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Preface


Welcome to the seventh edition of Mosby’s Pocket Guide to Fetal Monitoring: A Multidisciplinary Approach. Continuing with the multidisciplinary approach pioneered by the previous edition, this book has again been authored by a nurse, a nurse-midwife, and a perinatologist in an effort to promote a collaborative methodology for electronic fetal monitoring. Painstakingly revised, this new edition includes the standardized terminology of the National Institute of Child Health and Human Development (NICHD) as well as up-to-date information on evidence-based interpretation and management. The text provides practical, clinically focused information on all aspects of fetal monitoring, both in the antepartum and intrapartum periods, and serves as a resource for all clinicians, from novice to seasoned expert.






Description


The electronic fetal monitor is primarily an oxygen monitor, and the goal of fetal heart rate monitoring is to prevent fetal injury resulting from interruption of fetal oxygenation during labor or in the antepartum period. Key to this goal is standardization and simplification of clinical practices related to interpretation and management of fetal monitoring. This book provides clinicians with the tools needed to understand both the strengths and weaknesses of electronic fetal monitoring and apply a collaborative approach to clinical practice that is evidence- and consensus-based. Following a brief overview of the history of fetal monitoring, the text provides core clinical information on the physiologic basis for monitoring, reviews the newest instrumentation for uterine and fetal heart rate monitoring, and identifies key factors in the evaluation of uterine activity. The NICHD definitions are presented, as well as a review of the evidence related to non-NICHD terminology. A standardized approach to interpretation and management is clearly outlined, and the influence of gestational age on fetal heart rate is examined along with the evaluation of fetal status outside the obstetric unit and in the antenatal setting. Documentation and risk management issues are delineated, and an overview of fetal monitoring in Europe provides clinicians with a look at fetal monitoring outside the United States. Patient safety, communication, and clinical collaboration are the cornerstones of each chapter, and suggestions for practice improvement make this edition an invaluable resource for the busy clinician.









Features


This book has a number of distinctive features:



[image: image] Content is organized in a manner that allows clinicians to build upon key fundamental concepts and progress logically to advanced principles, making the text suitable for novices needing basic information as well as experienced practitioners seeking greater insight into clinical practice issues.



[image: image] Critical information is highlighted using illustrations, tables, and illustrative fetal monitor tracings.



[image: image] Fetal heart rate characteristics are explained and the supporting level of evidence is provided, revealing a number of common myths regarding fetal monitoring.



[image: image] Evidence levels are provided for information regarding various fetal heart rate patterns, and several common obstetric myths are laid to rest.



[image: image] An appendix of fetal monitor tracings provides ample practice related to application of the NICHD definitions as well as principles of standardized interpretation.









Organization


Chapter 1 traces the history of fetal monitoring from the use of auscultation in the 17th century to the variety of fetal monitoring options available in modern practice and includes an overview of key research findings that form the basis of standardized practice.


Chapter 2 reviews the physiologic basis for monitoring. The oxygen pathway is introduced, as well as the fetal response to interrupted oxygenation. Hypoxic-ischemic encephalopathy is discussed, including the specific criteria required to link intrapartum interruption of oxygenation to hypoxic-ischemic injury.


Chapter 3 provides a detailed look at instrumentation for both auscultation and electronic fetal monitoring, including newer approaches such as abdominal ECG and ST-segment analysis. Step-by-step procedures with rationales are provided for the application of both external and internal monitoring devices; moreover, the chapter reviews artifact detection, troubleshooting tips, and telemetry.


Chapter 4 presents crucial information on uterine activity, including updated NICHD terminology and a detailed discussion of excessive uterine activity unrelated to tachysystole. It provides guidelines for the diagnosis and management of abnormal labor patterns and explains the link between excessive uterine activity and fetal acidemia, with evidence-based tips for managing uterine activity in clinical practice. Oxytocin augmentation and induction issues are also addressed.


Chapter 5 introduces the clinician to the three elements of clinical practice in fetal monitoring: definitions, interpretation, and management. NICHD definitions are reviewed, and underlying physiology and clinical significance are discussed. Illustrations provide assistance to the clinician to recognize the various definitions, while explaining the NICHD categories. In addition to exploring the supporting evidence for each principle, the chapter examines the principles of standardized interpretation for the intrapartum setting.


Chapter 6 provides a well-defined systematic approach to the management of fetal heart rate tracings based on principles of fetal oxygenation. This comprehensive model uses NICHD fetal heart rate categories (derived from the essential components of an FHR tracing: baseline rate, variability, accelerations, presence or absence of decelerations) and a structured approach to management based on the oxygen pathway and evidence-based corrective measures for hypoxemia. It elucidates the primary objective of intrapartum FHR monitoring: to prevent fetal injury that might result from the progression of hypoxemia to metabolic acidemia during the intrapartum period.


Chapter 7 reviews the relationship between gestational age and the development of fetal heart rate characteristics. Both pre- and post-term changes in fetal heart rate characteristics are discussed, along with implications for both antepartum and intrapartum management. The chapter includes both an explanation of the effect of a variety of tocolytics on fetal heart rate, and also examines the effect of behavioral states.


Chapter 8 explores fetal assessment in the non-obstetric setting and focuses on the importance of collaboration when pregnant women present in the emergency department or require surgery or intensive care. Key points for patients undergoing surgery at gestations over 24 weeks are reviewed, and obstetric triage is discussed, including the impact of the Emergency Medical Transport and Labor Act (EMTALA).


Chapter 9 presents the state of the science on antepartum testing, including the nonstress test, the contraction stress test, vibroacoustic stimulation, ultrasound, and the biophysical profile. It offers updated information regarding indication, frequency, and type of antepartum test based on the results of the most recent NICHD panel convened on the topic.


Chapter 10 focuses on patient safety, risk management, and documentation. Common causes of error and principles of risk management are reviewed, and safety as an overriding concern in the clinical setting is introduced. The chapter explains the differentiation among assessment, communication, and documentation issues and addresses the legal implications related to electronic fetal monitoring, using both a case study and excerpts of actual deposition testimony related to documentation. Specific documentation issues related to the NICHD nomenclature, such as the use of summary terms and the quantification of decelerations are addressed, as is the frequency and timing of documentation.


Chapter 11 is new to this edition and provides a glimpse of fetal heart rate monitoring in select European countries, where paper speed is frequently 1cm/minute versus the typical 3cm/minute seen in the United States. Variations in obstetric care models and sample illustrations of a variety of fetal monitor tracings from our European colleagues are provided for review.


Also new to this edition is Appendix B, which includes sample fetal monitoring tracings. Clinicians can use the tracings to practice application of the NICHD definitions, as well as the principles of standardized interpretation, and an answer key allows clinicians to evaluate their skills.


Mosby’s Pocket Guide to Fetal Monitoring: A Multidisciplinary Approach continues to be written by clinicians, for clinicians. Nurses, nurse-midwives, medical students, physicians, resident physicians, clinical specialists, educators, and risk management and medical-legal professionals will be able to gain a clear understanding of the exceptional value of fetal monitoring in clinical practice, while recognizing its limitations. Whether new to obstetrics or a seasoned veteran, the reader will find that the book provides a sound, systematic, and evidence-based approach that promotes safety and collaboration, all in a portable and practical design for daily clinical practice.
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CHAPTER 1 A brief history of fetal monitoring


Electronic fetal monitoring (EFM) is now more than fifty years old and its routine use continues to be a controversial topic in obstetrics. Of the approximately 4 million women giving birth each year in the United States, a majority have continuous electronic fetal monitoring (EFM) during labor.28 Yet research has been unable to definitively show that intrapartum fetal heart rate (FHR) monitoring leads to a significant reduction in neonatal neurologic morbidity.33 Furthermore, early randomized trials and meta-analyses have shown that women who have continuous EFM during labor have higher cesarean section rates than women who do not have continuous EFM.1 Advances in standardization and research approaches being used today may help resolve many of the controversies related to fetal monitoring, and clinicians should recognize that fifty years is a relatively short period of time historically. While the final chapter on EFM is likely yet to be written, a brief review of its history along with an appraisal of the future is warranted.






Historical overview


Fetal heart tones were first heard in the seventeenth century. Jean Alexandre Le Jumeau, Vicomte de Kergaradec, used a stethoscope hoping to hear the noise of the water in the uterus and identified the noise he heard as the fetal heart rate. Le Jumeau was the first person to speculate in print about potential clinical uses for fetal heart rate auscultation.35


Early clinical use of determining the presence or absence of fetal heart sounds included confirmation of pregnancy, identification of twin gestation, and justification for a postmortem cesarean section. In 1833 William Kennedy, a British obstetrician, published a description of “fetal distress” by describing what would later be identified as a late deceleration. Kennedy correctly associated late decelerations with poor prognoses, and he made the link between fetal head compression and decrease in fetal heart rate.22 Other discoveries from early use of fetal heart rate assessment via intermittent auscultation included identification of fetal tachycardia in response to maternal fever, fetal heart rate decelerations following excessive uterine activity, and accelerations accompanying fetal movement (Figure 1-1).35





[image: image]

FIGURE 1-1 Early obstetric trumpet stethoscope.
 (Courtesy Wellcome Library, London.)





In 1917 the head stethoscope, or DeLee-Hillis fetoscope, was first reported in the literature.17 During the 1950s physicians, including Edward Hon18-20in the United States, Caldeyro-Barcia8 in Uruguay, and Hammacher14 in Germany, developed electronic devices that were able to continuously measure and record the fetal heart rate and uterine activity. The simultaneous measurement of fetal heart rate and uterine activity came to be called electronic fetal monitoring or cardiotocography. This new technologic capability permitted systematic study of the relationships between recorded fetal heart rate patterns and fetal physiology.19,20,23 Investigators throughout the world made similar observations of fetal heart rate characteristics but developed different terms and definitions (Figure 1-2).





[image: image]

FIGURE 1-2 Apparatus for studying uterine contractions during childbirth.
 (Courtesy Wellcome Library, London.)












Randomized trials of electronic fetal monitoring


In the 1960s observational studies demonstrated a decrease in intrapartum stillbirth rates in settings that adopted continuous electronic fetal monitoring.11,31,40 These findings fueled widespread adoption of the technology into clinical practice. Although electronic fetal monitoring was originally intended for use in high-risk laboring women, it was rapidly incorporated into the management of low-risk laboring women as well.


In the 1970s and 1980s several randomized clinical trials* were conducted comparing continuous electronic fetal monitoring with intermittent auscultation using a Pinard stethoscope or a hand-held Doppler device. Continuous electronic fetal monitoring was not associated with a decrease in low Apgar scores or perinatal mortality. However, there was an increase in the incidence of cesarean section in women who had continuous electronic fetal monitoring. Despite these findings, use of continuous electronic fetal monitoring did not decrease, and by the 1990s had become nearly ubiquitous.


Meta-analyses have reviewed the results of trials comparing continuous intrapartum electronic fetal monitoring to intermittent auscultation.1,36,37 These studies included over 37,000 women. Compared to intermittent auscultation, continuous electronic fetal monitoring showed no significant difference in overall perinatal death, but was associated with a significant reduction in neonatal seizures. No significant difference was detected in the incidence of cerebral palsy. However, there was a significant increase in cesarean sections associated with continuous electronic fetal monitoring. Interestingly, none of the randomized trials published after 1980 demonstrated a statistically significant increase in the rate of cesarean section in electronically monitored patients. More importantly, the majority of newborns in the cohort who later developed cerebral palsy were not in the group of fetuses who had fetal heart rate tracings that were considered “ominous.”13









Research at the end of the twentieth century


What went wrong? Several things. Although the randomized controlled trials (RCTs) followed the usual guidelines for inclusion and exclusion of subjects and used recommended methods for the study protocols, the definitions of fetal heart rate patterns reflecting “fetal distress” varied among the different studies.25,30,39 In addition, many of the studies were conducted before the importance of fetal heart rate variability, a critical parameter, was recognized. The outcome measures (Apgar scores, perinatal mortality, cerebral palsy) were non-specific indicators of intrapartum asphyxia. Finally, the small sample size of published reports is an ongoing issue. It has been noted that over 50,000 women would need to be randomized to show a difference in mortality1; the numbers that would be needed to show a reduction in neonatal encephalopathy related solely to intrapartum events are so high that RCTs become implausible.9 As a result, the conclusions of these studies remain open to alternative interpretations.32,38 Clinicians may need to consider basing decisions regarding the use of continuous EFM on multiple factors, including forthright discussions of risks versus benefits with various patient populations.


In 1996 the National Institute of Child Health and Human Development (NICHD) Task Force met and made recommendations29 for three important aspects of fetal heart rate monitoring for both research and clinical practice: (1) the task force developed standard definitions for fetal heart rate patterns; (2) they described the fetal heart rate pattern (normal baseline rate, moderate variability, presence of accelerations, and absence of decelerations) that consistently reflects an absence of asphyxia; and (3) they described fetal heart rate patterns (recurrent late or variable decelerations or substantial bradycardia with absent variability) that are “predictive of current or impending asphyxia.”









Fetal monitoring in the twenty-first century


In 2003, the Task Force on Neonatal Encephalopathy and Cerebral Palsy4 was convened by ACOG to review the world literature regarding the relationship between fetal heart rate patterns in labor and neonatal outcomes. The task force reviewed the literature on Apgar scores, neonatal encephalopathy and cerebral palsy, neonatal seizures, and umbilical cord gases. The task force identified clinical criteria necessary to define an acute intrapartum hypoxic event as sufficient to cause cerebral palsy. The report is discussed in detail in Chapter 2.


Since publication in 1997, the NICHD definitions have been increasingly used in research investigating the relationship between fetal heart rate patterns and fetal acidemia, and in 2008 a new NICHD panel on fetal monitoring was convened. The 2008 panel confirmed and provided clarification of the definitions published in 1997, and provided a three-tiered categorization of FHR tracings to replace the traditionally used terms “reassuring” and “nonreassuring.” The panel also reviewed uterine activity and provided guidance for evaluation of uterine activity as well as definitions for summary terms. Finally, the 2008 NICHD workshop report provided important information regarding consensus on the validity of the negative predictive value of both moderate variability and/or FHR accelerations in relation to fetal metabolic acidemia.27 Since the report, many healthcare systems have implemented multidisciplinary education and training related to the standardized NICHD definitions. Currently, standardized terminology is endorsed for daily clinical use by the American College of Obstetricians and Gynecologists3 (ACOG), the Association of Women’s Health, Obstetric, and Neonatal Nurses6 (AWHONN), and the American College of Nurse-Midwives2 (ACNM). Yet despite the use of standardized terminology, fetal heart rate monitoring continues to be an imprecise measure of fetal acidemia, and abnormal fetal heart rate patterns are relatively inaccurate predictors of poor newborn outcome.33


In an effort to find a more direct measure of fetal oxygenation to serve as an adjunct to electronic fetal monitoring in the assessment of fetal acid/base balance, fetal pulse oximetry made a short-lived appearance on the clinical scene. The first randomized trial of fetal pulse oximetry demonstrated a reduction in the number of cesarean sections performed for “nonreassuring” fetal heart rate patterns but no overall reduction in cesarean sections.12 At the time of this writing, fetal pulse oximetry has been a useful tool for research but is no longer available for use in clinical practice.


Computer analysis of the fetal electrocardiogram ST segment (STAN® Neoventa Medical, Göteborg, Sweden) is being used as an adjunct to electronic fetal monitoring for pregnancies that are 36 weeks of gestation or greater.5 ST wave-form analysis requires a specialized internal scalp electrode and monitor. The technology is based on evaluation of the ST segment and the T/QRS ratio of the fetal electrocardiogram complex, which are influenced by myocardial hypoxia. The goal of the technology is to prevent development of significant metabolic acidemia in the fetus by providing clinicians with an early warning of changes indicative of impending metabolic acidemia, thereby promoting timely intervention. STAN® technology is discussed further in Chapters 3 and 6, and at the time of this writing there is a large, multicenter trial of ST analysis in progress in the United States, with results expected in 2013.7 The future holds great promise for other research as well. Recent research by Chen and colleagues9 using the 2004 birth cohort data set from the National Center for Health Statistics provides support for the ongoing use of EFM. The study evaluated the use of EFM in singleton pregnancies between 24-44 weeks of gestation and concluded that while use of EFM does increase operative delivery, it decreases early neonatal and infant mortality, with the greatest effect seen in preterm gestations.









Summary


What began in 1822 with a stethoscope has evolved into a frequently used, and perhaps at times misunderstood, technology. Today’s clinicians need collaborative strategies for best practices in fetal assessment and monitoring. Clinicians must recognize the features of the electronic fetal monitoring tracing that provide information regarding the absence of fetal metabolic acidemia, as demonstrated by the presence of accelerations and/or moderate variability, and must respond appropriately when those signs are absent. While it is clear that more research is needed on electronic fetal monitoring reliability (observer agreement), validity (association with neonatal outcomes), and efficacy (preventive interventions that work), the overall evidence suggests that extreme positions on EFM (either universal use or universal abandonment) are unwarranted. A middle path that encompasses appropriate patient selection, informed consent, and a clinical recognition of the limits of the technology is perhaps the most reasonable course for EFM in the near future. Women want and are entitled to complete information regarding fetal monitoring via auscultation as well as by electronic means.10 Standardization of terminology, multidisciplinary education regarding fetal heart rate interpretation and underlying physiology, and management based on collaboration and teamwork remain the best approach to safe passage for mother and child, regardless of the technology employed.
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CHAPTER 2 Physiologic basis for electronic fetal heart rate monitoring


The objective of intrapartum fetal heart rate (FHR) monitoring is to prevent fetal injury that might result from interruption of normal fetal oxygenation during labor. The underlying assumption is that interruption of fetal oxygenation leads to characteristic physiologic changes that can be detected by changes in the FHR. Understanding the physiologic basis for electronic FHR monitoring requires a realistic appraisal of this basic assumption. The role of intrapartum FHR monitoring in assessing the fetal physiologic changes caused by interrupted oxygenation can be summarized as follows:



1. Fetal oxygenation consists of two basic elements:

    [image: image] Transfer of oxygen from the environment to the fetus


    [image: image] The fetal response to interruption of oxygen transfer






2. Certain FHR patterns provide reliable information regarding both the basic elements of fetal oxygenation


This chapter reviews the physiology underlying fetal oxygenation, including transfer of oxygen from the environment to the fetus and the fetal response to interruption of oxygen transfer (Figure 2-1). Chapters 5 and 6 explore the relationship between fetal oxygenation and electronic FHR patterns.





[image: image]

FIGURE 2-1 Physiology of fetal oxygenation. (Courtesy David A. Miller, MD.)








Transfer of oxygen from the environment to the fetus


Oxygen is carried from the environment to the fetus by maternal and fetal blood along a pathway that includes the maternal lungs, heart, vasculature, uterus, placenta, and umbilical cord. The oxygen pathway from the environment to the fetus, illustrated in Figure 2-1, is a central concept in FHR monitoring. Interruption of oxygen transfer can occur at any or all of the points along the oxygen pathway. Therefore, it is essential to understand the physiology and pathophysiology involved in each step.






External environment


Oxygen comprises approximately 21% of inspired air. Therefore, in inspired air, the partial pressure exerted by oxygen gas (PO2) is approximately 21% of total atmospheric pressure (760 mmHg) minus the pressure exerted by water vapor (47 mmHg). At sea level, this translates to approximately 150 mmHg. As oxygen is transferred from the environment to the fetus, the partial pressure declines. By the time oxygen reaches fetal umbilical venous blood, the partial pressure is as low as 30 mmHg. After oxygen is delivered to fetal tissues, the PO2 of deoxygenated blood in the umbilical arteries returning to the placenta is approximately 15-25 mmHg.4,6-9 The sequential transfer of oxygen from the environment to the fetus and potential causes of interruption at each step are described below.









Maternal lungs


Inspiration carries oxygenated air from the external environment to the distal air sacs of the lung, the alveoli. On the way to the alveoli, inspired air mixes with less-oxygenated air leaving the lungs. As a result, the PO2 of air within the alveoli is lower than that in inspired air. At sea level, alveolar PO2 is approximately 105 mmHg. From the alveoli, oxygen diffuses across a thin blood-gas barrier into the pulmonary capillary blood. The pulmonary blood-gas barrier consists of three layers: a single-cell layer of alveolar epithelium, a layer of extracellular collagen matrix (interstitium) and a single-cell layer of pulmonary capillary endothelium.


Interruption of oxygen transfer from the environment to the alveoli can result from airway obstruction or depression of central respiratory control caused by narcotics, magnesium or convulsions. Interruption of oxygen transfer from the alveoli to the pulmonary capillary blood can be caused by a number of factors including ventilation-perfusion mismatch and diffusion defects due to conditions such as pulmonary embolus, pneumonia, asthma, atelectasis, or adult respiratory distress syndrome.









Maternal blood


After diffusing from the pulmonary alveoli into maternal blood, more than 98% of oxygen combines with hemoglobin in maternal red blood cells. Approximately 1%-2% remains dissolved in the blood and is measured by the partial pressure of oxygen in arterial blood (PaO2). The amount of oxygen bound to hemoglobin depends directly upon the PaO2. Hemoglobin saturations at various PaO2 levels are illustrated by the oxyhemoglobin dissociation curve (Figure 2-2). A normal adult PaO2 value of 95-100 mmHg results in hemoglobin saturation of approximately 95%-98%, indicating that hemoglobin is carrying 95%-98% of the total amount of oxygen it is capable of carrying. A number of factors affect the affinity of hemoglobin for oxygen and can shift the oxyhemoglobin dissociation curve to the left or right. In general, the tendency for hemoglobin to release oxygen is increased by factors that signal an increased requirement for oxygen. Specifically, oxygen release is enhanced by factors that indicate active cellular metabolism. These factors shift the oxyhemoglobin saturation curve to the right and include by-products of anaerobic metabolism (reflected by increased 2,3-DPG concentration), production of lactic acid (reflected by decreased pH), and heat.





[image: image]

FIGURE 2-2 Fetal oxygen dissociation curve. The tendency for hemoglobin to release oxygen is increased by factors that signal an increased requirement for oxygen. Specifically, oxygen release is enhanced by factors that indicate active cellular metabolism. These factors shift the oxyhemoglobin saturation curve to the right and include anaerobic glycolysis (reflected by increased 2, 3-DPG concentration), production of hydrogen ions (reflected by decreased pH), and heat. (Courtesy David A. Miller, MD.)




Interruption of oxygen transfer from the environment to the fetus due to abnormal maternal oxygen-carrying capacity can result from severe anemia or from hereditary or acquired abnormalities affecting oxygen binding, such as hemoglobinopathies or methemoglobinemia. In an obstetric population, reduced maternal oxygen-carrying capacity rarely interferes with fetal oxygenation. Maternal hemoglobin saturation can be estimated non-invasively by transmission pulse oximetry (SpO2). In recent years, investigators studying the efficacy of fetal oxygen saturation (FSpO2) monitoring have provided valuable insights into fetal physiology (Chapter 6).









Maternal heart


From the lungs, pulmonary veins carry oxygenated blood to the maternal heart. Blood enters the left atrium with a PaO2 of approximately 95 mmHg. Oxygenated blood passes from the left atrium, through the mitral valve into the left ventricle and out the aorta for systemic distribution. Normal transfer of oxygen from the environment to the fetus is dependent upon normal cardiac function, reflected by cardiac output. Cardiac output is the product of heart rate and stroke volume.


Heart rate is determined by intrinsic cardiac pacemakers (SA node, AV node), the cardiac conduction system, autonomic regulation (sympathetic, parasympathetic), humoral factors (catecholamines), extrinsic factors (medications), and local factors (calcium, potassium). Stroke volume is determined by preload, contractility, and afterload. Preload is the amount of stretch on myocardial fibers at the end of diastole when the ventricles are full of blood. It is determined by the volume of venous blood returning to the heart. Contractility is the force and speed with which myocardial fibers shorten during systole to expel blood from the heart. Afterload is the pressure that opposes the shortening of myocardial fibers during systole and is estimated by the systemic vascular resistance or systemic blood pressure.


Interruption of oxygen transfer from the environment to the fetus at the level of the maternal heart can be caused by any condition that reduces cardiac output, including:



[image: image] altered heart rate (arrhythmia),



[image: image] reduced preload (hypovolemia, compression of the inferior vena cava),



[image: image] impaired contractility (ischemic heart disease, diabetes, cardiomyopathy, congestive heart failure),



[image: image] increased afterload (hypertension),



[image: image] structural abnormalities of the heart and/or great vessels that impede the ability to pump blood (valvular stenosis, valvular insufficiency, pulmonary hypertension, coarctation of the aorta).


In a healthy obstetric patient, the most common cause of reduced cardiac output is reduced preload resulting from hypovolemia or compression of the inferior vena cava by the gravid uterus.









Maternal vasculature


Oxygenated blood leaving the heart is carried by the systemic vasculature to the uterus. The path includes the aorta, common iliac artery, internal iliac (hypogastric) artery, anterior division of the internal iliac artery, and the uterine artery. From the uterine artery, oxygenated blood travels through the arcuate arteries, the radial arteries, and finally the spiral arteries before exiting the maternal vasculature and entering the intervillous space of the placenta.


Interruption of oxygen transfer from the environment to the fetus at the level of the maternal vasculature commonly results from hypotension caused by regional anesthesia, hypovolemia, impaired venous return, impaired cardiac output, or medications. Alternatively, it may result from vasoconstriction of distal arterioles in response to endogenous vasoconstrictors or medications. Conditions associated with chronic vasculopathy, such as chronic hypertension, long-standing diabetes, collagen vascular disease, thyroid disease, and renal disease may result in chronic suboptimal transfer of oxygen and nutrients to the fetus at the level of the maternal vasculature. Preeclampsia is associated with abnormal vascular remodeling at the level of the spiral arteries and can impede perfusion of the intervillous space. Acute vascular injury (trauma, aortic dissection) is rare.


In a healthy obstetric patient, the most common cause of interrupted oxygen transfer at the level of the maternal vasculature is transient hypotension. Chronic vascular conditions can exacerbate this interruption and should be considered in the course of thorough evaluation.









Uterus


Between the maternal uterine arteries and the intervillous space of the placenta, the arcuate, radial, and spiral arteries traverse the muscular wall of the uterus. Interruption of oxygen transfer from the environment to the fetus at the level of the uterus commonly results from uterine contractions that compress intramural blood vessels and impede the flow of blood. Uterine contractions and uterine injury (rupture, trauma) are the most common causes of interruption of fetal oxygenation at this level. Uterine activity is discussed in Chapter 4.









Placenta


The placenta facilitates the exchange of gases, nutrients, wastes, and other molecules (for example: antibodies, hormones, medications) between maternal blood in the intervillous space and fetal blood in the villus capillaries. On the maternal side of the placenta, oxygenated blood exits the spiral arteries and enters the intervillous space to surround and bathe the chorionic villi. On the fetal side of the placenta, paired umbilical arteries carry blood from the fetus through the umbilical cord to the placenta (Figure 2-3). At term, the umbilical arteries receive 40% of fetal cardiac output. Upon reaching the placental cord insertion site, the umbilical arteries divide into multiple branches and fan out across the surface of the placenta. At each cotyledon, placental arteries dive beneath the surface en route to the chorionic villi (Figure 2-4). The chorionic villi are microscopic branches of trophoblast that protrude into the intervillous space. Each villus is perfused by a fetal capillary bed that represents the terminal distribution of an umbilical artery. At term, fetal villus capillary blood is separated from maternal blood in the intervillous space by a thin blood-blood barrier similar to the blood-gas barrier in the maternal lung. The placental blood-blood barrier is comprised of a layer of placental trophoblast and a layer of fetal capillary endothelium with intervening basement membranes and villous stroma. Substances are exchanged between maternal and fetal blood by a number of mechanisms, including simple diffusion, facilitated diffusion, active transport, bulk flow, pinocytosis, and leakage. These mechanisms are summarized in Table 2-1. Oxygen is transferred from the intervillous space to the fetal blood by a complex process that depends upon the PaO2 of maternal blood perfusing the intervillous space, maternal blood flow within the intervillous space, chorionic villus surface area and diffusion across the placental blood-blood barrier.





[image: image]

FIGURE 2-3 Fetal circulation. Oxygenated and nutrient-rich blood is carried to the fetus by the umbilical vein to the fetal heart. Oxygen-poor and waste product-rich blood circulates back to the placenta via the umbilical arteries. Three anatomic shunts (the ductus venosus, the foramen ovale, and the ductus arteriosus) permit fetal blood to bypass the liver and the lungs. (From Bloom RS: Delivery room resuscitation of the newborn. In Martin RJ, Fanaroff AA, Walsh MC, editors: Fanaroff and Martin’s neonatal-perinatal medicine: Diseases of the fetus and infant, ed 8, Philadelphia, 2006, Mosby.)
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FIGURE 2-4 Schema of placenta. As maternal blood enters the intervillous space, it spurts from the uterine spiral arterioles and spreads laterally through the space. White vessels carry oxygenated blood. Gray vessels carry oxygen-poor blood.




TABLE 2-1 Mechanisms of Exchange Between Fetal and Maternal Blood






	Mechanism

	Description

	Substances






	Simple diffusion

	Passage of substances from a region of higher concentration to one of lower concentration along a concentration gradient that is passive and does not require energy

	


Oxygen



Carbon dioxide



Small ions (sodium chloride)



Lipids



Fat-soluble vitamins



Many drugs









	Facilitated diffusion

	Passage of substances along a concentration gradient with the assistance of a carrier molecule involved

	


Glucose



Carbohydrates









	Active transport

	Passage of substances against a concentration gradient; carrier molecules and energy are required

	


Amino acids



Water-soluble vitamins



Large ions









	Bulk flow

	Transfer of substances by a hydrostatic or osmotic gradient

	


Water



Dissolved electrolytes









	Pinocytosis

	Transfer of minute, engulfed particles across a cell membrane

	


Immune globulins



Serum proteins









	Breaks and leakage

	Small breaks in the placental membrane allowing passage of plasma and substances

	Maternal or fetal blood cells (potentially resulting in isoimmunization)











Intervillous space PaO2



As described previously, oxygenated maternal blood leaves the maternal heart with a PaO2 of approximately 95 mmHg. There are no capillary beds between the maternal heart and the spiral arteries. Therefore, the oxygenated maternal blood exiting the spiral arteries and entering the intervillous space has a PaO2 of approximately 95 mmHg. Oxygen is released from maternal hemoglobin and diffuses across the placental blood-blood barrier into fetal blood where it combines with fetal hemoglobin. As a result, maternal blood in the intervillous space becomes relatively oxygen-depleted and exits the intervillous space via uterine veins with a PaO2 of approximately 40 mmHg (Figure 2-5). Therefore, the average PaO2 of maternal blood in the intervillous space is between the PaO2 of blood entering the intervillous space (95 mmHg) and the PaO2 of blood exiting the intervillous space (40 mmHg). The average intervillous space PaO2 is approximately 45 mmHg. Interruption of fetal oxygenation can result from conditions that reduce the PaO2 of maternal blood entering the intervillous space. These conditions have been discussed previously.





[image: image]

FIGURE 2-5 Approximate maternal and fetal blood gas values.











Intervillous space blood flow


At term, uterine perfusion accounts for 10%-15% of maternal cardiac output, or approximately 700 to 800 cc per minute. Most of this blood is located in the intervillous space of the placenta surrounding the chorionic villi. Conditions that can reduce the volume of the intervillous space include collapse or destruction of the intervillous space due to placental abruption, infarction, thrombosis or infection.









Chorionic villus surface area


Optimal oxygen exchange requires normal chorionic villous surface area. Normal transfer of oxygen from the environment to the fetus at the level of the placenta can be interrupted by conditions that limit or reduce the chorionic villous surface area available for gas exchange. These conditions can be acute or chronic and include primary abnormalities in the development of the villous vascular tree or secondary destruction of normal chorionic villi by infarction, thrombosis, hemorrhage, inflammation, or infection.









Diffusion across the blood-blood barrier


Diffusion of a substance across the placental blood-blood barrier is dependent upon concentration gradient, molecular weight, lipid solubility, protein-binding, and ionization. In addition, diffusion rate is inversely proportional to diffusion distance. At term, the placental blood-blood barrier is very thin and the diffusion distance is short. Under normal circumstances, oxygen and carbon dioxide diffuse readily across this thin barrier. However, normal diffusion can be impeded by conditions that increase the distance between maternal and fetal blood. These conditions can be acute, subacute, or chronic, and include villous hemorrhage, inflammation, thrombosis, infarction, edema, fibrosis, and excessive cellular proliferation (syncytial knots).2,3,8









Interruption of placental blood vessels


Fetal blood loss caused by injury to blood vessels at the level of the placenta warrants brief consideration. Damaged chorionic vessels can allow fetal blood to leak into the intervillous space, leading to fetal-maternal hemorrhage. This may be a consequence of abdominal trauma, but can occur in association with placental abruption or invasive procedures. A specific cause is not always identified. Ruptured vasa previa is a rare cause of fetal hemorrhage. Vasa previa is a placental vessel traversing the chorioamniotic membrane in close proximity to the cervical os. Such a vessel may be damaged by normal cervical change during labor or injured inadvertently during membrane rupture or digital exam.









Summary of placental causes of interrupted oxygenation


Many conditions can interfere with the transfer of oxygen across the placenta. Those involving the microvasculature frequently are diagnosed by histopathologic examination after delivery. Clinically detectable causes, such as placental abruption, bleeding placenta previa or vasa previa should be considered but may not be amenable to conservative corrective measures.












Fetal blood


After oxygen has diffused from the intervillous space across the placental blood-blood barrier and into fetal blood, the PaO2 is in the range of 30 mmHg and fetal hemoglobin saturation is between 50% and 70%. Although fetal PaO2 and hemoglobin saturation are low in comparison to adult values, adequate delivery of oxygen to the fetal tissues is maintained by a number of compensatory mechanisms. For example, fetal cardiac output per unit weight is greater than that of the adult. Hemoglobin concentration and affinity for oxygen are greater in the fetus as well, resulting in increased oxygen-carrying capacity. Finally, oxygenated blood is directed preferentially toward vital organs by way of anatomic shunts at the level of the ductus venosus, foramen ovale, and ductus arteriosus.


Conditions that can interrupt the transfer of oxygen from the environment to the fetus at the level of the fetal blood are rare, but may include fetal anemia (alloimmunization, infections, fetomaternal hemorrhage, vasa previa) and conditions that reduce oxygen-carrying capacity (Bart’s hemoglobinopathy, methemoglobinemia).









Umbilical cord


After oxygen combines with fetal hemoglobin in the villous capillaries, oxygenated blood returns to the fetus by way of villous veins that coalesce to form placental veins on the surface of the placenta. Placental surface veins unite to form a single umbilical vein within the umbilical cord.


Interruption of the transfer of oxygen from the environment to the fetus at the level of the umbilical cord can result from simple mechanical compression. Other uncommon causes may include vasospasm, thrombosis, atherosis, hypertrophy, hemorrhage, inflammation, or a “true knot.”


From the environment to the fetus, maternal and fetal blood carry oxygen along the oxygen pathway illustrated in Figure 2-1. Common causes of interrupted oxygen transfer at each step along the pathway are summarized in Table 2-2. In the interest of simplicity, the above discussion was limited to one gas, oxygen. It is critical to note that gas exchange also involves the transfer of carbon dioxide in the opposite direction—from the fetus to the environment. Any condition that interrupts the transfer of oxygen from the environment to the fetus has the potential to interrupt the transfer of carbon dioxide from the fetus to the environment. However, carbon dioxide diffuses across the placental blood-blood barrier more rapidly than does oxygen. Therefore, any interruption of the pathway is likely to impact oxygen transfer to a greater extent than carbon dioxide transfer.


TABLE 2-2 Some Causes of Interrupted Transfer of Oxygen from the Environment to the Fetus






	Oxygen Pathway

	Causes of Interrupted Oxygen Transfer






	Lungs

	


Respiratory depression (narcotics, magnesium)



Seizure (eclampsia)



Pulmonary embolus



Pulmonary edema



Pneumonia/ARDS



Asthma



Atelectasis



Rarely pulmonary hypertension



Rarely chronic lung disease









	Heart

	


Reduced cardiac output



Hypovolemia



Compression of the inferior vena cava



Regional anesthesia (sympathetic blockade)



Cardiac arrythmia



Rarely congestive heart failure



Rarely structural cardiac disease









	Vasculature

	


Hypotension



Hypovolemia



Compression of the inferior vena cava



Regional anesthesia (sympathetic blockade)



Medications (hydralazine, labetalol, nifedipine)



Vasculopathy (chronic hypertension, SLE, preeclampsia)



Vasoconstriction (cocaine, methylergonovine)









	Uterus

	


Excessive uterine activity



Uterine stimulants (prostaglandins, oxytocin)



Uterine rupture









	Placenta

	


Placental abruption



Rarely vasa previa



Rarely fetal-maternal hemorrhage



Placental infarction, infection (usually confirmed retrospectively)









	Umbilical cord

	


Cord compression



Cord prolapse



“True knot”










ARDS, adult respiratory distress syndrome; SLE, systemic lupus erythematosus


As summarized previously, oxygen transfer from the environment to the fetus represents the first basic component of fetal oxygenation. The second basic component of fetal oxygenation involves the fetal physiologic response to interrupted oxygen transfer.












Fetal response to interrupted oxygen transfer


Depending upon frequency and duration, interruption of oxygen transfer at any point along the oxygen pathway may result in progressive deterioration of fetal oxygenation. The cascade begins with hypoxemia, defined as decreased oxygen content in the blood. At term, hypoxemia is characterized by an umbilical artery PaO2 below the normal range of 15-25 mmHg. Recurrent or sustained hypoxemia can lead to decreased delivery of oxygen to the tissues and reduced tissue oxygen content, termed hypoxia. Normal homeostasis requires an adequate supply of oxygen and fuel in order to generate the energy required by basic cellular activities. When oxygen is readily available, aerobic metabolism efficiently generates energy in the form of ATP. By-products of aerobic metabolism include carbon dioxide and water. When oxygen is in short supply, tissues may be forced to convert from aerobic to anaerobic metabolism, generating energy less efficiently and resulting in the production of lactic acid. Accumulation of lactic acid in the tissues results in metabolic acidosis. Lactic acid accumulation can lead to utilization of buffer bases (primarily bicarbonate) to help stabilize tissue pH. If the buffering capacity is exceeded, the blood pH may begin to fall, leading to metabolic acidemia. Eventually, recurrent or sustained tissue hypoxia and acidosis can lead to loss of peripheral vascular smooth muscle contraction, reduced peripheral vascular resistance, and hypotension leading to potential hypoxic-ischemic injury to many tissues including the brain and heart.


Acidemia is defined as increased hydrogen ion content (decreased pH) in the blood. With respect to fetal physiology, it is critical to distinguish between respiratory acidemia, caused by accumulation of CO2, and metabolic acidemia, caused by accumulation of fixed (lactic) acid. These distinct categories of acidemia have entirely different clinical implications and will be discussed later in this chapter.






Mechanisms of injury


If interrupted oxygen transfer progresses to the stage of metabolic acidemia and hypotension, as described above, multiple organs and systems (including the brain and heart) can suffer hypoperfusion, reduced oxygenation, lowered pH, and reduced delivery of fuel for metabolism. These changes can trigger a cascade of cellular events including altered enzyme function, protease activation, ion shifts, altered water regulation, disrupted neurotransmitter metabolism, free radical production, and phospholipid degradation. Disruption of normal cellular metabolism can to lead to cellular dysfunction, tissue dysfunction, and even death.









Injury threshold


The relationship between fetal oxygen deprivation and neurologic injury is complex. Electronic FHR monitoring was introduced with the expectation that it would reduce the incidence of neurologic injury (specifically cerebral palsy) caused by intrapartum interruption of fetal oxygenation. In recent years, it has become apparent that most cases of cerebral palsy are unrelated to intrapartum events and therefore cannot be prevented by intrapartum FHR monitoring. Nevertheless, some cases of cerebral palsy may be related to intrapartum events and continue to generate controversy.


In 1999, the International Cerebral Palsy Task Force published a consensus statement identifying specific criteria that must be met in order to establish intrapartum interruption of fetal oxygenation as a possible cause of cerebral palsy.5 In January 2003, ACOG and the American Academy of Pediatrics (AAP) Cerebral Palsy Task Force published a monograph entitled “Neonatal Encephalopathy and Cerebral Palsy: Defining the Pathogenesis and Pathophysiology” summarizing the world literature regarding the relationship between intrapartum events and neurologic injury.1 Agencies and professional organizations that reviewed and endorsed the ACOG-AAP Cerebral Palsy Task Force report include the Centers for Disease Control and Prevention, the Child Neurology Society, the March of Dimes Birth Defects Foundation, the National Institute of Child Health and Human Development, the Royal Australian and New Zealand College of Obstetricians and Gynecologists, the Society for Maternal-Fetal Medicine, and the Society of Obstetricians and Gynaecologists of Canada. The consensus report established four essential criteria defining an acute intrapartum event sufficient to cause cerebral palsy (Box 2-1).





BOX 2-1 Essential Criteria that Define an Acute Intrapartum Event Sufficient to Cause Cerebral Palsy*






1. Umbilical cord arterial blood pH <7 and base deficit ≥12 mmol/L



2. Early onset of severe or moderate neonatal encephalopathy in infants born at 34 or more weeks of gestation



3. Cerebral palsy of the spastic quadriplegic or dyskinetic type



4. Exclusion of other identifiable etiologies such as trauma, coagulation disorders, infectious conditions, or genetic disorders


*Must meet all four.





The first criterion provides crucial information regarding the threshold of fetal injury in the setting of intrapartum interruption of fetal oxygenation. Specifically, it indicates that intrapartum interruption of fetal oxygenation does not result in neurologic injury in the form of cerebral palsy unless the fetal physiologic response progresses at least to the stage of significant metabolic acidemia (umbilical artery pH <7 and base deficit ≥12 mmol/L). It is important to note that fetal injury is uncommon even when metabolic acidemia is present. It is also important to understand that respiratory acidemia is not a recognized risk factor for fetal injury. This information has significant implications for the interpretation and management of intrapartum FHR patterns and will be reviewed in Chapter 6.


The second criterion highlights an equally important point. Specifically, intrapartum interruption of fetal oxygenation does not result in cerebral palsy unless it first causes moderate-severe neonatal encephalopathy. The report further clarified that neonatal encephalopathy has many possible causes. Hypoxic-ischemic encephalopathy resulting from intrapartum interruption of fetal oxygenation represents only a small subset of the larger category of neonatal encephalopathy.


The third criterion emphasizes that different subtypes of cerebral palsy have different clinical origins. Spastic quadriplegia is associated with injury to the parasagittal cerebral cortex and involves abnormal motor control of all four extremities. The dyskinetic subtype of cerebral palsy is associated with injury to the basal ganglia and involves disorganized, choreoathetoid movements. The report concluded that these are the only two subtypes of cerebral palsy that are associated with term hypoxic-ischemic injury. Specifically, spastic diplegia, hemiplegia, ataxia, and hemiparetic cerebral palsy are “unlikely to result from acute intrapartum hypoxia.” The report further concluded that other conditions, including epilepsy, mental retardation, and attention deficit hyperactivity disorder do not result from birth asphyxia in the absence of cerebral palsy.


The fourth criterion underscores the fact that intrapartum hypoxic-ischemic injury is a potential factor in only a small subset of all cases of cerebral palsy. Other identifiable etiologies include trauma, coagulation disorders, infectious conditions, or genetic disorders.


The Task Force authors identified five additional criteria that can help establish the timing of injury, emphasizing that these criteria are “nonspecific to asphyxial insults” (Box 2-2).





BOX 2-2 Criteria that Collectively Suggest Event Occurred Within 48 Hours of Birth






1. A sentinel hypoxic event immediately before or during labor



2. A sudden and sustained fetal bradycardia or the absence of FHR variability in the presence of persistent late or variable decelerations, usually after a hypoxic sentinel event when the pattern was previously normal



3. Apgar scores of 0–3 beyond 5 minutes



4. Onset of multisystem involvement within 72 hours of birth



5. Early imaging study showing evidence of acute nonfocal cerebral abnormality















Summary


The physiology of fetal oxygenation involves the sequential transfer of oxygen from the environment to the fetus and the subsequent fetal response to interruption of this pathway (Figure 2-1). Although interruption of oxygen transfer can occur at any point along the oxygen pathway, examples of causes that might be encountered in a typical obstetric population are summarized in Table 2-2. Recurrent or sustained interruption of oxygen transfer can lead to progressive deterioration of fetal oxygenation and eventually to potential fetal injury. However, the International Cerebral Palsy Task Force and the ACOG-AAP Cerebral Task Force each published consensus reports identifying significant metabolic acidemia (umbilical artery pH <7.0 and base deficit ≥12 mmol/L) as an essential prerequisite to intrapartum hypoxic neurologic injury in the form of cerebral palsy.1,5 With respect to the relationship between fetal oxygenation and potential injury, there is now consensus in the literature that interrupted oxygenation does not result in cerebral palsy unless the fetal response progresses at least to the stage of significant metabolic acidemia. As depicted in Box 2-3, the physiologic basis of FHR monitoring can be summarized in a few key concepts. Later chapters will expand on these concepts and apply them to standardized interpretation and management of FHR patterns.





BOX 2-3 Key Concepts of the Physiologic Basis of Intrapartum FHR Monitoring






1. The objective of intrapartum FHR monitoring is to assess fetal oxygenation during labor.



2. Fetal oxygenation involves the transfer of oxygen from the environment to the fetus along the oxygen pathway and the fetal physiologic response to interruption of the oxygen pathway.



3. Oxygen is transferred from the environment to the fetus by maternal and fetal blood along a pathway that includes the maternal lungs, heart, vasculature, uterus, placenta, and umbilical cord.



4. The fetal response to interrupted oxygen transfer involves the sequential progression from hypoxemia to hypoxia, metabolic acidosis, and metabolic acidemia.



5. Fetal injury due to interrupted oxygenation does not occur unless the fetal response progresses at least to the stage of significant metabolic acidemia (umbilical artery pH <7.0 and base deficit ≥12 mmol/L).
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