suggesting immaturity of the adrenal gland.108 In contrast to the findings of Hanna and colleagues, the more recent data suggest that the pituitary gland of the VLBW infant is mature enough to mount adequate ACTH response and that the primary problem of relative adrenal insufficiency is the immaturity of the adrenal glands.105,107,108


Even though absolute adrenal insufficiency is a rare diagnosis in neonatal period, as mentioned earlier, there is accumulating evidence that relative adrenal insufficiency is a rather common entity in preterm infants (Chapter 14). Relative adrenal insufficiency is defined as a low baseline total serum cortisol level considered inappropriate for the degree of severity of the patient’s illness. However, there is no agreement on what this level might be. For the purpose of replacement therapy in adults, a cortisol level below 15 mcg/dL is usually considered diagnostic for relative adrenal insufficiency.109 To establish the presumptive diagnosis of relative adrenal insufficiency for the neonatal patient population, some authors have suggested the use of a total serum cortisol cutoff value of 5 mcg/dL while others have used the cutoff value established for adults (15 mcg/dL).110,111 However, use of an arbitrary single serum cortisol level to define relative adrenal insufficiency may not be appropriate especially in the neonatal period primarily because there is a large variation in total serum cortisol levels in neonates.105,107,112-118 In addition, during the first 3 months of postnatal life, total serum cortisol levels progressively decrease with advancing postnatal age.119,120 Furthermore, most studies have shown an inverse relationship between total serum cortisol levels and gestational age.119-122 The study by Ng and colleagues discussed earlier has also demonstrated a gestational age-independent correlation between serum cortisol level and the lowest BP registered in the immediate postnatal period in VLBW infants.107 These authors also found that serum cortisol levels inversely correlate with the maximum and cumulative dose of vasopressor/inotropes. However, despite these correlations, they found an overlap of serum cortisol levels between normotensive and hypotensive VLBW infants thus making it difficult to define a single serum cortisol level below which adrenal insufficiency can be diagnosed with certainty. A large prospective study of low-dose hydrocortisone therapy for prophylaxis of early adrenal insufficiency showed that low cortisol values at 12-48 hours or postnatal days 5-7 were not predictive of increased rates of morbidity or mortality.123 This casts further doubt on the utility of low cortisol level on a single random blood draw for the diagnosis of relative adrenal insufficiency.


Another important factor to consider is that free rather than bound cortisol is the active form of the hormone. Most of the circulating cortisol is bound to corticosteroid binding globulin and albumin. Therefore, with changes in the concentrations of these binding proteins, total serum cortisol level may change without a significant change in the availability of the biologically active form (i.e., free cortisol).124 In addition, the fraction of free cortisol is different in neonates from that in adults. In adults, free cortisol constitutes about 10% of total serum cortisol but in neonates free cortisol is 20 to 30% of their total serum cortisol.119 Finally, disease severity also appears to influence the ratio of free-to-total serum cortisol concentration as in critically ill adults, the percentage of free cortisol can be almost three times as high as in healthy subjects.124 There is no information on the potential impact of critical condition on the ratio of free-to-total serum cortisol concentration in neonates.


Regardless of the pathogenesis of relative adrenal insufficiency, immaturity of the hypothalamus-pituitary-adrenal axis in general has been linked to susceptibility to common complication of prematurity such as PDA and bronchopulmonary dysplasia.113,125,126 In addition, due to the role of corticosteroids in the regulation of BP and cardiovascular homeostasis, it is not surprising that adrenal insufficiency is commonly identified as a cause of hypotension especially when hypotension is resistant to vasopressor/inotropes (Chapter 14). Indeed, it has been demonstrated that more than half of the mechanically ventilated near term and term infants receiving vasopressor/inotropes have total serum cortisol levels below 15 mcg/dL.73 In more immature preterm infants, even a larger proportion of the patients has low serum cortisol levels. Korte and colleagues have found that 76% of sick VLBW infants have serum cortisol levels less than 15 mcg/dL.110 Finally, recent studies demonstrating an improvement in the cardiovascular status in response to low dose steroid administration to preterm and term neonates indirectly support the role of relative adrenal insufficiency in the pathogenesis of hypotension (Chapter 14).106,127-135









Downregulation of Adrenergic Receptors


With exposure to agonists, stimulation of receptors generally results in desensitization, sequestration, and, finally, downregulation of the receptor. This process has been extensively studied in beta- and alpha-adrenergic receptors. For beta-adrenergic receptors, desensitization of receptor signaling occurs within seconds to minutes of the ligand-induced activation of the receptor. Desensitization involves uncoupling of the receptor-G-protein compound caused by a conformational change of the receptor following phosphorylation of its cytoplasmic loops. If stimulation of the beta-adrenergic receptor is sustained, the process leads to endocytosis of the intact phosphorylated receptor (sequestration). Both receptor desensitization and sequestration are rapidly reversible. However, with continued prolonged exposure to its ligand, downregulation of the adrenergic receptor occurs. This process involves lysosomal degradation of the receptor protein. Recovery from down-regulation requires biosynthesis of new receptor protein, which takes several hours and is enhanced in the presence of corticosteroids.130,136


Recently, downregulation of adrenergic receptors has been implicated in the pathogenesis of vasopressor-resistant hypotension. Improvement in the cardiovascular status in patients with refractory hypotension following administration of corticosteroids supports this notion as glucocorticoids upregulate adrenergic receptor gene function and result in enhanced expression of adrenergic receptors.137,138 These “genomic” effects of corticosteroids may explain why vasopressor requirement decreases within 6 to 12 hours following corticosteroid administration (Fig. 1-7).130,131 However, it is important to point out that the beneficial steroidal effects on the cardiovascular system are not limited to adrenergic receptor upregulation. Other genomic mechanisms include inhibition of inducible nitric oxide synthase, and upregulation of myocardial angiotensin II receptors.130,139-141 Nongenomic steroidal actions include the immediate increase in cytosolic calcium availability in vascular smooth muscle and myocardial cells, inhibition of degradation and reuptake of catecholamines, and inhibition of prostacyclin production.130,140 The wide range of genomic and nongenomic effects of steroids explains the rapid and often sustained improvement in all components of the cardiovascular status (Fig. 1-8) of the critically ill neonate treated with low-dose hydrocortisone.130,132





[image: image]

Figure 1-7 The increase in mean blood pressure and the decrease in dopamine requirement in response to low-dose hydrocortisone (HC) treatment in preterm infants with vasopressor-resistant hypotension.


(Adapted with permission from Seri I, Tan R, Evans J. Cardiovascular effects of hydrocortisone in preterm infants with pressor-resistant hypotension. Pediatrics. 2001;107:1070-1074.)








[image: image]

Figure 1-8 Changes in cardiovascular function in response to hydrocortisone (HC) in vasopressor-treated preterm neonates. A and B depict changes in mean BP and dopamine dosage (DA), respectively. The percentage changes relative to baseline (0 hour) in systemic vascular resistance (SVR) (C), stroke volume (SV) (D), heart rate (HR) (E), and left ventricular output (LVO) (F).


(Adapted with permission from Noori S, Friedlich P, Wong P, et al. Hemodynamic changes after low-dosage hydrocortisone administration in vasopressor-treated preterm and term neonates. Pediatrics. 2006;118:1456-1466.)





While downregulation of the cardiovascular adrenergic receptors is well described in critically ill adults and many clinical observations support its occurrence in neonates, findings of one study in the newborn rat question the importance of this phenomenon during the early neonatal period.142 By studying the effects of acute and chronic stimulation of beta-adrenergic receptors in newborn rats, the authors found that neonatal beta-adrenergic receptors are inherently capable of desensitization in some, but not all, tissues. For example, while beta-adrenergic receptors in the liver became desensitized, beta-agonists did not seem to elicit desensitization of the beta-adrenergic receptor and adenylyl cyclase signaling in the myocardium of the newborn rat. Obviously, further studies are needed to gain a better understanding of the potential developmentally regulated differences in the response of the cardiovascular adrenergic receptors to prolonged agonist exposure. Chapter 14 also addresses these questions in the context of relative adrenal insufficiency of the preterm and term neonate.


In summary, this chapter reviews the principles of developmental hemodynamics during fetal life, postnatal transition, and the neonatal period as well as the etiology and pathophysiology of neonatal cardiovascular compromise. Although significant advances have recently been made in these areas, much more needs to be understood before we can accurately diagnose and appropriately treat preterm and term neonates with cardiovascular compromise during transition and beyond (see also Chapters 12, 15, and 16).
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In most organs the principal role of perfusion is to provide substrates for cellular energy metabolism, with the final purpose of maintaining normal intracellular concentrations of the high-energy phosphate metabolites adenosine triphosphate (ATP) and phosphocreatine (PCr). The critical substrate is usually oxygen. Accordingly, organ blood flow is regulated by the energy demand of the given tissue. For instance in the brain, during maximal activation by seizures, cerebral blood flow increases 3-fold while in the muscle during maximal exercise, blood flow increases up to 8-fold. In addition, some organs such as the brain, heart, and liver have higher baseline oxygen and thus higher blood flow demand than others. Finally, in the skin, perfusion may be considerably above the metabolic needs as the increase in skin blood flow plays an important role in thermoregulation. Indeed, during heating, skin blood flow may increase by as much as 4-fold without any increase in energy demand.


In the developing organism metabolic requirements are increased by as much as 40% due to the expenditures of growth. Since growth involves deposition of protein and fat, energy metabolism and, in particular, tissue oxygen requirement are not increased as much as the requirements of protein and energy.


When blood flow is failing there are several lines of defense mechanisms before the tissue is damaged. First, more oxygen is extracted from the blood. Normal oxygen extraction is about 30%, resulting in a venous oxygen saturation of 65-70%. Oxygen extraction can increase up to 50-60%, resulting in a venous oxygen saturation of 40-50%, which corresponds to a venous, that is, end-capillary, oxygen tension of 3-4 kPa. This is the critical value for oxygen tension for driving the diffusion of molecular oxygen from the capillary into the cell and to the mitochondrion (Fig. 2-1). Second, microvascular anatomy and the pathophysiology of the underlying disease process are both important for the final steps of oxygen delivery to tissue. When the cell senses oxygen insufficiency, its function is affected as growth stops, organ function fails, and finally cellular and thus organ survival are threatened (Fig. 2-2). Ischemia is the term used for inadequate blood flow to maintain appropriate cellular function and integrity. Since there are several steps in the cellular reaction to oxygen insufficiency, more than one ischemic threshold may be defined. It is possible that newborn infants can be partly protected against hypoxic-ischemic injury by mechanisms akin to hibernation by “hypoxic hypometabolism.”1
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Figure 2-1 A, Draft of a capillary network. B, A three-dimensional graph illustrating the Po2 gradients from the arterial (A) to the venous (V) end of the capillaries and the radial gradient of Po2 in surrounding tissue to the mitochondrion (M). Y-axis: Po2; X-axis: distance along the capillary (typically 1000 µm); Z-axis: distance into tissue (typically 50 µm). C, The wide distribution of tissue Po2 as recorded by microelectrode. Y-axis: frequency of measurements; X-axis: Po2. Po2 values in tissue are typically 10-30 Torr (1.5-4.5 kPa), but range from near-arterial levels to near zero. The cells with the lowest Po2 determine the ischemic threshold, that is, the most remote cells at the venous end of capillaries. Microvascular factors, such as capillary density, and distribution of blood flow among capillaries are very important for oxygen transport to tissue.
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Figure 2-2 The lines of defense against oxygen insufficiency. First, when blood pressure falls, autoregulation of organ blood flow will reduce vascular resistance and keep blood flow nearly unaffected. If the blood pressure falls below the lower limit of the autoregulation, or if autoregulation is impaired by vascular pathology or immaturity, blood flow to the tissue falls. At this point, oxygen extraction increases from each milliliter of blood. The limit of this compensation is when the minimal venous oxygen saturation, or rather the minimal end-capillary oxygen tension, has been reached. This process is determined by microvascular factors as illustrated in Figure 2-1. When the limits of oxygen extraction have been reached, the marginal cells resort to anaerobic metabolism (increase glucose consumption to produce lactate) to meet their metabolic needs. If this is insufficient, oxygen consumption decreases as metabolic functions related to growth and to organ function are shut down. However, in vital organs, such as the brain, heart, and adrenal glands, loss of function is life threatening. In nonvital organs, development may be affected if this critical state is long lasting. Acute cellular death by necrosis occurs only when vital cellular functions break down and membrane potentials and integrity cannot be maintained. In newborn mammals, “hypoxic hypometabolism” is a mechanism that reduces the sensitivity to hypoxic-ischemic injury




The immature mammal is able to “centralize” blood flow during periods of stress. This pattern of flow distribution is often called the “dive reflex,” since it is qualitatively similar to the adaptation of circulation in seals during diving, a process that allows sea mammals to stay under water for 20 min or more. Blood flow to the skin, muscle, kidneys, liver, and other nonvital organs is reduced to spare the oxygen reserve for the vital organs. The brain, heart, and adrenals. This reaction is relevant during birth with the limitations on placental oxygen transport imposed by uterine contractions and has been studied intensively in the fetal lamb. It has the potential of prolonging passive survival at a critical moment in the individual’s life. For comparison, the “fight-or-flight” response of the mature terrestrial mammal supports sustained maximal muscle work.


Blood flows toward the point of lowest resistance. While flow velocities in the heart are high enough to allow kinetic energy of the blood to play an additional role, this role is minimal in the peripheral circulation. Organs and tissues are perfused in parallel and the blood flow through the tissue is the result of the pressure gradient from artery to vein, the so-called perfusion pressure. Vascular resistance is due to the limited diameter of blood vessels, particularly the smaller arteries and arterioles, and blood viscosity. Regulation of organ blood flow takes place by modifying arterial diameter, that is by varying the tone of the smooth muscle cells of the arterial wall. Factors that influence vascular resistance are usually divided into four categories: blood pressure, chemical (Pco2 and Po2), metabolic (functional activation), and neurogenic. Most studies have been done on cerebral vessels. The following account therefore refers to cerebral vessels from mature animals, unless stated otherwise.






Regulation of Arterial Tone






The Role of Conduit Arteries in Regulating Vascular Resistance


It is usually assumed that the arteriole—the precapillary muscular vessel with a diameter of 20-50 µm—is the primary determinant of vascular resistance and the larger arteries are more or less considered as passive conduits. However, this is not the case. For instance, in the adult cat the pressure in the small cerebral arteries (150-200 µm) is only 50-60% of the aortic pressure.2 Thus the reactivity of the entire muscular arterial tree is of relevance in regulating organ blood flow. The role of the pre-arteriolar vessels is likely more important in the newborn than in the adult. First, the smaller body size translates to smaller conduit arteries. The resistance is proportional to length but inversely proportional to the diameter to the power of four. Therefore the conduit arteries of the newborn will make an even more important contribution to the vascular resistance. Second, conduit arteries in the newborn are very reactive. The diameter of the carotid artery increases by 75% during acute asphyxia in term lambs, whereas the diameter of the descending aorta decreases by 15%.3 The latter change may just reflect a passive elastic reaction to the decreased blood pressure, whereas the former indicates active vasodilation translating into reduced vascular tone. For comparison, flow-induced vasodilatation in the forearm in adults is in the order of 5% or so. As resistance is proportional to the diameter to the power of four, the findings in asphyxiated lambs indicate a roughly 90% reduction of the arterial component of the cerebrovascular resistance with a near doubling of the arterial component of vascular resistance in the lower body. Incidentally, these observations also suggest that blood flow velocity as recorded from conduit arteries by Doppler ultrasound may be potentially misleading in the neonatal patient population.









Arterial Reaction to Pressure (Autoregulation)


Smooth muscle cells of the arterial wall contract in response to increased intravascular pressure in the local arterial segment to a degree that more than compensates for the passive stretching of the vessel wall by the increased pressure. The net result is that arteries constrict when pressure increases and dilate when pressure drops. This phenomenon is called the autoregulation of blood flow (Fig. 2-3). The response time in isolated, cannulated arterial segments is in the order of 10 seconds.4 The cellular mechanisms of this process are now better understood. Vessel wall constriction constitutes an intrinsic myogenic reflex and is independent of endothelial function. Rather, pressure induces an increase in the smooth muscle cell membrane potential, which regulates vascular smooth muscle cell activity through the action of voltage-gated calcium channels. Although the precise mechanism of the mechanochemical coupling is unknown, the calcium signal is modulated in many ways.5 It is beyond the scope of this chapter to discuss the modulation of the calcium signal in detail. Suffice it to mention that phospholipases and activation of protein kinase C are involved, and, at least in the rat middle cerebral artery, the arachidonic acid metabolite 20-HETE has also been implicated.6 Furthermore, a different modulation of intracellular calcium concentration by alternative sources such as the calcium-dependent K+ channels also exists. The role of the different K+ channels in modifying smooth cell membrane potential may, at least in part, explain the various arterial responses to pressure in different vascular beds. These vascular bed–specific responses result in the unique blood flow distribution between vital and nonvital organs.7
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Figure 2-3 Increasing pressure leads to progressive dilatation of a paralyzed artery. As pressure increases more, the elastic capacity is exhausted and vasodilation decreases as collagen restricts further dilation limiting risk of rupture (A). A certain range of pressures is associated with a proportional variation in smooth muscle tone. The precise mechanism of this mechanochemical coupling is not known but it is endogenous to all vascular smooth muscle cells. As a result, in an active artery, the diameter varies inversely with pressure over a certain range. This phenomenon constitutes the basis of arterial “autoregulation” (B).











Interaction of Autoregulation and Hypoxic Vasodilatation


As described earlier, arterial smooth muscle tone is affected by a number of factors, all contributing to determine the incident level of vascular resistance. Among the vasodilators, hypoxia is one of the more potent and physiologically relevant factors. Vascular reactivity to O2 depends, in part, on intact endothelial function ensuring appropriate local nitric oxide (NO) production. Hypoxia also induces tissue lactic acidosis. The decreased pH constitutes a point of interaction between the O2 reactivity and the CO2 reactivity (see later). In addition, hypoxia decreases smooth muscle membrane potential by the direct and selective opening of both the calcium-activated and ATP-sensitive K+ channels in the cell membrane.8 In the immature brain, adenosine is also an important regulator of the vascular response to hypoxia.9 The membrane potential response to hypoxia is independent of the existing intravascular pressure.10 However, at lower pressures, the decrease in membrane potential only leads to minimal further arterial dilation because, at low vascular tone, the membrane potential/muscular tone relationship is outside the steep part of the slope (Fig. 2-4). In other words, at low perfusion pressures the dilator pathway has already been near maximally activated. Therefore in a hypotensive neonate, a superimposed hypoxic event cannot be appropriately compensated due to the low perfusion pressure. The end-result is tissue hypoxia-ischemia with the potential of causing irreversible damage to organs especially to the brain.
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Figure 2-4 The relationship between smooth muscle cell membrane potential (Em) and tone. Pressure affects smooth muscle tone through membrane potential. Increased pressure increases membrane potential (i.e., makes it less negative), whereas decreased pressure induces hyperpolarization (membrane potential more negative). Hyperpolarization induces relaxation and hence vasodilatation. The modifying effect of hypoxia is illustrated by the dashed lines and arrows. At high membrane potential (−35 mV), a decrease in membrane potential by 5 mV induces a marked reduction in muscular tone. Thus at high pressures hypoxemia can be compensated by vasodilatation. However, at low membrane potential (hyperpolarization) a similar hypoxia-induced decrease in membrane potential has much less effect on muscular tone. This predicts that at low blood pressure, hypoxemia cannot be well compensated by increased blood flow. Many other factors may influence muscle tone by modifying membrane potential, and the magnitude of effects can be predicted to be interdependent.











Interaction of Autoregulation and PCO2



Arteries and arterioles constrict with hypocapnia and dilate with hypercapnia. The principal part of this reaction is mediated through changes in pH, that is, H+ concentration. Perivascular pH has a direct effect on the membrane potential of arterial smooth muscle cells since the extracellular H+ concentration is one of the main determinants of the potassium conductance of the plasma membrane in arterial smooth muscle cells regulating the outward K+ current.8 Therefore when the pH decreases, the K+ outflow from the vascular smooth muscle cell increases, resulting in hyperpolarization of the cell membrane and thus vasodilatation. Furthermore, increased extracellular and, to a lesser degree, intracellular H+ concentrations reduce the conductance of the voltage-dependent calcium channels further enhancing vasorelaxation.11


Hypercapnic vasodilatation is reduced by up to 50% when NO synthase (NOS) activity is blocked in the brain of the adult rat.12 The hypercapnic response is restituted by the addition of an NO donor.13 This finding suggests that unhindered local NO production is necessary for the pH to exert its vasoregulatory effects. It has recently been suggested that, although the calcium-activated and ATP-sensitive K+ channels play the primary role in the vascular response to changes in Pco2, the function of these channels is regulated by local NO production.14


The role of prostanoids in mediating the vascular response to Pco2 is less clear.15,16 The fact that indomethacin abolishes the normal cerebral (or other organ) blood flow–CO2 response in preterm infants is likely a direct effect of the drug independent of its inhibitory action on prostanoid synthesis.17 This notion is supported by the finding that ibuprofen is devoid of such effects on the organ blood flow–CO2 response.18









Interaction of Autoregulation and Functional Activation (Metabolic Blood Flow Control)


Several mechanisms operate to match local blood flow to metabolic requirements, including changes in pH, local production of adenosine, ATP and NO, and local neural mechanisms. In muscle it appears that there is not a single factor dominating, since the robust and very fast coupling of activity and blood flow is almost unaffected by blocking any of these mechanisms one by one.19 In brain, astrocytes may be the central sites of regulation of this response in the neurovascular unit via their perivascular end-feet and by utilizing many of the aforementioned cellular mechanisms such as changes in K+ ion flux and local production of prostanoids, ATP, and adenosine.20 Among these cellular regulators, adenosine has been proposed to play a principal role.21 Adenosine works by regulating the activity of the calcium-activated and ATP-sensitive K+ channels.









Flow-mediated Vasodilatation


Endothelial cells sense flow by shear stress, and produce NO in reaction to high shear stress at high flow velocities. NO diffuses freely, and reaches the smooth muscle cell underneath the endothelium. NO acts on smooth muscle K+ channels using cyclic guanosine monophosphate (GMP) as the secondary messenger and then a series of intermediate steps. Since NO is a vasodilator, the basic arterial reflex to high flow is vasodilation. Thus when a tissue is activated (e.g., a muscle contracts), the local vessels first dilate, as directed by the mechanisms of the metabolic flow control described earlier, and blood flow increases. This initial increase in blood flow is then sensed in the conduit arteries through the shear stress–induced increase in local NO production and vascular resistance is further reduced allowing flow to increase yet again. The action remains local as the generated NO diffusing into the bloodstream is largely inactivated by hemoglobin.









Sympathetic Nervous System


Epinephrine in the blood originates from the adrenal glands, whereas norepinephrine is produced by the sympathetic nerve endings and the extraadrenal chromaffin tissue. Sympathetic nerves are present in nearly all vessels located in the adventitia and on the smooth muscle cells. Adrenoreceptors are widely distributed in the cardiovascular system, located on smooth muscle and endothelial cells. Several different adrenoreceptors exist; alpha-1 receptors with at least three subtypes are present primarily in the arteries and the myocardium, while alpha-2, beta-1, and beta-2 receptors are expressed in all types of vessels and the myocardium. In the arteries and veins alpha-receptor stimulation causes vasoconstriction, and beta-receptor stimulation results in vasodilatation. Both alpha- and beta-adrenoreceptors are frequently expressed in the membrane of the same cell. Therefore the response of the given cell to epinephrine or norepinephrine depends on the relative abundance of the receptor types expressed.22 Of clinical importance is the regulation of the expression of the cardiovascular adrenergic receptors by corticosteroids, the high incidence of relative adrenal insufficiency in preterm neonates and critically ill term infants, the role of glucocorticoids and mineralocorticoids in maintaining the sensitivity of the cardiovascular system to endogenous and exogenous catecholamines and the down-regulation of the cardiovascular adrenergic receptors in response to increased release of endogenous catecholamines or administration of exogenous catecholamines in critical illness.23-25 Typically, arteries and arterioles of the skin, gut, and muscle constrict in response to increases in endogenous catecholamine production, whereas those of the heart and brain either do not constrict or dilate (see later). The response also depends on the resting tone of the given vessel. Furthermore, the sensitivity of a vessel to circulating norepinephrine may be less than the sensitivity to norepinephrine produced by increased sympathetic nerve activity, since alpha-1 receptors may be particularly abundant in the membrane regions close to the nerve terminals. The signaling pathways of the adrenoreceptors are complex and dependent on the receptor subtype. Activation of alpha-adrenoreceptors generally results in vasoconstriction mediated by increased release of calcium from intracellular stores as a first step, while beta-receptor–induced vasodilation is mediated by increased cyclic adenosine monophosphate (AMP) generation. However, the system is far more complex and, among other mechanisms, receptor activation-associated changes in K+ conductance and local NO synthesis are also involved. Finally, the sympathetic nervous system is activated during hypoxia, hypotension, or hypovolemia via stimulation of different chemoreceptors and baroreceptors in vessel walls and the vasomotor centers in the medulla. Activation of the sympathetic nervous system plays a central role in the cardiovascular response to stress and it is the mainstay of the dive reflex response during hypoxia-ischemia.









Humoral Factors in General Circulation


A large number of endogenous vasoactive factors other than those mentioned earlier also play a role in the extremely complex process of organ blood flow regulation such as angiotensin II, arginine-vasopressin, vasointestinal peptide, neuropeptide gamma, and endothelin-1. However, none of these vasoactive factors has been shown to have a significant importance in isolation under normal conditions except for the role of angiotensin II in regulating renal microhemodynamics.









Summary


In summary, a great many factors have an input and interact to define the degree of contraction of the vascular smooth muscle cells and hence regulate arterial and arteriolar tone (see Fig. 2-4). Although many details are unknown, especially in the developing immature animal or human, the final common pathway appears to involve the smooth-cell membrane potential, cytoplasmic calcium concentration, and the calcium/calmodulin myosin light chain kinase-mediated phosphorylation of the regulatory light chains of myosin resulting in the interaction of actin and myosin (Fig. 2-5). However, the complexity of the known factors and their interplay as well as the differences in the response among the different organs are overwhelming and no simple or unifying principle of vascular tone regulation has gained a foothold. Indeed, the complexity predicts that vascular tone and reactivity in a particular arterial segment in a particular tissue may differ markedly from that in other segments or other tissues. Unfortunately, the insights are as yet insufficient to allow any quantitative predictions for different organs or vascular tree segments.
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Figure 2-5 A scheme of the pathway from smooth muscle cell membrane potential and alpha-adrenoreceptor stimulation to changes in muscle tone.














Blood Flow to the Brain


Brain injury is common in newborn infants. It can occur rapidly, is frequently irreversible, and rarely, in itself, prevents survival. Injury to no other organs in the neonatal period has the same clinical importance as the other organs have a better capacity to recover even from severe hypoxic-ischemic damage. Disturbances in blood flow and inflammation have been proposed as the major factors in the development of neonatal brain injury.






Autoregulation of Cerebral Blood Flow in the Immature Brain


Pressure-flow autoregulation has been widely investigated in the immature cerebral vasculature since the original observation of direct proportionality of cerebral blood flow (CBF) to systolic blood pressure in a group of neonates during stabilization after birth.26


An adequate autoregulatory plateau, shifted to the left to match the lower perinatal blood pressure, has been demonstrated in several animal species shortly after birth, including dogs, lambs, and rats.27-31 In fetal lambs, autoregulation is not present at 0.6 gestation but is functional at 0.9 gestation.32 The lower threshold of the autoregulation is developmentally regulated and it is closer to the normal resting systemic blood pressure at 0.75 gestation compared with 0.9 gestation.33 Thus in the more immature subject there is less vasodilator reserve, which limits the effectiveness of CBF autoregulation at earlier stages of development. In newborn lambs, autoregulation could be completely abolished for 4 to 7 hours by 20 minutes of hypoxemia with arterial oxygen saturations about 50%.34


Unfortunately, the response of CBF autoregulation to pathologic conditions and the impact of immaturity on the process are much less well investigated in the human neonate. However, observational studies of global CBF in stable neonates without evidence of major brain injury suggest that autoregulation is intact.35-40 More recently, in a group of premature neonates of 24 to 34 weeks’ gestation (median gestational age, 27.5 weeks) absolute cerebral blood flow was measured by near-infrared spectroscopy (NIRS) using the oxygen transient method and the findings in 14 hypotensive subjects (mean blood pressure <30 mm Hg) were compared with those in 16 patients with mean blood pressures of 30 mm Hg or more. CBF was 13.9 vs. 12.3 mL/100 g/min, suggesting that the lower pressure threshold of autoregulation in these babies was less than 30 mm Hg.41 In a group of 13 extremely preterm babies with a median gestational age of 24 weeks (60% of gestation) CBF measured by NIRS was found to be very low at 6.7 mL/100 g/min (range, 4.4 to 11 mL/100 g/min). However, there was no association between CBF and mean blood pressure in these patients suggesting that autoregulation in the human may develop earlier than in the lamb.42 These latter findings were supported by another study using NIRS to estimate fractional oxygen extraction by the jugular venous occlusion method in very preterm babies as fractional oxygen extraction in 14 babies of 27 weeks’ gestation and with a mean arterial blood pressure of 25 mm Hg did not differ from that in the controls.43 In contrast to these findings, evidence of absent autoregulation has been found under pathologic conditions such as following severe birth asphyxia in term infants, and in preterm infants in association with brain injury or death.38,40,44-47


Based on imaging of flow using single photon emission computed tomography (SPECT) during arterial hypotension in 24 preterm infants with persistently normal brain ultrasound it has been suggested that CBF to the periventricular white matter may be selectively reduced at blood pressures less than 30 mm Hg.48 Although these data support the notion that the periventricular white matter represents a “watershed area,” the statistical relation in this study was based on differences among different infants and thus there may be alternative explanations for the findings. However, in support of the findings of this study, a recent study using NIRS to assess absolute CBF in very preterm neonates during the first postnatal day found some evidence for the lower threshold of the autoregulatory curve being around 29 mm Hg.49


In conclusion, the lower threshold for CBF autoregulation may be around 30 mm Hg or somewhat below and autoregulation can be assumed to operate in most newborn infants, even the most immature. When blood pressure falls below the threshold, CBF will fall more than proportionally due to the elastic reduction in vascular diameter. However, significant blood flow is believed to be present until the blood pressure is less than 20 mm Hg.









Effect of Carbon Dioxide on Cerebral Blood Flow


Changes in carbon dioxide tension (Pco2) have more pronounced effects on CBF than on blood flow in other organs due to the presence of the blood-brain barrier. The blood-brain barrier is an endothelium with tight junctions, which does not allow HCO3− to pass through readily. The restricted diffusion of HCO3− means that hypercapnia decreases pH in the perivascular space in the brain more readily than elsewhere in blood where the buffering is more effective due to the presence of hemoglobin. This difference in response to a change in Pco2 continues until HCO3− equilibrates over the course of hours.


In normocapnic adults small acute changes in arterial Pco2 (Paco2) result in a change in CBF by 30% per kPa (4% per mm Hg Paco2). Similar reactivity has been demonstrated in the normal human neonate by venous occlusion plethysmography and in stable preterm ventilated infants without major germinal layer hemorrhage by using the l33Xe clearance technique.37,50,51 However, Paco2 reactivity is less than 30% per kPa during the first 24 hours.38


Contrary to the vasodilation induced by increases in the Pco2, a hyperventilation-related decrease in Paco2 causes hypocapnic cerebral vasoconstriction and has been found to be associated with brain injury in preterm but not in term infants or adults.37,52-54 It is an open question whether hypocapnia alone can cause ischemia, or if it works in combination with other factors, such as hypoxemia, hypoglycemia, the presence of high levels of cytokines, sympathetic activation, or seizures.









Metabolic Control of Blood Flow to the Brain


CBF in term infants, estimated by venous occlusion plethysmography, is greater during active sleep than during quiet sleep, and in preterm infants of 32 to 35 weeks’ postmenstrual age, in the wake state compared with sleep.55-58 Thus there is flow-metabolism coupling even before term gestation in the brain. This finding is further supported by the documented increase in CBF seen during seizure activity and by the strong relation between CBF and blood hemoglobin concentration.35,39


Recently, the cerebrovascular response to functional activation by visual stimulation has been studied by magnetic resonance imaging (MRI) and NIRS.59-61 The findings suggest a non-existent or inconsistent response in infants before term or within the first weeks after birth. The authors explained their findings by the presence of underdeveloped visual cortical projections even at term. Recent studies on the cerebrovascular response to sensorimotor stimulation using functional MRI also found an inconsistent pattern of responses in former very preterm and preterm neonates at near-term postmenstrual age.62,63 These findings can also be explained by the developmentally regulated delay in the maturation of the sensorimotor cortex. The field of functional activation using near-infrared spectroscopy in newborn infants is rapidly evolving and has recently been reviewed.64


Cerebrovenous oxygen saturation was entirely normal (64% ± 5%) as estimated by NIRS and jugular occlusion technique in 11 healthy, term infants 3 days after birth.65 This indicates that there is a balance between blood flow and cerebral oxygen consumption at term. The average value of global CBF measured by 133Xe clearance in 11 preterm, healthy infants during the first postnatal week was 20 mL/100 g/min.36 However, the contrast between flow to gray and white matter is high compared with the findings in immature animals.66









Adrenergic Mechanisms Affecting Cerebral Blood Flow


Based on findings of animal studies, the sympathetic system appears to play a greater role affecting CBF and its autoregulation in the perinatal period than it does later in life.67-71 This finding has been attributed to the relative immaturity of the nitric oxide–induced vasodilatory mechanisms during early development.72 The adrenergic effect results, at least in part, to enhanced constriction of conduit arteries.


A rare study of human neonatal arteries in vitro (obtained postmortem from preterm neonates with gestational age of 23 to 34 weeks) showed basal tone and a pressure-diameter relation quite similar to those seen in adult pial arteries.73 The neonatal arteries, however, were significantly more sensitive to exogenous norepinephrine and electrical field activation of adventitial sympathetic nerve fibers and had a much higher sympathetic nerve density compared with those in the adult pial arteries.74,75









Effect of Medications on Cerebral Blood Flow


Indomethacin reduces CBF in experimental animals, adults, and preterm neonates.76 As mentioned earlier, a loss of the normal CBF-CO2 reactivity has also been demonstrated in preterm infants.17 The crucial question concerning the use of indomethacin in preterm neonates and its effect on CBF is whether indomethacin reduces CBF to ischemic levels resulting in brain injury. Interestingly, although indomethacin decreases the incidence of severe peri-intraventricular hemorrhage (PIVH), this early effect does not translate to better long-term neurodevelopmental outcomes.77 This raises the possibility that the indomethacin-induced global decrease in CBF may represent a double-edged sword. Contrary to indomethacin, ibuprofen does not have significant cerebrovascular effects.18,78 However, it is not known whether the use of ibuprofen rather than indomethacin for the treatment of patent ductus arteriosus (PDA) results in improved long-term neurodevelopmental outcome.


Among the methylxanthines, aminophylline reduces CBF and Paco2 in experimental animals, adults, and preterm infants but caffeine has less effect on CBF.79,80 Methylxanthines are potent adenosine receptor antagonists. However, it is not entirely clear whether the reduction of CBF is the direct effect of methylxanthines, a result of the decrease in Paco2, or a combination of these two actions.


Dopamine increases blood pressure and thereby may affect CBF. However, it does not appear to have a selective (dilatory) effect on brain vessels.81,82


In babies with blood pressure over 30 mm Hg, dopamine infusion at 0.3 mg/kg/hr was effective in increasing arterial blood pressure and left ventricular output, and did not increase CBF.83 In babies with hypotension, however, a positive pressure-flow relation was found at 1.9% per mm Hg (95% confidence interval [CI], 0.8 to 3.0) and 6% per mm Hg.44,84 It is unclear whether the discrepancy between the findings of these two studies and those cited earlier can be explained by the presence or absence of hypotension, by the statistical uncertainty of small studies, or by differences in the methodology and the clinical status of the patients.81,82









Ischemic Thresholds in the Brain


In the newborn puppy, venous oxygen saturation (Svo2) may decrease from 75% to 40% without provoking significant lactate production.85 The exact minimum value of “normal” Svo2 depends on, among other things, the oxygen dissociation curve. Therefore it may be affected by changes in pH and the proportion of fetal hemoglobin present in the blood.


In the cerebral cortex of the adult baboon and man, the threshold of blood flow sufficient to maintain tissue integrity depends on the duration of the low flow. For instance, if the low flow lasts for a few hours, the limit of minimal CBF to maintain tissue integrity is around 10 mL/100 g/min.86 In acute localized brain ischemia, blood flow may remain sufficient to maintain structural integrity but fail to sustain electrical activity, a phenomenon called “border zone” or “penumbra.”87 Indeed, in progressing ischemia electrical failure is a warning for the development of permanent tissue injury. In the adult human brain cortex, electrical function ceases at about 20 mL/100 g/min of blood flow, while in the subcortical gray matter and brainstem of the adult baboon the blood flow threshold is around 10 to 15 mL/100 g/min.88


The threshold values of CBF for neonates are not known. However, in view of the low resting levels of CBF and the comparatively longer survival in total ischemia or anoxia, neonatal CBF thresholds are likely to be considerably less than 10 mL/100 g/min. Indeed, in ventilated preterm infants visual evoked responses were unaffected at global CBF levels below 10 mL/100 g/min corresponding to a cerebral oxygen delivery of 50 µmol/100 g/min.37,89


However, low CBF and cerebral oxygen delivery estimated by 133Xe clearance carry a risk of later death, cerebral atrophy, or neurodevelopmental deficit.90-93 As mentioned earlier though, the lower limit of acceptable CBF is unknown in the neonate and it is also unclear whether treatment modalities aimed at increasing CBF can improve the outcome.


Periventricular white matter is believed to be particularly vulnerable to hypoxic-ischemic injury especially in preterm infants. However, the pathogenesis of white matter injury is likely to be more complex as interactions among decreased perfusion and increased cytokine production and oxidative damage have recently been postulated to be of importance. The only direct evidence indicating that periventricular leukomalacia (PVL) is primarily a hypoxic-ischemic lesion comes from the findings identifying hyperventilation with the associated cerebral vasoconstriction as a robust risk factor for PVL and cerebral palsy.












Blood Flow to Other Organs


Based on studies on the distribution of cardiac output in term fetal lambs and newborn piglets, the typical abdominal organ blood flow appears to be around 100 to 350 mL/100 g/min.94-95 In the fetus, abdominal organ blood flow is higher than in the newborn with the exception of the intestine.






Kidney


The adult kidneys constitute 0.5% of body weight but represent 25% of resting cardiac output, making them the most richly perfused organ of the body. In the newborn, although the kidneys are relatively larger, they receive less blood flow probably due to the immature renal function. Renal arteries display appropriate autoregulation with a lower threshold adjusted to the prevailing lower blood pressure.96 In addition to structural immaturity, high levels of circulating vasoactive mediators such as angiotensin II, vasopressin, and endogenous catecholamines explain the relatively low renal blood flow in the immediate postnatal period. Indeed, after alpha-adrenergic receptor blockade, renal nerve stimulation results in increased blood flow. To counterbalance the renal vasoconstriction and increased sodium reabsorption caused by the aforementioned hormones, the neonatal kidney is more dependent on the local production of vasodilatory prostaglandins compared to later in life. This explains why indomethacin, a cyclooxygenase (COX) inhibitor, readily reduces renal blood flow and urinary output in the neonate but not in the euvolemic child or adult. Interestingly, the renal side effects of another COX inhibitor, ibuprofen, are less pronounced in the neonate.97 Finally, dopamine increases renal blood flow at a dose with minimal effect on blood pressure.81









Liver


The liver is a large organ that has a double blood supply with blood originating from the stomach and intestines through the portal system and also from the hepatic branch of the celiac artery through the hepatic artery. The proportion of blood flow from these sources in the normal adult is 3 : 1, respectively. Hepatic vessels are richly innervated with sympathetic and parasympathetic nerves. The hepatic artery constricts in response to sympathetic nerve stimulation and exogenous norepinephrine while the response of the portal vein is less well characterized. Angiotensin II is a potent vasoconstrictor of the hepatic vascular beds. During the first days after birth, a portion of the portal blood flow remains shunted past the liver through the ductus venosus until it closes. Portal liver blood flow in lambs is 100 to 150 mL/100 g/min during the first postnatal day and increases to over 200 mL/100 g/min by the end of the first week.98









Stomach and Intestines


The stomach and intestines are motile organs, and variation in intestinal wall tension influences vascular resistance.99 For example, stimulation of sympathetic nerves results in constriction of the intestinal arteries and arterioles and in the relaxation of the intestinal wall. Thus the effects on vascular resistance and intestinal wall tension are opposite. Furthermore, a number of gastrointestinal hormones and paracrine substances such as gastrin, glucagon, and cholecystokinin dilate intestinal vessels likely contributing to the increase in intestinal blood flow during digestion. Local metabolic coupling also contributes to the digestion-associated increase in intestinal blood flow. Intestinal blood flow also shows well-developed autoregulation, and responses to sympathetic nerve stimulation, exogenous catecholamines, and angiotensin II similar to that of the other abdominal organs in the immature animal.












Distribution of Cardiac Output in the Healthy Human Neonate


If the heart fails to increase cardiac output to maintain systemic blood pressure, a selective and marked increase in the flow to one organ can in principle compromise blood flow to other organs (“steal” phenomenon). No single organ of critical importance is large in itself at birth (Table 2-1).


Table 2-1 ORGAN WEIGHTS IN TERM AND EXTREMELY LOW BIRTH WEIGHT NEONATES*






	Organ or Tissue

	Body Weight (g)






	3500

	1000






	Brain

	411 (12%)

	143 (15%)






	Heart

	23 (1%)

	8 (1%)






	Liver

	153 (4%)

	47 (5%)






	Kidney

	28 (1%)

	10 (1%)






	Fat

	23%**


	<5%







* Total body water is around 75% and 85-90% of body weight in term neonates and extremely low birth weight neonates, respectively.


** Data from Uthaya S, Bell J, Modi N. Adipose tissue magnetic resonance imaging in the newborn. Horm Res 2004;62(Suppl 3):1430-1438.


Data from Charles AD, Smith NM. Perinatal postmortem. In: Rennie JM, ed. Roberton’s textbook of neonatology. Beijing: Elsevier; 2005:1207-1215.






Blood Flow to the Upper Part of the Body


Blood flow to various organs differs considerably at the resting state. The data from recent Doppler flow volumetric studies allows some comparisons for the upper part of the body in healthy term infants. Blood flow to the brain, defined as the sum of the blood flowing through the two internal carotid and two vertebral arteries, corresponds to 18 mL/100 g/min using a mean brain weight of 385 g for the term infant. This blood flow is close to what is expected from the data on CBF in the literature assessed by NIRS and 133Xe clearance (Table 2-2).




Table 2-2 VOLUMETRIC BLOOD FLOW BY DOPPLER ULTRASOUND MEASUREMENT FOR THE UPPER PART OF THE BODY IN HEALTHY TERM INFANTS


[image: image]











Blood Flow to the Lower Part of the Body


Lower body blood flows are less well studied in the human neonate. In a recent study in extremely low–birth weight infants with no ductal shunt and a cardiac output of 200 mL/kg/min, aortic blood flow was found to be 90 mL/kg/min at the level of the diaphragm.100 Although this finding is in good agreement with the data by Kluckow and Evans showing that approximately 50% of left ventricular output returns through the superior vena cava (SVC) in preterm neonates, some caution is warranted because most preterm infants enrolled in the studies on SVC blood flow measurements had a PDA.101


The data on individual abdominal organ flows in neonates are less current but available with a renal blood flow (right + left) of 21 mL/kg/min, a superior mesenteric artery blood flow of 43 mL/kg/min, and a celiac artery blood flow of 70 mL/kg/min.102-104 In the study by Agata and colleagues, the results were divided by two to account for the parabolic arterial flow profile.104 However, since the sum of these abdominal organ blood flows exceeds the blood flow in the descending aorta and since blood flow from other organ systems in the lower body such as bones, muscle, and skin has not been taken into consideration, it is clear that blood flows to the abdominal organs have been overestimated in the neonate. The reasons for this discrepancy are unclear but they may, at least in part, be related to the use of less sophisticated color Doppler equipment using lower ultrasound frequencies in the studies performed in the early 1990s. In terms of perfusion rate, the renal blood flow of 21 mL/min/kg body weight transforms to 210 mL/min/100 g kidney weight. Again, this is higher than that expected from studies using hippuric acid clearance.105 Taking all these findings into consideration, it is reasonable to conclude that normal organ flow in the human neonate is likely to be comparable to that in different animal species and is around 100 to 300 mL/100 g/min. For comparison, lower limb blood flow in the human infant has been estimated by NIRS and the venous occlusion technique to be around 3.5 mL/100 g/min.106


In summary, cardiac output is distributed approximately equally to the upper and lower body in the normal healthy newborn infant at gestational ages from 28 to 40 weeks. It may come as a surprise to many readers that only 25-30% of the blood flow to the upper part of the body goes to the brain, whereas the abdominal organs can be assumed to account for the largest part of the blood flow to the lower part of the body. Although good estimates of abdominal organ perfusion rates are not available, they appear to be higher than the perfusion rate of the brain. Therefore a relative hyperperfusion of the abdominal organs could result in a significant “steal” of cardiac output from the brain.












Mechanisms Governing the Redistribution of Cardiac Output in the Fetal ‘“Dive” Reflex






Aerobic Diving


The diving reflex of sea mammals occurs within the “aerobic diving limit,” that is, without hypoxia severe enough to lead to the production of lactic acid. The key components are reflex bradycardia mediated through the carotid chemoreceptors and the vagal nerve, reflex vasoconstriction of the vascular beds of “nonvital” organs, and recruitment of blood from the spleen. All of this results in a reduced cardiac output, a dramatically increased circulation time, and hence a lag between tissue oxygen consumption and CO2 production.107









Reactions to Hypoxia


Similarly, the immediate reaction to hypoxia in the perinatal mammal is bradycardia and peripheral vasoconstriction. Since the reaction to fetal distress is of great clinical interest, it has been extensively studied in the fetal lamb. The response to fetal distress is qualitatively similar but quantitatively different among the different modes of induction of fetal distress such as maternal hypoxemia, graded reduction of umbilical blood flow, repeated or graded reduction or complete arrest of uterine blood flow, and reduction of fetal blood volume.108 Among the vital organs, adrenal blood flow increases in all situations and, whereas the typical response also includes an increase in the blood flow to the heart and the brain, this is not the case when fetal distress is caused by reduction of fetal blood volume (heart) or the arrest of uterine blood flow (brain). As for the nonvital organs, although the typical response is a reduction in blood flow to the gut, liver, kidneys, muscle, and skin, this is not the case when fetal distress is caused by the graded reduction of umbilical blood flow. The fetal circulation is unique and significantly different from the circulation following the transitional adaptation of the newborn and includes the presence of the umbilical vascular bed, the shunting of oxygenated umbilical venous blood past the liver through the ductus venosus, and streaming of this blood through the foramen ovale to the left side of the heart and upper part of the body. These peculiar features may explain some of the aforementioned differences between fetal and postnatal hemodynamic responses to stress.









Modifying Effects


Preterm lambs appear less able to produce a strong epinephrine and norepinephrine response to stress and the blood pressure rise is accordingly less than at term.108 Since carotid sinus denervation does not abolish the redistribution of cardiac output, supplementary mechanisms must be operational in the fetus.109 Indeed, at least in the later phase (after 15 min) of the hemodynamic response, the renin-angiotensin system seems to play an important role. Importantly, recent findings indicate that a systemic inflammatory response significantly interferes with the redistribution of cardiac output during arrest of uterine blood flow in the fetal sheep and compromises cardiac function and the chance of successful resuscitation.110 This hemodynamic response to inflammation in the fetal sheep appears to be, at least in part, regulated by locally generated NO as it could be prevented by the administration of the non-selective NO synthase inhibitor, l-NAME.












Distribution of Cardiac Output in the Shocked Newborn






The Term Neonate with Low Cardiac Output


The pale gray, yet awake term baby with poor systemic perfusion due to congenital heart disease resulting in decreased cardiac output (systemic blood flow) may be the best example for the operation of efficient cardiovascular centralization mechanisms in the human newborn. This baby may have very low central venous oxygen saturation, but will still produce urine, have bowel motility, and, in the initial phase of the cardiovascular compromise, a normal blood lactate. There is little we may be able to do—short of the appropriate cardiac surgical procedure—to help this baby improve the distribution of the limited systemic blood flow. Attempts to increase blood pressure or, conversely, to reduce cardiac afterload may, in fact, interfere with the precarious blood flow distribution and lead to further decreases in blood flow to the organs despite “normal” blood pressure readings, or to a decrease in perfusion pressure resulting in further impairment in tissue perfusion, respectively. In this situation, treatment resulting in increased systemic blood flow without decreasing the perfusion pressure is the only appropriate approach.









The Very Preterm Neonate During Immediate Postnatal Adaptation


In the very preterm neonate with poor systemic perfusion during the period of immediate postnatal transition with the fetal channels still open, the situation is likely to be different. This baby may present with a better color and capillary refill suggesting appropriate peripheral perfusion. Yet, motor activity is likely to be reduced, urinary output low, and blood lactate slightly high. Based on the findings discussed earlier, this baby may have immature and insufficient adrenergic mechanisms to rely on for maintaining sufficient perfusion pressure to the vital organs. In addition, owing to the immaturity of the myocardium, this patient may initially be unable to adapt to the sudden increase in the systemic vascular resistance following separation from the placenta. Regulation of CBF and the sensitivity of the cerebral arteries and arterioles are likely also affected by the immaturity. This would result in the presence of a very narrow CBF autoregulatory plateau and, due to the enhanced expression of alpha-adrenergic receptors during early development, an increased vasoconstrictive response to the administration of exogenous sympathomimetic amines resulting in further decreases in CBF despite improvement in the blood pressure. Again, maintenance of both an appropriate systemic blood flow and perfusion pressure must be the goal of the intervention (see Chapters 1 and 12).









Other Scenarios


Other scenarios relevant to the neonatologist are shock due to low peripheral vascular resistance in sepsis and loss of blood volume. The inflammatory vascular pathology associated with infection cannot be directly treated, and the effectiveness of available supportive treatment modalities of the critically ill septic neonate has not been systematically studied. In addition, microvascular pathophysiology, oxygen radical damage, and disturbances in the oxidative metabolism may be as important as the issues of distribution of blood flow. Therefore this is a difficult-to-manage situation, as also suggested by the poor prognosis for intact survival.


In contrast, the management of acute loss of circulating volume by hemorrhage or rapid fluid loss is simple. Timely administration of adequate volumes of blood or saline may be as lifesaving as for any other patient. The refilling of the circulation should not be delayed by concerns over specific peculiarities of the newborn.












Conclusion


A significant body of knowledge of the physiology and pathophysiology of human neonatal organ blood flow has been accumulated in the literature over the last 40 years. The multiple mechanisms of regulation of blood flow to the organs also operate in the newborn. Accordingly, the distribution of cardiac output to specific organs is actively regulated. Unfortunately, the cerebral hemispheres are not always privileged, especially in the preterm neonate.
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