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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 Without current best evidence, practice risks become rapidly out of date to the detriment of patients.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 “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 in 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 are dedicating 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

The discipline of newborn neurology continues to be of great academic and clinical interest, with continual advances being made in basic and clinical research. As our understanding of the mechanisms contributing to brain injury continues to grow, it has been paralleled by the introduction of targeted strategies in several instances. The second edition of this volume has been expanded with three additional chapters, including the potential contribution of stress and viral infections to neonatal brain injury and the diagnostic role of amplitude EEG in the neonatal intensive care unit. The contributing authors are all outstanding clinicians, as well as researchers, who have developed expertise that relates directly or indirectly to neonatal neurologic problems.

Although this volume is not all-inclusive, the goal is that the information contained in it will facilitate patient care and serve as a stimulus for future research.

Jeffrey M. Perlman MB, ChB




Chapter 1

Introduction

Jeffrey M. Perlman MB, ChB


The perinatal period represents a clinical setting of potential risk for injury to developing brain secondary to many causes, with the chance for long-lasting, profound neurocognitive deficits. Ongoing research continues to advance our understanding of the basic mechanisms contributing to perinatal brain injury, which in turn in several instances has facilitated the introduction of targeted strategies. The second edition of this book again addresses some of the prominent factors and events contributing to brain injury as well as describes some of the novel treatment options that have been introduced. Three new chapters have been added related to neonatal herpes simplex and congenital cytomegaloviral infections (Chapter 12), pain and stress and the potential impact on the developing brain (Chapter 13), and the potential role of the amplitude-integrated EEG in augmenting management in the critically ill neonate (Chapter 15).

The remaining chapters are updates, so I will only highlight advances in each area where applicable. Importantly, the incidence of severe intraventricular hemorrhage remains a prominent problem in extremely premature infants. Thus 21% of infants born at 23 weeks of gestation and 13% to 14% of those born at 24 to 25 weeks of gestation still have the most severe forms of hemorrhage (Chapter 3). Therapeutic hypothermia continues to show a neuroprotective effect when administered within 6 hours, and the number need to treat, based on the three large randomized studies, is 9 (Chapter 5). An important experimental observation suggests that inhalational xenon, when used in conjunction with hypothermia, has added neuroprotective effects. It will be important to determine whether this observation can be translated clinically (Chapter 6). The potential role of targeted novel anticonvulsants in the treatment of neonatal seizures is on the horizon, awaiting clinical trials (Chapter 8). What defines hypoglycemia and who should be treated has troubled clinicians for decades. In Chapter 9 an argument is made that lower concentrations of glucose than previously tolerated are not associated with adverse long-term sequelae; however, these have all been retrospective observations. In Chapter 12 the approach to the management of the two most common and potentially treatable viruses—herpes simplex and cytomegalovirus—and the impact on brain is highlighted. The potentially important adverse impact of pain and stress on developing brain is discussed in Chapter 13. There is increasing use of amplitude-integrated electroencephalography in neonatal intensive care units—for example, to facilitate entry of candidate infants for therapeutic hypothermia as well as for the diagnosis of seizures, Chapter 15 provides the reader with a comprehensive overview of this methodology and its potential uses. The remaining chapter updates are all outstanding in their depth and comprehensive reviews and make for compelling reading.

The primary goal of this second edition is that after reviewing each chapter, the reader will have a clearer management strategy that is based on an understanding of the underlying pathophysiology. A desired secondary goal is that the highlighted gaps in knowledge will serve as a strong stimulus for future research.



Chapter 2

Cerebral Circulation and Hypotension in the Premature Infant

Diagnosis and Treatment

Claire W. McLean MD, Shahab Noori MD, Rowena G. Cayabyab MD, Istvan Seri MD, PhD



• Definition of Hypotension

• Pathogenesis and Diagnosis of Pathologic Cerebral Blood Flow

• Treatment Strategies

• Summary and Recommendations



As the field of neonatology has progressed over the last few decades, better monitoring and more effective interventions have been developed for supporting the respiratory, fluid and electrolyte, and nutritional abnormalities frequently encountered in very low-birth-weight (VLBW) infants. However, the ability to effectively and continuously monitor the hemodynamic changes at the level of systemic and organ blood flow and tissue perfusion remains very limited despite the advances achieved with the use of targeted neonatal echocardiography and other bedside organ and tissue perfusion monitoring modalities, such as electrical impedance velocimetry, near-infrared spectroscopy (NIRS), visible light spectroscopy, and laser Doppler technology as well as the use of amplitude-integrated EEG (aEEG) to follow changes in brain activity. With the improvements in hemodynamic monitoring and a better understanding of the principles of developmental cardiovascular physiology has come the realization of how little is actually known about circulatory compromise and its effect on organs, especially brain, blood flow, blood flow–metabolism coupling, and long-term outcomes. Although we can continuously and reliably monitor systemic blood pressure and there are myriad interventions for “normalizing” it, blood pressure is the only dependent component among the hemodynamic parameters regulating tissue perfusion and is determined by changes in the two independent variables, cardiac output and systemic vascular resistance (SVR). Accordingly, in addition to monitoring and maintaining perfusion pressure (blood pressure), the goal is to preserve normal systemic and organ blood flow and tissue oxygenation especially to the vital organs—that is, the brain, heart, and adrenals. In this regard, when it comes to the brain, medicine is at an even greater disadvantage. For instance, measuring cerebral blood flow (CBF) is more complex than measuring systemic blood flow (left ventricular output), although continuous assessment of cardiac output in neonates at the bedside has remained a significant challenge. In addition, even assessment of systemic blood flow becomes very complicated when shunting through the fetal channels (ductus arteriosus and foramen ovale) occurs during the first few postnatal days in the VLBW neonate. Also, clinical evidence of ischemia cannot be detected in the brain as easily as in other organs—for example, the heart, liver, and kidneys. Seizures are a clear sign of a pathologic process, but they can be difficult to recognize in the VLBW population, although the use of aEEG might be helpful. In addition, by the time seizures are present, irreversible injury may have already occurred. Most importantly, the clinician faces the formidable task of effectively supporting and protecting the enormously complex developmental processes that are occurring in the brain of a VLBW infant during the postnatal transitional period and beyond. Yet detection of changes in CBF and cerebral function in a timely manner is difficult, and the understanding of how to manage the hemodynamic disturbances that affect CBF, flow-metabolism coupling, brain function, and structure and, ultimately, neurodevelopmental outcome, is limited.

The intent of this chapter is to review the available information on the definition of systemic hypotension and the pathogenesis, diagnosis, and treatment of early cerebral perfusion abnormalities in the VLBW infant that have been shown to precede intracranial hemorrhage and periventricular white matter injury (PWMI). Because CBF, flow-metabolism coupling, and cerebral oxygenation in this population are such a complex topic, we focus our discussion on the first postnatal days, during which the cardiorespiratory transition from fetal to extrauterine life occurs. We discuss some of the modalities that are being explored for identifying changes in CBF and cerebral oxygenation at the bedside. Once a pathologic process is identified, provision of a coherent, safe, and effective means of treating that process is crucial. We present a rational treatment for the pathologic processes underlying clinically evident brain injury in the VLBW infant based on the most up-to-date monitoring and clinical evidence available. Unfortunately, only a little evidence exists with regard to the appropriateness and effectiveness of the current approaches to treatment of neonatal hypotension and cardiovascular compromise. In an area as controversial and complex as this one, it is important to always highlight what is not known. Our goal is to provide the practitioner with recommendations for diagnosis and treatment that should be considered guidelines only. Finally, although the understanding of both normal and pathologic processes in the preterm brain is improving, evidence for a definitive clinical approach remains scant.


Definition of Hypotension

Hypotension, defined by population-based normative data, occurs in up to 50% of VLBW infants admitted to the neonatal intensive care unit. Hypotension in the immediate postnatal period is thought by many to be one of the major factors contributing to central nervous system injury, eventual cerebral palsy, and poor long-term neurologic outcome in VLBW neonates. Indeed, the association between hypotension and brain injury and poor neurodevelopmental outcome is well documented1-8 and forms the basis of therapeutic efforts to normalize blood pressure. However, causation has never been demonstrated between hypotension and poor neurodevelopment. In other words, one cannot infer that long-term neurodevelopmental outcomes will improve if hypotension is rigorously avoided.

In addition, retrospective studies have raised concerns by finding an association between treated hypotension and poor neurodevelopmental outcomes.9,10 However, it remains unclear whether hypotension, its treatment, or both were responsible for the documented association. Indeed, a follow-up study11 to the original randomized prospective trial12 comparing the effectiveness of dopamine and epinephrine in increasing blood pressure and CBF in hypotensive VLBW neonates during the first postnatal day found that neonates who responded to dopamine or epinephrine had long-term neurodevelopment outcomes comparable to those of age-matched normotensive controls, and that patients who did not respond to vasopressor-inotrope treatment had worse long-term outcome. These findings suggest that treatment of neonatal hypotension, when carefully titrated, may actually be effective and not harmful. However, because the primary outcome measure of the original study12 was not long-term neurodevelopmental outcome, the follow-up study11 may have not been appropriately powered to put this concern definitely to rest. Finally, results of a recent study support the notion that the careful treatment of neonatal hypotension might not be harmful as it found that low blood pressure in extremely preterm infants during the first 72 hours of postnatal life, regardless of treatment, was independently associated with poor neurodevelopmental outcome.13

In clinical practice, hypotension is usually defined as the blood pressure value below the 5th or 10th percentile for the gestational age– and postnatal age–dependent normative blood pressure values (Fig. 2-1).14-16 However, there is no consensus among neonatologists about the acceptable lower limit of systemic mean or systolic arterial blood pressure, and most units have different guidelines for the initiation of treatment of hypotension.

[image: image]
Figure 2-1 Gestational age– and postnatal age–dependent normogram for mean blood pressure values in preterm and term neonates during the first 3 postnatal days. The normogram is derived from continuous arterial blood pressure measurements obtained from 103 neonates with gestational ages between 23 and 43 weeks. Because each line represents the lower limit of 80% confidence interval of mean blood pressure for each gestational age group, 90% of infants for each gestational age group will have a mean blood pressure equal to or greater than the value indicated by the corresponding line (the lower limit of the confidence interval). (From Nuntnarumit P, Yang W, Bada-Ellzey HS. Blood pressure measurements in the newborn. Clin Perinatol. 1999 26:981-996.)





From a pathophysiologic standpoint, three levels of functional alterations of increasing severity can be used to guide the definition of hypotension on the basis of later findings in the literature (Fig. 2-2). However, it is important to keep in mind that no prospectively collected information is available on mortality and morbidity associated with these different blood pressure thresholds.

[image: image]
Figure 2-2 Definition of hypotension by three pathophysiologic phenomena of increasing severity: autoregulatory, functional, and ischemic thresholds of hypotension. CBF, Cerebral blood flow; MBP, mean blood pressure.





First, the mean blood pressure associated with the loss of CBF autoregulation is the generally accepted definition of hypotension (autoregulatory blood pressure threshold).17 Indeed, there is considerable information in the literature indicating that CBF autoregulation is functional in normotensive but not in hypotensive VLBW neonates in the immediate postnatal period (Fig. 2-3).5,18,19 Autoregulation is the ability of arteries to constrict or dilate in response to an increase or decrease, respectively, in the transmural pressure to maintain blood flow relatively constant within a range of arterial blood pressure changes (see Fig. 2-2). However, in the neonate, this response has a limited capacity. In addition, the autoregulatory blood pressure range is narrow in the neonatal patient population and the 50th percentile of the mean blood pressure is relatively close to the lower autoregulatory blood pressure threshold. In other words, small decreases in blood pressure may result in loss of CBF autoregulation, especially in the preterm infant.18 Findings now suggest that the autoregulatory blood pressure threshold is around 28 to 30 mm Hg even in the extremely LBW (ELBW) neonate during the first postnatal day (Fig. 2-4).18,19 At this blood pressure, however, cellular function and structural integrity are unlikely to be affected, because increased cerebral fractional oxygen extraction (CFOE), microvascular vasodilation, and a shift in the hemoglobin-oxygen dissociation curve to the left can maintain tissue oxygen delivery at levels appropriate to sustain cellular function and integrity.20,21

[image: image]
Figure 2-3 Intact and compromised cerebral blood flow (CBF) autoregulation in very low-birth-weight (VLBW) neonates in the immediate postnatal period. Changes in cerebral intravascular oxygenation (HbD = HbO2 − Hb) correlate with changes in CBF. A, Changes in HbD (i.e., CBF), mean arterial pressure (MAP), and oxygen saturation (SaO2) in a 1-day-old, 28-week gestational age (GA) preterm infant whose subsequent head ultrasound findings remained normal. No change occurs in CBF in relation to the sudden increase in MAP associated with endotracheal tube suctioning (arrow). B, Changes in HbD (CBF), MAP, and SaO2 in a 1-day-old 27-week GA preterm infant whose subsequent head ultrasound revealed the presence of periventricular white matter injury. Changes in blood pressure are clearly associated with changes in CBF. (From Tsuji M, Saul PJ, duPlessis A, et al. Cerebral intravascular oxygenation correlates with mean arterial pressure in critically ill premature infants. Pediatrics. 2000;106:625.)





[image: image]
Figure 2-4 Relationship between cerebral blood flow (CBF) and mean arterial pressure (MAP) in hypotensive and normotensive extremely low-birth-weight (ELBW) neonates during the first postnatal day and the effect of dopamine on this relationship. A and B, MAP (mm Hg) and CBF (mL/100 g/min) measured by near-infrared spectroscopy (NIRS) in normotensive ELBW neonates not requiring dopamine (Control, closed squares; n = 5) and hypotensive ELBW neonates before dopamine administration (Predopamine, open circles; n = 12). The lower threshold of the CBF autoregulatory blood pressure limit (29 mm Hg; A) is identified as the minimum of residual sum of squares of the bilinear regression analysis (B). C and D, MAP (mm Hg) and CBF (mL/100 g/min) in the formerly hypotensive ELBW neonates after dopamine treatment (filled circles). No break point is evident in the CBF-MAP curve in ELBW neonates receiving dopamine (C), because no minimum is identified by the bilinear regression analysis (D). (From Munro MJ, Walker AM, Barfield CP. Hypotensive extremely low birth weight infants have reduced cerebral blood flow. Pediatrics. 2004;114:1591.)





If blood pressure continues to fall, it reaches a value at which cerebral function becomes compromised (functional blood pressure threshold). Data from later reports suggest that the functional blood pressure threshold may be around 22 to 24 mm Hg in the VLBW neonate during the first postnatal days (Fig. 2-5).21,22 However, caution is needed when interpreting these findings, which were obtained in a small number of preterm infants, because their clinical relevance is unclear. Furthermore, the relationship between cerebral electrical activity, neurodevelopmental outcome, and the threshold of CBF associated with impaired brain activity is not known.

[image: image]
Figure 2-5 Relationship between mean blood pressure (MBP) and cerebral electrical activity in very low-birth-weight neonates during the first 4 postnatal days. Shown is the relationship between MBP and the relative power (RP) of the delta band of the electroencephalogram, showing line of best fit with 95% confidence interval (N = 35; R2 = 0.627; P < 0.001). Horizontal dotted lines represent the normal range of the relative power of the delta band (10th-90th percentile), whereas the vertical dotted line identifies the point of intercept. The open square identifies the infant with abnormal cerebral fractional oxygen extraction (CFOE), and the abnormal electroencephalogram records are circled. (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.)





Finally, if blood pressure decreases even further, it reaches a value at which structural integrity becomes compromised (ischemic blood pressure threshold). On the basis of findings in immature animals, it is assumed that the ischemic CBF threshold is around 50% of the resting CBF.18 Although it is unclear what blood pressure value represents the ischemic CBF threshold in the VLBW neonate during the first postnatal day, it may be below 20 mm Hg (see Fig. 2-2).23,24 It is important to emphasize that the situation is further complicated by the fact that these numbers represent moving targets for the individual patient. Indeed, other factors, such as PaCO2 levels, the presence of acidosis, preexisting insults (asphyxia), and underlying pathophysiology (sepsis, anemia), have an impact on the critical blood pressure value at which perfusion pressure and cerebral oxygen delivery cannot satisfy cellular oxygen demand to sustain autoregulation, then cellular function, and finally structural integrity.

At present, continuous monitoring of blood pressure and assessment of indirect signs of tissue perfusion (urine output, capillary refill time, and lactic acidosis) remain the basis for identifying the presence of cardiovascular compromise. However, adequate blood pressure may not always guarantee adequate organ perfusion in VLBW neonates during the first postnatal day.25 Indeed, blood pressure, the product of systemic blood flow and systemic vascular resistance, only weakly correlates with superior vena cava (SVC) flow in VLBW neonates during the immediate postnatal adaptation.26 SVC flow has been used as a surrogate for systemic blood flow in the VLBW neonate during the immediate postnatal period, when shunting through the fetal channels prohibits the use of left ventricular output to assess systemic blood flow.27 The finding that adequate blood pressure may not always guarantee adequate systemic blood flow in these patients may be explained at least in part by the notion that the cerebral vascular bed, especially of the 1-day-old ELBW neonate, may not be of high priority and thus it will constrict rather than dilate in response to a decrease in the perfusion pressure (discussed in detail later).28-30




Pathogenesis and Diagnosis of Pathologic Cerebral Blood Flow

Fluctuations in CBF are implicated in the pathogenesis of periventricular-intraventricular hemorrhage (P/IVH) and PWMI in the VLBW infant.1,29,31,32 Both systemic and local (intracerebral) factors play a role in the pathogenesis of these central nervous system injuries and therefore are important in diagnosis. In addition, the level of maturity, postnatal age, and intercurrent clinical factors (e.g., infection/inflammation, vasopressor-resistant hypotension) need to be considered. In this section, we briefly discuss monitoring parameters that are currently in widespread clinical use (systemic arterial pressure and arterial blood gas sampling) and then delve into the emerging field of bedside monitoring of systemic and organ blood flow, especially CBF and brain activity. We review most of the existing technologies, including echocardiography and Doppler ultrasound, impedance electrical cardiometry (IEC), NIRS, and aEEG, and discuss the applicability and limitations of these modalities. We do not discuss the use of magnetic resonance imaging (MRI) for assessing CBF in the neonatal patient population, because this topic is addressed in Chapter 16.

A logical place to begin the discussion on monitoring CBF in the VLBW infant is to ask, “What is the normal CBF in the VLBW infant?” Several investigators have addressed this issue. It is clear from these studies that CBF is lower in preterm infants than in adults, corresponding to the lower metabolic rate of the preterm brain. Using xenon-133 clearance, Greisen33 found that, in 42 preterm infants with a mean gestational age of 31 weeks, CBF was 15.5 ± 7.2 mL/100 g/min during the first postnatal week, a value three to four times lower than that in adults.33 Interestingly, patients enrolled in this study who were receiving mechanical ventilation had lower CBF than their nonventilated counterparts and those receiving CPAP (11.8 ± 3.2 vs. 19.8 ± 5.3 and 21.3 ± 12 mL/100g/min, respectively). Cerebral blood flow in this study was not consistently affected by postnatal age, gestational age, birth weight, mode of delivery, PaCO2, hemoglobin concentration, mean blood pressure, or phenobarbital therapy. In contrast, subsequent publications by the same group of authors investigating CBF reactivity in preterm infants during the first three postnatal days showed that, as expected, PaCO2 and hemoglobin concentration significantly affect CBF in this patient population.34-36

Using positron emission tomography (PET) to measure CBF, Altman and colleagues37 found lower values for CBF in preterm and term neonates compared to those obtained by the use of xenon-133 clearance.37 More importantly, they reported that in a series of one term and five preterm infants with CBF between 4.9 and 10 mL/100g/min, the term neonate and three of the preterm infants had normal neurodevelopmental outcome at 24 months.37 Therefore, the neurodevelopmentally safe lower limit of CBF in the neonate may be between 5 and 10 mL/100/min. Finally, because CBF is affected by many factors other than blood pressure, it is not possible to define the blood pressure value consistently associated with a decrease of CBF below this safe limit that results in ischemic brain injury.

Kluckow and Evans,27 using SVC blood flow as a surrogate for systemic blood flow and CBF in well preterm neonates younger than 30 weeks of gestation who were receiving minimal ventilatory support, established normal values of SVC flow during the first 48 postnatal hours. Of note is that the extent to which SVC flow is representative of systemic or cerebral blood flow in preterm neonates during the first postnatal days is not known. In a subsequent study that included sick preterm infants younger than 30 weeks of gestation, the same group found that 38% of infants had a period of low SVC in the first 24 (mostly 12) postnatal hours.25 The incidence of low SVC flow was significantly related to the level of immaturity and was more than 70% in very preterm neonates—that is, of gestational age less than 27 weeks. The sudden increase in the peripheral vascular resistance caused by the loss of the low-resistance placental circulation, the complex process of cardiorespiratory transition to the postnatal circulatory pattern, and myocardial and autonomic central nervous system immaturity have been proposed to contribute to these findings. Indeed, these factors may explain why many of these very preterm neonates struggle to maintain normal systemic blood flow during the first 12 to 24 postnatal hours. Importantly, a proportion of the very preterm babies with extremely low SVC flow were found to have systemic blood pressures in the normal range (i.e., equal to or greater than their gestational age in weeks), a finding supported by subsequent studies of this group of researchers.26,38,39 Because normal blood pressure and decreased organ blood flow to nonvital organs are the hallmarks of the compensated phase of shock and because a portion of SVC flow represents blood returning from the brain, a vital organ, it is conceivable that the vascular beds of the cerebral cortex and white matter are low-priority vessels and function similar to those of nonvital organs in the very preterm neonate during the immediate postnatal period. This hypothesis, which is supported by earlier studies in different animal models40,41 and observations in the human neonate,28,29 may explain why SVC blood flow may be decreased in some very preterm neonates who have normal systemic blood pressure. Most babies with documented low SVC flow in the first 24 to 48 hours that do not go on to have P/IVH or PWMI are more mature (28 vs. 25-26 weeks of gestation). Thus, for preterm babies of less than 30 weeks of gestation, low systemic blood flow (and CBF) may be necessary but not sufficient to cause intracranial pathology. Importantly, all patients studied had an increase in SVC flow by 24 to 36 hours, and all P/IVHs occurred after the SVC flow had increased. Findings of a later prospective observational study by our group using echocardiography and NIRS confirm and expand these observations.42 In this study, very preterm neonates who were presented with lower systemic blood flow and higher cerebral vascular resistance during the first 12 postnatal hours were at a higher risk for the development of P/IVH. Importantly, the bleeding occurred only after cardiac output and brain blood flow had increased. Taken together, these findings implicate an ischemia-reperfusion cycle in the pathogenesis of P/IVH in very preterm neonates during the immediate transitional period.

The methods used to assess systemic and cerebral blood flow in VLBW neonates in the immediate transitional period have significant limitations. When SVC flow is used to assess systemic and cerebral blood flow, measurements are operator-dependent owing to the uncertainties associated with the accurate measurement of vessel diameter and flow velocity. The fluctuations in vessel size during the cardiac cycle and the pattern of low flow velocity in the SVC are the major factors contributing to these technical difficulties. In addition, the shape of the SVC, the lack of data on the magnitude of the contribution of CBF to SVC flow, and the lack of a documented association between PaCO2 and SVC flow in this patient population call for some caution in the interpretation of these findings.

Kehrer and associates43 measured blood flow in both internal carotid and vertebral arteries and used the sum of the flow in the four arteries supplying the brain to assess the changes in CBF volume in preterm infants of 28 to 35 weeks of gestation over the first 2 postnatal weeks. Although the technique has significant limitations, the findings suggest that a steep rise in CBF occurs from the first to the second postnatal days and that this pattern is independent of gestational age. Thereafter, CBF continues to rise gradually (Fig. 2-6). Because there is not a significant increase in brain weight during the first 48 postnatal hours, the investigators inferred that the observed increase in CBF during that period was secondary to increased cerebral perfusion per unit weight of tissue. On the other hand, the more gradual increase over the ensuing 2 weeks is likely due to a combination of both increased brain weight and increased perfusion.43 The investigators studied only healthy preterm infants with normal brains, whereas the series of investigations by Evans, Kluckow, and their colleagues25,26,38,39 included a group of preterm infants who were sicker and had a higher incidence of significant intracranial pathology. Nevertheless, the results of the two groups are complementary as they provide evidence for a decreased CBF in the first postnatal day, followed by a significant increase by the second postnatal day. It is tempting to speculate that the low CBF in the study by Kehrer and associates43 during the first postnatal day represents a decrease from that in the fetus, but this might not be the case because findings of a later study suggest that a decrease in SVC flow and left cardiac output in very preterm neonates occurs by 12 hours of postnatal age and not immediately after birth.44 Taken together, results of these studies suggest that low CBF in the first postnatal day and the ensuing reperfusion is a physiologic phenomenon occurring in most (if not all) very preterm neonates and that this phenomenon is a necessary but not sufficient cause of intracranial pathology (P/IVH or PWMI) in this patient population.
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Figure 2-6 Changes in cerebral blood flow (CBF) volume in preterm neonates during the first 14 days after delivery. Shown is the development of CBF volume with increasing postnatal age in two different gestational age groups (28-31 and 32-35 weeks). The mean and 95% confidence interval are also shown (analysis of variance [ANOVA]; n = 29, P < 0.0001). (From Kehrer M, Blumenstock G, Ehehalt S, et al. Development of cerebral blood flow volume in preterm neonates during the first two weeks of life. Pediatr Res. 2005;58:927-930.)





The ultimate goal is to improve neurodevelopmental outcome in preterm infants, and because low SVC flow in the early postnatal period has been implicated not only in the development of P/IVH and PWMI but also in impaired neurologic outcome at 3 years,6 those infants most at risk in the immediate postnatal period must be identified. It is clear from the large number of epidemiologic and hemodynamic studies that the level of immaturity is one of the most important predisposing factors for the occurrence of more abrupt changes in CBF and the increased vulnerability during postnatal adaptation and for poor neurologic outcome. Therefore, assessment of CBF during the first 24 to 48 postnatal hours in the most immature and vulnerable patients is important. However, owing to the technical difficulties associated with reliable and continuous assessment of CBF, clinical practice currently relies on indirect measures for diagnosis of changes in cerebral perfusion. For instance, the notion that a pressure-passive cerebral circulation exists in most sick preterm neonates has led to the use of systemic blood pressure as the only surrogate measure for cerebral perfusion. However, in the compensated phase of shock, maintenance of normal systemic blood pressure is not the equivalent of adequate nonvital organ blood flow, and the forebrain might not be a vital organ in the very preterm neonate immediately after delivery (see earlier). Therefore, the sole reliance on blood pressure in the assessment of CBF in this patient population during the first postnatal day may not be adequate.

In addition to blood pressure, monitoring of the indirect clinical indicators of tissue perfusion such as urine output, capillary refill time (CRT), and acid-base status are important. Although these indirect clinical indicators by themselves are fairly nonspecific for evaluating systemic flow, using CRT and blood pressure together results in greater sensitivity. Indeed, when blood pressure and CRT are less than 30 mm Hg and 3 seconds, respectively, the sensitivity for identifying low systemic blood flow is 86%.45 In addition, avoidance of both hypocapnia and hypercapnia is of utmost importance because of the effect on CBF.

If the monitoring commonly used now in clinical practice at the bedside is not sufficient to tell the whole story on CBF, what can be added? Fortunately, most of the interest in organ blood flow monitoring has focused on the cerebral circulation. This interest has led to the development of a multitude of techniques for monitoring both CBF and systemic perfusion. The most frequently used techniques for CBF monitoring are Doppler ultrasound and NIRS, and aEEG has been used for monitoring cerebral function. The gold standard for monitoring systemic perfusion in the clinical practice is echocardiography, and novel approaches have recently also been developed, including IEC. We briefly discuss each of these modalities in the following sections with a primary focus on those that can be performed noninvasively at the bedside.


Doppler Ultrasound

Velocity of blood flow can be measured through the use of the Doppler principle, which states that the change in frequency of reflected sound is proportional to the velocity of the passing object (in this case, blood). The calculated velocity needs to be corrected for the angle between the vessel and the emitted sound beam (angle of insonation), and the straightforward idea is complicated by the fact that arterial blood is pulsatile and its speed varies within the vessel (i.e., it is faster in the center of the vessel). It is important to recognize that speed of blood (distance traveled per unit time) in a vessel means little by itself; we are really interested in the absolute blood flow (volume per unit time). Thus, volumetric measurements are crucial. Investigators have used several different volumetric indices, including SVC, internal carotid artery, and vertebral artery flow, as previously discussed.27,43 The limitations of SVC flow measurements were discussed earlier. In general, major technical problems with volumetric measurements include but are not restricted to the small size of the vessels, the motion of vessel wall, and whether or not an angle of insonation of less than 20 degrees can be achieved. In addition to volumetric measurements of vessel blood flow, right ventricular and left ventricular outflow measurements have been studied. Both are fraught with pitfalls in the very preterm neonate in the immediate postnatal period, because the patent foramen ovale (PFO) and patent ductus arteriosus (PDA) create shunts that confound measurements of the right ventricular and left ventricular flows, respectively. It is believed that right ventricular output may be a more reliable indicator of systemic blood flow during the immediate postnatal period with the fetal channels open, because shunting by the patent foramen ovale is less significant than PDA shunting during the first 24 hours after delivery.46 Indeed, right ventricular output and systemic blood pressure have been correlated with EEG parameters (brain function) in VLBW infants in the immediate postnatal period.47

Ultrasound techniques are noninvasive and widely accessible in the intensive care setting, and they can be done at the bedside. However, all ultrasound measurements depend on operator skill and have their significant limitations. As for the issues related to operator skills, centers utilizing these methods to diagnose pathologic CBF in neonates must have a rigorous quality control system in place with neonatologists well trained in functional echocardiography and available at the bedside at any time.48

With regard to the limitations to the use of vascular Doppler ultrasonography in assessing organ blood flow, the most important limitation is the small size of the artery of interest (e.g., middle or anterior cerebral artery), which precludes accurate measurement of its diameter. Because the estimation of blood flow (Q) depends on assessment of mean velocity of the blood (V) and the vessel diameter (D) (Q = V [πD2/4] × 60), any small error in measuring the diameter will translate into a significant error in estimating the actual blood flow. Therefore, instead of directly measuring blood flow, investigators often use changes in various Doppler-derived indices, such as mean blood flow velocity or the pulsatility or resistance index, as surrogates for changes in blood flow. This approach is based on the premise that the vessel diameter remains constant despite the changes in blood flow. However, this concept in not universally accepted.46 Nevertheless, both animal and human studies have shown an acceptable correlation between these indices and other measures of blood flow.49-52

As for the technical aspect of vascular Doppler ultrasonography, one must pay special attention to consistently scan the same segment of the vessel with the same angle of insonation. Because the vessel diameter may vary at different sites, the measured velocity may also be different. With regard to the angle of insonation, one should try not to exceed 20 degrees, because with a higher angle, the velocity is significantly underestimated. Although, most new ultrasound systems have the capability to correct for the angle of insonation, using the same angle of insonation for repeated measurements will ensure better reproducibility of the data. Finally, although normative data for the Doppler ultrasonography–derived indices for various vessels are available, the previously described limitations require caution in interpretation of a single measurement. Rather, repeated measurements and the use of trends over time are thought to be more informative of the hemodynamic status and the changes in organ blood flow.




Impedance Electrical Cardiometry

Impedance electrical cardiometry is a noninvasive and continuous bedside method of measuring beat-to-beat left ventricular output on the basis of detection of changes in thoracic electrical bioimpedance (Aesculon; Cardiotronic, La Jolla, CA) caused by the changes in the orientation of the red blood cells in the ascending aorta during systole and diastole normalized for the body mass of the patient.53 The method has been validated against thermodilution and other direct methods of cardiac output measurement and has shown excellent correlation in adults and children.53,54 Although its clinical utility in neonates is still untested, preliminary data from our group show a very good correlation with traditional echocardiographic quantitation of left ventricular output in term55 and preterm (unpublished data) neonates. However, further validation of this technique using cardiac output measurement methods more accurate than echocardiography, such as magnetic resonance imaging, is needed before the use of IEC can be recommended in the neonatal patient population. In conclusion, IEC represents an interesting potential means to obtain continuous, noninvasive data in absolute numbers on stroke volume and cardiac output at the bedside in neonates.




Near-Infrared Spectroscopy

NIRS has received much attention since its first use in newborns in 1985,56 and numerous papers have been published describing its use. Basically, it involves emission of light of a specific wavelength (near-infrared range, 600-900 nm), from one optode which then travels through tissue and is detected on the other side by another optode. Because of the presence of compounds whose absorption of NIR light depends on oxygen status (chromophores such as hemoglobin and cytochrome aa3), the absorption during passage through brain can be measured, and oxygenation indices calculated. The newborn skull and tissues overlying the brain are thin, so most of the signal received is representative of brain tissue. In the VLBW neonate, the biparietal diameter is such that essentially the whole brain can be seen by the traveling light, and results can be interpreted as global. Different wavelengths of light can be used to assess different parameters, such as oxyhemoglobin, deoxyhemoglobin, and cytochrome aa3 oxidase. Through induction of a small but rapid change in arterial oxygen saturation in the subject, CBF can be calculated with the use of Fick's principle. This method assumes that during the measurement period, cerebral blood volume (CBV) and cerebral oxygen extraction remain constant.

Because the measurement depends on inducing a small but sudden change in arterial oxygen concentration, the technique may not be feasible in babies with severe lung disease (in whom no change in oxygen saturation occurs with an increased FIO2) and in infants with normal lungs in whom oxygen saturation is 100% when they breathe room air. To get around this problem, an injected tracer dye such as indocyanine green has been used instead of oxygen, with similar results.57 Some instruments use the tissue oxygenation index (TOI), which is the weighted average of arterial, capillary, and venous oxygenation and theoretically allows the measurement of cerebral hemoglobin oxygen saturation without manipulation of FIO2 or use of dye. However, this index also has significant potential for inaccuracy, with an intrameasurement agreement in a single subject as large as −17% to +17%.58 Indeed, reproducibility of NIRS measurements in general has been an ongoing issue for investigators, especially in the detection of focal changes in cerebral hemodynamics. This is a significant problem, because focal hemodynamic changes are at least as likely as global changes to contribute to neuropathology.

Despite these limitations, NIRS has been validated through comparison with xenon-133 clearance in human newborns.59 Xenon-133 clearance is the experimental model gold standard, utilizing arteriovenous differences in clearance rates of an inert radioisotope and giving a global measurement of CBF. An algorithm allowing for continuous monitoring of regional tissue oxygen saturation in absolute numbers has been developed for adult, pediatric, and neonatal use.60 Although NIRS represents a practical solution and information on its use in neonates has been encouraging,61 accumulation of more data and prospective studies looking at both short- and long-term outcomes are needed to provide an evidence-based utilization of NIRS in neonatal medicine.




Amplitude-Integrated EEG (Cerebral Function Monitoring)

There is evidence to support the use of aEEG in asphyxiated infants in the first several hours after birth, because it is one of the most accurate bedside methods to establish a neurologic prognosis.62 For this reason, it has been used to select candidates for enrollment in head-cooling neuroprotection trials. This technology uses a single-channel EEG recording with biparietal electrodes. Frequencies lower than 2 Hz and higher than 15 Hz are filtered selectively, and the amplitude of the signal is integrated. The signal is then recorded semilogarithmically with slow speed, effectively compressing hours of EEG recording into shorter segments that reflect global background activity and major deviations from baseline (e.g., seizures). Studies have shown that aEEG correlates well with conventional EEG63 and has the distinct advantage of being easily applied and interpreted by nonneurologists. In a later study, normal aEEG findings in the first 72 postnatal hours in asphyxiated term neonates have been shown to be prognostic of normal neurologic outcome at 2 years of age.64 Coupled with early neurologic examination, simultaneous aEEG improved specificity and positive predictive value of abnormal results for abnormal neurologic outcome at 18 months of age.65

Significantly less information has been gathered about the use of aEEG in the preterm population. However, some typical patterns of background activity for preterm infants have been established, and a number of studies exist that point to its applicability in this group. For instance, in preterm infants with a large P/IVH, aEEG findings during the first postnatal week are predictive of survival and intermediate-term neurologic outcome.66

Before aEEG can be incorporated into routine clinical use, data on tracings in normal premature infants in the immediate postnatal period as well as longitudinal development of mature brain activity must be collected and evaluated. Two studies by one group of investigators have attempted to do just that.67,68 A group of clinically and ultrasonographically normal infants with gestational ages between 23 and 29 weeks were studied with aEEG in the first two postnatal weeks. With increasing gestational and postnatal age, the occurrence of continuous activity increased and discontinuous low-voltage activity was less likely to be seen. The number of bursts per hour also decreased with increasing gestational age. Although the investigators offered these findings as a foundation for neurodevelopmental prognosis in VLBW infants, they also represent an important starting point for cerebral function monitoring in the immediate postnatal period.

West and colleagues47 examined the relationships among echocardiographic blood flow findings, mean arterial blood pressure, and aEEG findings in the first 48 hours after birth in preterm infants (<30 weeks of gestation). They found that low right ventricle output, used as a surrogate for systemic blood flow, in neonates with shunting across the fetal channels at 12 hours of postnatal life correlated with low aEEG amplitude whereas low mean blood pressure (<31 mm Hg) correlated with low EEG continuity. However, there was no relationship between aEEG amplitude and SVC flow. Although preliminary in nature, this study at least succeeds in drawing an association between a parameter in wide clinical use (blood pressure monitoring) and two more experimental modes of CBF monitoring (Doppler ultrasonography and aEEG). Taken together with evidence that early aEEG in preterm infants can be helpful in predicting long-term neurodevelopmental outcome, it is reasonable to suggest that aEEG merits further study in the VLBW population as a means of identifying infants at risk for low CBF and/or for pathologic fluctuations in CBF.




Summary

Methods capable of diagnosing altered CBF and the associated changes in brain function in the VLBW population in the first hours to days after delivery are still largely in the experimental arena. It is unlikely that one monitoring parameter will be sufficient to encapsulate the whole picture of real-time continuous assessment of cerebral blood flow and oxygen delivery. To do that in the future, we need to employ an approach to similar that previously and currently used in clinical practice. That is, hands-on clinical assessment must be used in combination with a variety of technologies, ranging from the conventional (heart rate, blood pressure, O2 saturation) to the advanced (Doppler ultrasonography, IEC, NIRS, aEEG). Both systemic and cerebral blood flow, as well as oxygen delivery and extraction, will have to be evaluated simultaneously and continuously to enable more informed minute-to-minute decisions about how, when, and what to treat to be made. This goal has not been achieved, but even now experimental technologies are giving an insight into more commonly used monitoring parameters, and as the understanding of these new methods expand, it is likely that some will be incorporated into routine clinical use in the not too distant future.

Figure 2-7 shows an example of the information a comprehensive hemodynamic bedside monitoring and data acquisition system developed by our research program can convey in real time at the bedside.
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Figure 2-7 Hemodynamic parameters continuously monitored by the hemodynamic monitoring tower in a term, 3-day-old neonate with hypoxic-ischemic encephalopathy undergoing rewarming from therapeutic whole-body hypothermia. Parameters continuously monitored included arterial oxygen saturation (SpaO2; %); heart rate (HR; beats/min); respiratory rate (RESP; L/min); systolic blood pressure (SBP, mm Hg), diastolic blood pressure (DBP; mm Hg), mean blood pressure (MBP; mm Hg); beat-to-beat cardiac output (CO; mL/min) and stroke volume (SV; mL/min) using impedance electrical cardiometry, cerebral (CrSO2), renal (RrSO2) and muscle (MrSO2) mixed venous tissue oxygen saturation using near-infrared spectroscopy NIRS, and transcutaneous CO2 (TCOM, mm Hg). These parameters are depicted on the y-axis, and age after delivery in hours is shown on the x-axis. Rewarming was started at 30 hours of monitoring. Core temperature (TEMP) is shown in small boxes and dopamine (DOP) and dobutamine (DOBUT) doses are depicted over the cardiac output and stroke volume data. Automatically calculated systemic vascular resistance (SVR; mm Hg × min/mL) is also depicted. See text for details.











Treatment Strategies

In the previous section we focused on newer experimental modalities for monitoring CBF in the VLBW neonate, with a primary emphasis on those that could be performed at the bedside noninvasively. As mentioned earlier, functional Doppler echocardiography, IEC, NIRS, and aEEG are not yet currently appropriate for widespread routine clinical use for CBF monitoring, as their application and interpretation require specialized technology and further study to determine the significance and reproducibility of results. By extension, application of these methods in clinical practice must eventually be shown to improve long-term neurologic outcome. However, results of studies using these experimental strategies can be useful for tailoring routine care because they give a glimpse of how mean arterial pressure and systemic blood flow affect CBF. This section focuses on how routinely monitored indices, such as arterial blood pressure, acid-base status, and oxygenation, as well as commonly used medications, presence of a PDA, and intercurrent infection may affect CBF, as suggested by studies using the aforementioned CBF monitoring techniques. We discuss management options, including evidence for when and how to treat systemic hypotension and clinical signs of systemic organ hypoperfusion. Ultimately we propose a rational treatment strategy for maintaining brain perfusion and oxygenation in the VLBW infant in the first few postnatal days.


Systemic Hypotension

There are several clinical approaches to diagnosis and treatment of neonatal hypotension. First, as mentioned earlier, in a small group of ELBW infants, Munro and colleagues (see Fig. 2-4)20 identified a mean arterial pressure of 28 to 30 mm Hg as a breakpoint, below which autoregulation appeared to be absent. Use of dopamine to raise the mean blood pressure resulted in a normalization of the CBF in these hypotensive infants. Thus, treatment of hypotension with dopamine quickly restores normal blood pressure and CBF. However, CBF autoregulation was not immediately restored. Indeed, findings of an earlier study suggest that it may take up to 1 hour for CBF autoregulation to be restored following treatment of systemic hypotension.69 However, if a mean blood pressure of 28 to30 mm Hg or higher is considered normal in all infants, many will be treated whose overall hemodynamic status does not indicate a need for treatment or may receive a treatment modality (volume, vasopressors/inotropes, or inotropes) that does not specifically address the underlying pathophysiology of their cardiovascular compromise.

The most widespread approach to the definition and treatment of hypotension in the VLBW neonate during the immediate transitional period is use of a mean blood pressure that equals the gestational age in numerals. There are two major concerns with this approach. First, if the autoregulatory blood pressure breakpoint is truly at 28 to 30 mm Hg for this patient population, blood pressure at the level of the gestational age in the more immature and thus vulnerable preterm neonates will be out of the autoregulatory range. Second, as discussed earlier, some of these immature neonates, even with normal blood pressure, have low systemic and presumably cerebral blood flows,21 because their cerebral vasculature may constrict rather than dilate in the compensated phase of shock.28-30,40,41 Because low SVC flow (used as a surrogate of CBF) in the first postnatal day is a known risk factor for P/IVH and poor neurodevelopmental outcome,6 it is important to identify these infants at risk, and this identification cannot be accomplished with blood pressure monitoring alone. As discussed earlier, the combined use of blood pressure and indirect clinical signs of tissue hypoperfusion (blood pressure 30 mm Hg or less and CRT 3 seconds or less45) may help to identify patients with low systemic and thus low cerebral blood flow. If functional echocardiography is available, VLBW neonates who are normotensive (their blood pressure is equal to or higher than their gestational age in numerals) but have low systemic blood flow may be identified. As this presentation mostly occurs during the first 6 to 12 hours postnatally, targeted use of functional echocardiography to measure SVC blood flow may be the best direct approach currently available to detect low systemic perfusion. However, even if one can diagnose low systemic blood flow during the first hours after delivery, at present we do not have a truly effective treatment modality to improve systemic blood flow in this patient population. In addition, as mentioned earlier, hypotension defined by the gestational age–based criterion in VLBW neonates appears to be a risk factor for poor neurodevelopmental outcome and it is not known whether treatment with vasopressors or inotropes does11 or does not9 ameliorate the risk. Thus, one could speculate that some of the hypotensive infants may have been treated too late to make a difference or that the most widely applied treatment approach is ineffective in some neonates to ameliorate the hypotension- and/or low CBF–associated brain injury.

Finally, because of the uncertainties surrounding the definition of hypotension and the relationship between blood pressure and CBF in the VLBW neonate in the immediate postnatal period, as well as the potential side effects of vasopressor use and the lack of evidence that treatment of hypotension improves neurodevelopmental outcome, some authorities advocate that hypotension in the VLBW neonate during the first postnatal day(s) be treated only if there is clear evidence of organ hypoperfusion (i.e., lactic acidosis). We would argue, however, that by the time lactic acidosis can be detected, cerebral ischemia is likely to have occurred, provided that the brain has also contributed to the production of lactate. Therefore, this approach carries the theoretical risk of allowing significant cerebral hypoperfusion to occur. However, most neonatologists agree that once the fetal channels are closed and the blood pressure–CBF relationship is restored after the first few days following delivery, blood pressure becomes a more reliable indicator of vital organ perfusion even in the most immature neonate, and hypotension should be treated promptly with careful titration of the most appropriate vasopressor/inotrope or inotrope to avoid sudden changes in systemic blood pressure and blood flow.




Treatment of Hypotension Associated with PDA

A PDA with significant left-to-right shunting often manifests as hypotension,46,70 which is a common presentation in VLBW infants in the immediate postnatal transition period. It has been demonstrated that shunting through a nonconstricting PDA in the first 6 hours after delivery is primarily left to right and is highly associated with a low SVC flow state.27,71 Treatment of the PDA before 6 hours of postnatal life with indomethacin induces ductal constriction by 2 hours of drug administration, but this effect is not associated with simultaneous improvements in systemic blood flow.72 Indomethacin decreases CBF via a direct cerebrovascular vasoconstrictive effect that is independent of the drug's inhibitory action on prostaglandin synthesis.73 It is possible that the documented decrease in severe P/IVH with early indomethacin use is due to this localized cerebral vasoconstrictive effect during a time when reperfusion may occur72 and has less to do with improving the preceding low systemic blood flow state by closure of the ductus. However, this notion is not supported by the findings of a meta-analysis comparing the effectiveness, side effects, and hemodynamic effects of indomethacin and ibuprofen.74 According to the findings of the meta-analysis, although ibuprofen does not induce cerebral vasoconstriction to a degree comparable to that seen with indomethacin, there is no difference in the incidence of P/IVH in VLBW neonates treated with indomethacin and those treated with ibuprofen.

Cardiovascular management of the hemodynamically unstable, hypotensive VLBW neonate with a large PDA should focus on measures that induce stepwise and reversible increases in pulmonary vascular resistance until pharmacologic or, if this fails, surgical closure of the PDA takes place. Such measures may include the avoidance of hyperventilation and respiratory (or metabolic) alkalosis and maintenance of a oxygen saturation value at the lower end of the acceptable range. It should also be remembered that high doses of vasopressors might preferentially increase systemic vascular resistance and thus left-to-right shunting through the ductus; although blood pressure may be maintained in an acceptable range, systemic perfusion could become even more compromised. Therefore, administration of high doses of dopamine or epinephrine should be avoided unless systemic blood flow can be repeatedly assessed with the use of functional echocardiography.




Treatment of Hypotension Associated with Other Causes

For hypotension due to causes such as septic shock, adrenal insufficiency, and hypovolemia, every effort should be made to treat the underlying cause and support the cardiovascular status. Although there are very little experimental data regarding the response of CBF to vasopressor medications in the hypotensive VLBW infant, some evidence is accumulating.

Dopamine is the first-line medication for many neonatologists because of its beneficial cardiovascular and renal effects.75 It effectively increases blood pressure in the preterm infant, but its effect on organ blood flow is less well described. As mentioned earlier, evidence now indicates that despite its effect on increasing blood pressure and renal perfusion, dopamine does not have a selective vasoactive action on the cerebral circulation in normotensive VLBW neonates.76,77 However, in hypotensive VLBW infants, the dopamine-induced increase in blood pressure is associated with an increase in CBF.11,20,69 This finding suggests once again that cerebrovascular autoregulation is impaired in hypotensive preterm infants and that effective treatment of hypotension is associated with an increase in CBF and a delay in the restoration of CBF autoregulation (see earlier).

Are other vasopressors more effective in restoring normal CBF in this population than dopamine? A randomized controlled trial compared the cerebrovascular, hemodynamic, and metabolic effects of dopamine and epinephrine using a stepwise titration of the two medications to achieve optimum blood pressure in VLBW neonates in the first 24 postnatal hours.11 Both medications increased cerebral perfusion in the medium-dose range, with epinephrine being slightly more effective in infants of less than 28 weeks of gestation and dopamine being more effective in those of greater than 28 weeks of gestation. Because both medications were effective at increasing blood pressure and CBF and this is the only peer-reviewed publication available on the cerebrovascular effects of epinephrine in VLBW neonates, there is no reason to choose one vasopressor over the other for this particular application.

As for inotropes and lusitropes, there has been growing interest in the potential use of milrinone, a selective phosphodiesterase III inhibitor, in neonates and infants who have undergone cardiac surgery and in VLBW neonates with low systemic blood flow during the first postnatal day. Milrinone effectively decreases the incidence of low cardiac output in infants following cardiac surgery.78,79 Because the low-flow state in preterm infants immediately after birth is in many ways similar to the low cardiac output syndrome in postoperative cardiac patients, this drug has potential both as treatment and prophylaxis of low systemic blood flow (and presumably low CBF) in the VLBW patient population. A pilot study examined the safety, efficacy, and optimal dosing of milrinone in infants of less than 29 weeks of gestation during the first hours of postnatal life.80 At the applied dose, milrinone appears to be relatively safe in the 1-day-old VLBW neonate. A randomized controlled trial revealed, however, that milrinone is ineffective to prevent the occurrence of low systemic blood flow in the 1-day-old VLBW neonate,81 so the routine use of milrinone in this population cannot be recommended. Dobutamine, another sympathomimetic amine with direct positive inotropic and mild vasodilatory effects, effectively increases cardiac output and blood pressure in the VLBW neonate, especially when the cardiovascular compromise is caused by myocardial dysfunction.82 Virtually no data are available on the cerebrovascular effects of dobutamine in the VLBW neonate.

Beyond the presentation of different forms of neonatal shock treated by vasopressors/inotropes, inotropes, and lusitropes, there has been increasing recognition that vasopressor-resistant hypotension frequently develops in the VLBW population. This presentation is thought to be due to cardiovascular adrenergic receptor downregulation and the higher incidence of relative adrenal insufficiency in the VLBW neonate.83-86 A prospective observational study examining the hemodynamic effects of low-dose hydrocortisone administration in preterm neonates with vasopressor resistance and borderline hypotension found no independent effect of this treatment modality on CBF.86




Impact of Provision of Intensive Care on Systemic and Cerebral Hemodynamics

In addition to the impact of the hemodynamic changes on CBF during the postnatal transition, the effects of all interventions must be considered at all times. They include ventilatory maneuvers, the use of medications other than vasopressors/inotropes or inotropes, and invasive procedures. Premature infants with a median gestational age of 31 weeks have been reported to have a decrease in CBF velocity (and thus presumably in CBF) in response to transient hyperoxia.87 This occurs without a decrease in PaCO2, implicating hyperoxia directly in the decrease in CBF. Hypocarbia is a well-described cause of cerebral vasoconstriction, and a negative association between PaCO2 and CBF and CFOE has been demonstrated in VLBW infants during the first postnatal days.28,88,89 In addition, lower levels of PaCO2 are associated with slowing of EEG activity, likely induced by decreased cerebral oxygen delivery.89 These effects are most significant in the first 24 postnatal hours, less evident on the second day, and gone by the third postnatal day. These findings support the notion that the first hours of postnatal life represent a period of heightened vulnerability to CBF fluctuations. Not surprisingly, severe hypocapnia in VLBW neonates during the immediate transitional period is associated with PWMI and cerebral palsy.90 Importantly, it appears that hypercapnia also has an impact on cerebral hemodynamics, in that PaCO2 values higher than 45 mm Hg during the first 2 postnatal days are associated with compromised CBF autoregulation (Fig. 2-8).91 It is tempting to speculate that this effect may, at least in part, explain the findings of retrospective studies revealing a strong independent association between hypercapnia and P/IVH in very preterm neonates.92-94 Accordingly, the use of permissive hypercapnia during the immediate postnatal period may put the VLBW neonate at higher risk for cerebral injury.95
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Figure 2-8 Effect of hypercapnia on cerebral blood flow (CBF) autoregulation in 43 ventilated very low-birth-weight neonates during the first 2 postnatal days. A, Lines represent the estimated mean slopes of the autoregulatory plateau from 30 to 60 mm Hg PaCO2 with mean blood pressure values between 30 and 40 mm Hg. Horizontal line at slope zero indicates intact autoregulation, with lines at 30, 35, and 40 mm Hg being not significantly different from zero. B, The estimated means of the slope of the autoregulatory plateau (cm/s/mm Hg) increased as PaCO2 increased from 40 mm Hg (P = 0.004).





Finally, high mean airway pressures in the immediate postnatal period have also been implicated in low systemic blood flow and thus low cerebral blood flow and a predilection for PV/IVH.26 Beyond ventilatory maneuvers and interventions, commonly used medications such as midazolam and morphine have also been associated with potentially harmful changes in CBF,96 and even umbilical arterial blood sampling could have an effect on cerebral hemodynamics in these tiny infants.97

The preceding paragraphs emphasize how changes in ventilatory management, administration of commonly used medications, or simple interventions in the VLBW infant, especially during the first postnatal days, can have negative and potentially devastating effects on CBF and cerebral oxygenation acutely and on neurodevelopmental outcome ultimately. The mainstays of treatment have been, and should remain at this point, maintenance of homeostasis and avoidance of potentially harmful interventions and abrupt hemodynamic changes in this most vulnerable patient population.







Summary and Recommendations

As discussed in this chapter, the management of hypotension, low systemic and cerebral blood flow, in the VLBW infant during the first postnatal days presents a significant challenge because immaturity, underlying pathology, and postnatal transition all affect the hemodynamic response to pathologic processes and interventions. Because of these factors and the lack of evidence on how treatment affect mortality and short- and long-term morbidity, straightforward recommendations on the treatment of cardiovascular compromise in the VLBW neonate during the period of transition to postnatal life cannot be given.

Therefore, the following approach to diagnosis and treatment represents our view and should be considered only as such, especially because, as discussed in this chapter, evidence on the effectiveness of the treatment of shock in the VLBW neonate during the first postnatal days is not available.


Diagnosis of Hypotension


1. We use the 5th or 10th percentile of the gestational and postnatal age-dependent population-based blood pressure values as the definition of hypotension but initiate treatment at this point only if signs of tissue hypoperfusion or echocardiographic evidence of decreased systemic perfusion or poor myocardial contractility are present. However, we attempt to maintain the mean blood pressure at 23 to 24 mm Hg even if signs of tissue hypoperfusion are not present in the most immature ELBW neonates during the first postnatal day, because cerebral electrical activity appears to be depressed at blood pressure values below this level.

2. Irrespective of the blood pressure value, whenever there is indirect or direct evidence of poor tissue perfusion, we monitor both systemic blood flow and blood pressure closely and attempt to maintain appropriate systemic blood flow without much fluctuation in the blood pressure. Because a blood pressure breakpoint of the CBF autoregulatory curve may exist at 28 to 30 mm Hg and because more than 90% of even ELBW neonates not receiving vasopressor support maintain their mean blood pressure at 30 mm Hg or higher by the third postnatal day, we carefully attempt to slowly increase mean blood pressure during the first three postnatal days and maintain it in the 28- to 30-mm Hg range by the third postnatal day. However, it must be kept in mind that an increase in blood pressure during this period does not necessarily ensure rapid normalization of systemic and cerebral blood flow and that there are no data that this approach improves long-term neurodevelopmental outcome. Finally, the presence of a hemodynamically significant PDA affects our approach to maintaining and focusing on mean arterial blood pressure primarily and, in these cases, we carefully consider diastolic blood pressure and interrogate the cardiovascular system for evidence of systemic steal during diastole.

3. Although most neonatologists would agree with the approach described here, there is another, less frequently practiced approach that needs to be mentioned. Neonatologists using this approach initiate cardiovascular support only if there is clear evidence of poor systemic perfusion as long as mean blood pressure is at or higher than 20 mm Hg in the ELBW neonate during the first postnatal day. Because within the first 24 hours it is hard to define poor perfusion, especially without the use of functional echocardiography, and because lactic acidosis heralds the presence of (ongoing or previously present) tissue ischemia, we do not practice this diagnostic and treatment philosophy and do not allow mean arterial blood pressure to be around 20 mm Hg during the first postnatal day. However, there is no direct evidence at present that the use of permissive hypotension as an approach to diagnosis and management of cardiovascular compromise in VLBW neonates during the immediate postnatal period affects outcomes.






Treatment of Hypotension

With regard to the kind of treatment utilized, the most appropriate strategy requires identification of the underlying pathogenesis of hypotension. As described earlier, the most common etiologic factors are inappropriate peripheral vasoregulation and dysfunction of the myocardium complicated by the presence of a large PDA in VLBW neonates during the first postnatal days. Although the following approach may be recommended and we practice it, we must emphasize again that there is no evidence that treatment of hypotension in this patient population improves mortality, morbidity, or long-term neurodevelopmental outcome:


1. In the case of hypotension, because low to moderate doses of dopamine (or epinephrine) improve both blood pressure and CBF, we carefully titrate dopamine in a stepwise manner using 3- to 5-minute cycles and make every effort to avoid inducing significant rapid changes in blood pressure. If low systemic blood flow is detected with low-normal to normal blood pressure during the first postnatal day, we add dobutamine to low-dose dopamine and monitor for indirect (CRT, urine output, base deficit) and direct (functional echocardiography) signs of improvement in systemic perfusion.

2. In the presence of a hemodynamically significant PDA, we attempt to close the ductus arteriosus with a cyclooxygenase inhibitor (we use indomethacin) along with providing appropriate supportive care. If pharmacologic closure fails in the patient with a hemodynamically significant PDA, and we have evidence of ongoing or worsening systemic tissue hypoperfusion, we surgically ligate the ductus arteriosus. During the wait for surgical closure to take place, our goal is to decrease the left-to-right shunting across the ductus. As briefly described earlier, we attempt to achieve this goal by carefully increasing pulmonary resistance in a stepwise manner. Using this approach, we frequently are successful at increasing pulmonary vascular resistance, and the associated decrease in left-to-right shunting results in improvement of systemic blood flow and blood pressure. We also use dopamine in babies with a hemodynamically significant PDA, because it has been shown that, in patients with increased pulmonary blood flow, dopamine increases pulmonary vascular resistance and systemic perfusion.98 Interestingly, there is no evidence that dopamine preferentially increases pulmonary vascular resistance in neonates without preexisting pulmonary overcirculation. It is tempting to speculate that the increased pulmonary blood flow–associated protective upregulation of vasoconstrictive mechanisms (enhanced α-adrenergic and endothelin-1 receptor expression) and downregulation of the vasodilatory mechanisms (endogenous nitric oxide and vasodilatory prostaglandin production) in the pulmonary arteries are responsible for this observation. We add dobutamine only in the presence of impaired myocardial function, because most VLBW neonates with hemodynamically significant PDA after the first postnatal day usually have normal or hyperdynamic cardiac function. Indeed, the indiscriminate use of dobutamine in these patients may compromise myocardial filling and diastolic function. Finally, administration of fluids to increase blood volume must be restricted because excessive (or even liberal) use of volume is associated with greater mortality and morbidity in this patient population.

3. Finally, because PaCO2 is a much more potent mediator of cerebral vascular tone than blood pressure, we make every effort to keep PaCO2 within the 45- to 50-mm Hg range. We hope that by keeping PaCO2 relatively constant we minimize the incidence of hypocapnia-associated white matter injury and cerebral palsy and the hypercapnia-associated increased risk of P/IVH. In addition, in the presence of constant PaCO2 levels, the integrity of CBF autoregulation is likely to be maximized.



Figure 2-9 illustrates our postmenstrual age–dependent approach to the diagnosis and treatment of hypotension in preterm and term neonates. It is important to note that our definition of hypotension (dotted line) and the target and weaning ranges have all been arbitrarily defined with the use of epidemiologic data and extrapolation of hemodynamic findings and the data on the association between blood pressure and systemic and cerebral blood flow. Because this approach, just like any other approach to manage the cardiovascular compromise in the neonatal patient population, is not evidence-based, it cannot be recommended in general and only illustrates one of the many options in the diagnosis and treatment of neonatal hypotension. We use these numbers only as guidance, carefully assess the indirect clinical signs of tissue perfusion, and perform targeted echocardiographic evaluations when more information is needed. In the future and after completion of the ongoing investigations, we plan to utilize the real-time information our comprehensive cardiovascular monitoring and data acquisition system provides.

[image: image]
Figure 2-9 Postmenstrual age-dependent definition of hypotension and the target and weaning blood pressure ranges. Hypotension is defined as the treatment threshold, which is 1 to 3 points above the 5th percentile (5%ile) for postmenstrual age.14-16 Below the treatment threshold, we usually initiate treatment of hypotension. The target range is defined as where mean blood pressure is intended to be kept. The target range is between 2 and 3 mm Hg above the treatment threshold and the 50th percentile of the mean blood pressure.14-16 Finally, the weaning range is defined as the mean blood pressure range where careful weaning of vasopressors and/or inotropic agents is commenced. This range is between 5 mm Hg above the lower limits of target range and the 50th percentile of the mean blood pressure. Note that the upper limit of the target range does not exceed the 50th percentile of the mean blood pressure in order to decrease the risk of achieving an increase in blood pressure by causing significant increases in systemic vascular resistance and thus, potentially, decreases in cardiac output when vasopressors/inotropic agents are being administered. This graph was developed in collaboration with the Under Pressure hemodynamic group created as part of a Vermont-Oxford Network (VON) initiative for 2004 to 2006. One of us (IS) served as the VON expert on hemodynamics for this initiative.
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Intraventricular Hemorrhage and White Matter Injury in the Preterm Infant
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Case History

HW was a 700-g 24-week premature twin B male infant born to a 29-year-old G1P0 (gravida 1, para 0) mother whose pregnancy was complicated by the onset of premature labor. The mother received a dose of betamethasone approximately 6 hours prior to a vaginal delivery. She also was started on antibiotics and given magnesium sulfate. The infant was delivered with minimal respiratory effort and a heart rate of 70. Resuscitation included bag-mask ventilation with room air and intubation, with a rapid improvement in heart rate. The infant was admitted to the intensive care unit and was given one dose of a surfactant preparation for respiratory distress syndrome (RDS). The early course was complicated by a pneumothorax that required chest tube drainage on day of life (DOL) 1. On DOL 2 there was an acute deterioration in the respiratory status with evidence of pulmonary hemorrhage, associated hypoxic respiratory failure, and significant metabolic acidosis. A head ultrasound scan showed a grade III intraventricular hemorrhage on the left with dilation of the ventricle and an associated ipsilateral intraparenchymal echodensity involving frontoparietal white matter. In addition, the infant developed a patent ductus arteriosus (PDA) diagnosed by echocardiogram on DOL 3, initially treated with indomethacin. The infant was weaned to continuous positive airway pressure by DOL 14, and was briefly reintubated for the surgical ligation of the PDA and on the second occasion for a nosocomial infection. Other issues included recurrent apnea and bradycardia and frequent unprovoked desaturation episodes. He required supplemental oxygen through the 35th week of postconceptual age. He required parenteral nutrition for 3 weeks and subsequently received enteral breast milk. Repeat head ultrasound scans on DOLs 7, 14, 28, 42, and 56 revealed progressive communicating hydrocephalus involving the lateral third and fourth ventricles that peaked in dilation by DOL 28 and then gradually decreased in size by DOL 56. The parenchymal lesion evolved into a small left porencephalic cyst. The infant underwent a magnetic resonance imaging (MRI) evaluation on DOL 92 that revealed mild ventriculomegaly and the left cystic lesion and some periventricular white matter loss. The infant was discharged on DOL 100. He was seen and evaluated at 18 months. At that time the clinical findings indicated mild right hemiparesis. He recently started walking, was very active, and had minimal speech. Evaluation using the Bayley battery of tests found that he had a mental developmental index of 75 and a psychomotor developmental index of 82.

This case illustrates a typical course of a premature infant who is at greatest risk for severe periventricular-intraventricular hemorrhage (PV-IVH) even when managed in the later era of neonatology. Thus, at this time, although the overall incidence of PV-IVH in the premature infant has decreased, hemorrhage remains an important problem in the very low-birth-weight infant (<1000 g), particularly in cases of rapid delivery when the potential for full dosing of peridelivery glucocorticoids is not possible.1,2 This chapter focuses on a brief review of the pathogenesis of PV-IVH as well as white matter injury, and discusses various approaches or strategies to the diagnosis and treatment as well as outcomes, and highlights gaps in knowledge.





Periventricular-Intraventricular Hemorrhage


Background

The overall occurrence of PV-IVH has declined with time, although severe hemorrhage remains a significant clinical problem in the tiniest of the very low-birth-weight population.1,3,4 Thus, 21% of infants born at 23 weeks of gestation and 13% to 14% in infants born at 24-25 weeks still have the most severe forms of hemorrhage.3 This observation is highly relevant because survival of the infants born at the cutting edge of viability continues to increase, and long-term neurocognitive deficits are more likely with severe hemorrhage. However, evidence now points to neurocognitive deficits even with lesser grades of hemorrhage—grades II and III IVH and even when the cranial sonogram is interpreted as being normal (see later discussion).5,6 These observations are important because they point to the limitations of cranial sonography in identifying subtle white matter injury as well as injury to cortical or deep gray matter. The latter are more readily identified by MRI studies performed closer to term.7,8


Neuropathology: Relevance to Clinical Findings

The primary lesion in PV-IVH is bleeding from small vessels in the subependymal germinal matrix (GM), a transitional gelatinous region that provides limited support for the luxurious but very immature capillary bed that courses through it.9 With maturation, this matrix region becomes less prominent, and by term it is essentially absent. The hemorrhage, when it evolves, may be confined to the GM region (grade I IVH), or it may extend and rupture into the adjacent ventricular system (grade II or III IVH, depending on the extent of hemorrhage), or extend into the white matter (termed a grade IV or intraparenchymal echogenicity [IPE]) (Fig. 3-1A).2,10 IPE, which is invariably unilateral, represents an area of hemorrhagic necrosis of varying size within periventricular white matter, dorsal and lateral to the external angle of the lateral ventricle (Fig. 3-1B).2,11,12

[image: image]
Figure 3-1 Coronal ultrasound scans. A, Note a bilateral germinal matrix and intraventricular hemorrhage (grade III). B, Note the large left-sided germinal matrix and intraventricular hemorrhage. There is a large ipsilateral intraparenchymal echodensity involving periventricular white matter.








Pathogenesis

The genesis of bleeding from capillaries within the GM is complex, multifactorial, and influenced in part by intravascular, vascular, and extravascular factors. Several factors point to a critical role for intravascular factors and specifically perturbations in blood pressure as a principal mechanism of capillary rupture and hemorrhage (see also Chapter 2). Thus, it has been shown, through the use of different methods to assess cerebral blood flow (CBF), including Doppler ultrasonography, near-infrared spectroscopy, and xenon-enhanced computed tomography (CT), that the cerebral circulation of the sick infant is pressure passive—that is, CBF varies directly with changes in systemic blood pressure.13-15 Clearly this state would be expected to increase the vulnerability of the GM capillaries to periods of both hypotension and hypertension. Indeed, experimental studies and clinical observations support this hypothesis. Thus in a beagle puppy model, GM hemorrhage can be produced by systemic hypertension with or without prior hypotension.16,17 Moreover, clinical temporal associations have been demonstrated between fluctuations in systemic blood pressure and simultaneous fluctuations in CBF velocity as may occur in the ventilated premature infant with RDS, increases in CBF as may occur with rapid volume expansion or a pneumothorax, and the subsequent development of PV-IVH.18-20 Conversely, decreases in CBF secondary to systemic hypotension, which may occur in utero or postnatally, may also play a prominent role in the genesis of PV-IVH in certain infants.21 Hypercarbia produced by potential modulation of autoregulation increases the risk for severe IVH.22,23 A presumed mechanism in this context is that of rupture upon reperfusion.1,14 Finally, elevations in venous pressure may be an important additional intravascular mechanism of hemorrhage and may reflect the peculiarity of the anatomy of the venous drainage of GM and the white matter.2 Thus, at the level of the head of the caudate nucleus and the foramen of Monro, the terminal, choroidal, and thalamostriate veins course anteriorly to a point of confluence to form the internal cerebral vein. The blood flow then makes a U turn at the usual site of hemorrhage, raising the possibility that an elevation in venous pressure increases the potential for venous distention with obstruction of the terminal and medullary veins and hemorrhagic infarction. Indeed, simultaneous increases in venous pressure have been observed in infants who exhibit variability in arterial blood pressure, such as occurs with RDS and associated complications, such as pneumothorax and pulmonary interstitial emphysema, or with mechanical or high-frequency ventilation.24 To summarize, it is likely that both arterial and venous perturbations contribute to the genesis of IVH. However, later evidence suggests that these intravascular responses may be modulated by inflammation or the administration of medications to the mother, such as glucocorticoids (see later discussion).25-27 For example, in one series, infants with fetal inflammation had a significantly higher incidence of severe IVH than infants with no fetal inflammation (49% vs. 17%) (P = 0.04). Infants with fetal inflammation had significantly higher heart rate (P = 0.005), catecholamine index (P = 0.02), and volume load (P = 0.02) in the first 24 hours of life.28

In addition to the intravascular factors, vascular and extravascular influences—the poorly supported blood vessels, excessive fibrinolytic activity noted within the matrix region, and a prominent postnatal decrease in tissue pressure—may all contribute to hemorrhage.2,29,30








Periventricular White Matter Injury Associated with IVH

The pathogenesis of white matter injury associated with hemorrhage remains unclear but appears to be closely linked to the adjacent bleed. Two potential pathways have been proposed to explain this intricate relationship. The first suggests a direct relationship to the PV-IVH, on the basis of several clinical observations, as follows: (1) the white matter lesion is always noted concurrent with or following a large GM and/or IVH and is rarely if ever observed prior to the hemorrhage; and (2) the white matter injury is always observed ipsilateral to the side of the larger hemorrhage when there is bilateral involvement of the ventricular system.1,2,12 This consistent relationship between the GM and the white matter injury may in part be explained by the venous drainage of the deep white matter (see earlier discussion). A second explanation is a de novo evolution of white matter injury. Thus it is proposed that the PV-IVH and the white matter injury occur concurrently. Because both the GM and the periventricular white matter are border-zone regions, the risk for ischemic injury is increased during periods of systemic hypotension, particularly in the presence of a pressure-passive cerebral circulation.1,2,14 Hemorrhage in these regions may then occur as a secondary phenomenon, or reperfusion injury. In support of this theory is the fairly consistent observation of the simultaneous detection of PV-IVH and white matter injury on cranial ultrasonography. Moreover, elevated hypoxanthine and uric acid levels (perhaps as markers of reperfusion injury) have been observed on the first postnatal day in infants in whom white matter injury subsequently developed.31,32

Identification of the mechanisms contributing to periventricular white matter injury is crucial to prevention of this lesion. Thus if the white matter injury is directly related to PV-IVH, then prevention of the latter should reduce the occurrence of the white matter injury. However if the PV-IVH and the white matter injury occur simultaneously as a result of a primary ischemic event with the hemorrhage occurring as a secondary phenomenon, then prevention of the secondary hemorrhage may not affect the primary ischemic lesion. Indeed, the two follow-up studies on indomethacin treatment to prevent IVH in the neonatal period are supportive of this latter concern. Thus, although the incidence of severe IVH was reduced in infants treated with indomethacin in both studies, neurodevelopmental outcomes at 18-month follow-up, including cerebral palsy, were comparable in the indomethacin-treated group the controls (Table 3-1).33,34


Table 3-1

SHORT- AND LONG-TERM NEUROLOGIC OUTCOME IN INFANTS WHO RECEIVED INDOMETHACIN AND INFANTS WHO RECEIVED A PLACEBO



	Outcome
	Indomethacin Group (n = 574)
	Placebo Group (n = 569)
	Adjusted Odds Ratio (95% Confidence Interval)
	
P value




	Severe intraventricular hemorrhage
	9%
	13%
	0.6 (0.4-0.9)
	0.02



	Cerebral palsy
	12%
	12%
	1.1 (0.7-1.6)
	0.64



	Cognitive delay (Mental Development Index < 70)
	27%
	26%
	1.0 (0.8-1.4)
	0.86
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Adapted from Schmidt B, Davis P, Moddemann D, et al. Trial of Indomethacin Prophylaxis in Preterms Investigators. Long-term effects of indomethacin prophylaxis in extremely-low-birth-weight infants. N Engl J Med. 2001;344:1966-1972.





Clinical Features

In most cases (up to 70% of less severe IVH cases), the diagnosis is made with a screening sonogram.2 In the earlier descriptions of PV-IVH, the majority of cases, about 90%, evolved within the first 72 hours of postnatal life.35 However, the time to initial diagnosis of hemorrhage has shifted to a later onset in recent years.10 Thus, for neonates weighing less than 1000 g, the IVH diagnosis is made early, within the first 24 hours in approximately 80% of infants. However some cases are now noted after the 10th postnatal day. This changing pattern may reflect the complexity of disease in the tiniest infants and the extent of supportive medical care, especially the prolonged use of high-frequency ventilation. Infants with the more severe IVH frequently exhibit clinical signs such as a bulging fontanel, seizures, a drop in hematocrit, hyperglycemia, metabolic acidosis, and pulmonary hemorrhage.1




Complications

The two most significant complications of IVH are extension into adjacent white matter (see earlier discussion) and the development of post-hemorrhagic hydrocephalus (see Chapter 4).




Prevention


Perinatal Strategies

Prevention of PV-IVH and its complications continues to focus on both perinatal and postnatal strategies. Perinatal pharmacologic interventions have included the administration of phenobarbital and vitamin K without any beneficial effect.36-38 More recently, a combination of aminophylline, magnesium with steroids, and ritodrine has been studied in a relatively small sample (n = 128) and has resulted in an apparent reduction in rates of all IVH and severe IVH.39 The antenatal administration of a single short course of glucocorticoids to augment pulmonary maturation has had the positive, unanticipated benefit of a significant reduction in the incidence of severe IVH.26,40-46 From a review of several large observational databases, the unadjusted odds ratio for severe IVH following any antenatal glucocorticoid exposure has ranged from 0.43 to 0.69.26 The mechanisms whereby glucocorticoids reduce severe IVH remain unclear but may relate to less severe RDS, higher resting blood pressures, or accelerated maturation of the germinal matrix region.30,47,48 The value of repeated doses of antenatal steroids has come into question with regard to potential adverse effects on the developing brain. Thus, infants who were exposed to several doses of antenatal steroids had a higher incidence of cerebral palsy than a placebo group, although the difference was not statistically significant (6/206 vs. 1/195; P = 0.12).49 Further, multiple courses of antenatal corticosteroids, every 14 days, did not improve preterm birth outcomes and were associated with decreased weight, length, and head circumference at birth.50 Therefore, repeated doses of antenatal corticosteroids are not routinely recommended.

One maternal medical condition associated with a lower incidence of IVH is pregnancy-induced hypertension (PIH). Thus, a lower incidence of severe PV-IVH in infants born to mothers with PIH (8.2%) than to those without PIH (14%), with an odds ratio (OR) estimate of 0.43 (95% confidence interval [CI] 0.30-0.61) was noted in one report,51 a finding consistent with other reports.52,53 The mechanisms through which the chance of IVH may be reduced by the presence of PIH are not clear, but accelerated brain maturation in such infants, or the use of medications, specifically magnesium sulfate, to treat the mother are possible.53-55 Later retrospective data suggest that magnesium sulfate is not associated with a reduction in PV-IVH.56-58 Moreover, tocolytic agents in general, including magnesium sulfate, are associated with an increased risk for IVH.59-61 However, a large prospective randomized controlled trial of magnesium sulfate administered to mothers at 24 to 31 weeks of gestation demonstrated a reduced rate of cerebral palsy among infant survivors.62 A meta-analysis of antenatal magnesium sulfate therapy given to women at risk for preterm birth concluded that it substantially reduced the risk of cerebral palsy in the child (relative risk [RR] 0.68; 95% CI 0.54 to 0.87; in five trials involving 6145 infants). The number of women needed to be treated to benefit one baby by avoiding cerebral palsy is 63 (95% CI 43 to 87).63


Route of Delivery

There are conflicting data regarding the route of delivery and subsequent IVH.52,64-66 Interpretation of the data is difficult because most are retrospective. This problem does not exclude the possibility that under certain circumstances, intrapartum events may contribute to the pathogenesis of severe IVH. Thus, in some studies there is a higher risk for IVH with increasing duration of the active phase of labor, and a lower risk in infants delivered via cesarean section prior to the active phase of labor.52,64 Many of these studies were analyzed prior to the more frequent use of antenatal glucocorticoids.67 In a study in infants of birth weight less than 751 g whose mothers were given steroids, vaginal delivery was a predictor for severe IVH.68 By contrast, in a retrospective cohort study of extremely low-birth-weight (LBW) infants (401-1000 g), the influence of labor on extremely LBW infants who were born by cesarean delivery was examined with reference to neonatal and neurodevelopmental outcomes. The analysis revealed that labor does not appear to play a significant role in the genesis of IVH.69 Similarly, in a later retrospective analysis, severe IVH was not influenced by mode of delivery in vertex-presenting, singleton, very LBW infants after data were controlled for gestational age.70

Importantly, any analysis that evaluates the impact of labor or route of delivery must account for an important role of placental inflammation, and in particular fetal vasculitis, in the genesis of IVH, a role that may supersede the influence of the route of delivery.71 Thus in one study, although vaginal delivery was associated with an increased risk of IVH by univariate analysis, the risks attributable to vaginal delivery were no longer increased when adjustments were made in multivariate analysis for fetal vasculitis and other potential confounding factors.71 This issue clearly warrants further prospective study and analysis.




Postnatal Strategies

Any approach to intervention should at the least consider the following: (1) the target population should be those infants in whom severe IVH is most likely to develop, that is, with birth weights less than 1000 g3; and (2) the condition of the infant at delivery, which appears to be an important mediator of subsequent IVH (Box 3-1). The latter appears to be strongly influenced in part by perinatal events and in particular the administration of antenatal glucocorticoids26 or the presence or absence of fetal vasculitis.71 The type of glucocorticoid administered to the mother may also be important. Thus antenatal exposure to dexamethasone, but not betamethasone, was associated with an increased risk of IVH as well as white matter injury in premature infants.72,73 However, a meta-analysis concluded that dexamethasone may have greater benefits than betamethasone, such as less IVH and possibly some improved biophysical parameters, although a higher rate of neonatal intensive care unit (NICU) admission was seen with dexamethasone administration in one study.74


Box 3-1

Factors Associated with Risk for the Development of Severe Intraventricular Hemorrhage


High Risk

Minimal intrapartum care

No glucocorticoid exposure

Chorioamnionitis/funisitis

Fetal distress

Lower gestational age

Lower birth weight

Respiratory distress syndrome

Respiratory morbidity (i.e., pneumothorax)

Fluctuations or rapid elevations in systemic blood pressure and/or cerebral blood flow

Hypotension

Sudden and repeated increases in venous pressure




Lower Risk

Antenatal glucocorticoids (short course)

Medical condition (e.g., pregnancy-induced hypertension)

Intrauterine growth restriction

Higher gestational age

Higher birth weight

Postnatal medications (e.g., indomethacin)







Postnatal Factors Associated with an Increased Risk

Postnatal factors associated with a higher risk for IVH include decreasing gestational age, lower birth weight (<1000 g), male sex, intubation, and RDS (see Box 3-1).2,75 By contrast, the risk for severe IVH in the nonintubated infant is low(<10%).76 For infants with RDS, the risk for IVH is even greater with associated perturbations in arterial and venous pressures as well as with hypercarbia.18,19,22-24 These vascular perturbations are in part related to the infant's breathing patterns, which are usually out of synchrony with the ventilator breath.77 The perturbations can be minimized with careful ventilator management, including the use of synchronized mechanical ventilation, assist/control ventilation, sedation, or, in more difficult cases, paralysis.2,78 Interestingly enough, although surfactant administration improved respiratory ventilation, the improvement was not accompanied by a significant reduction in the incidence of IVH.79




Postnatal Administration of Medications to Reduce Severe IVH

Medications administered postnatally to reduce or prevent IVH have included phenobarbital,80-82 vitamin E,83 ethamsylate,84 and indomethacin.34,85-87 Although there was initial enthusiasm for the use of each of these medications in the prevention of IVH, the effect has not been borne out over time. In one noteworthy study, infants who received phenobarbital exhibited a higher incidence of severe IVH than controls.82 Currently, the early postnatal administration of indomethacin is believed to be of benefit in the prevention of severe hemorrhage.34,86 Two studies demonstrated a significant reduction in the incidence of severe IVH in infants who received indomethacin in comparison with control infants. However, at long-term follow-up, the incidence of cerebral palsy was comparable in the two groups (see Table 3-1).34,86 This observation, coupled with the known reduction in CBF that accompanies indomethacin administration, warrants cautious use of this agent.87,88 Perhaps it should be reserved for those infants at greatest risk—those delivered precipitously without the benefit of perinatal glucocorticoids (see Fig. 3-3).
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