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Preface


We’re pleased to welcome you to the sixth edition of Obstetrics: Normal and Problem Pregnancies! Our book, first published in 1986, now enters its fourth decade. Today, medical information is available in so many different formats and from so many different sources. We are honored that you have turned to (or have returned to) Obstetrics: Normal and Problem Pregnancies as a companion in your important work. For many readers this textbook has served as a trusted resource through their years of practice. For newer readers who were introduced to our textbook during medical school or residency training, we hope that you too will find it a valuable companion as you develop your knowledge base and apply what you have learned to patient care.


As in our earlier editions, our book begins with chapters devoted to the basic science and physiology of normal and complicated pregnancies, followed by chapters describing how best to manage first normal and then high-risk patients. In each chapter, we have provided the latest information and used evidence-based studies to justify our recommendations. As you will see on the cover of our textbook and in the list of contributors, we no longer list three senior editors and four associate editors. Rather, we now have an integrated team of seven editors, representing not only a broad range of expertise but each region of our country and Europe.


We believe you will find this edition of our textbook to be the best ever! Our planning process for the sixth edition included surveys conducted of our readers in order that we could assess what you liked best, what topics needed to be expanded, and what we needed to change. Accordingly, we have added four new chapters: Developmental Origins of Adult Health and Disease, Nutritional Management During Pregnancy, Trauma and Related Surgery in Pregnancy, and Patient Safety and Quality Measurement in Obstetrical Care. These new chapters reflect important changes in our field and the way we care for our patients. Every chapter now includes bolded statements our authors have highlighted to emphasize what they want you to learn. These bolded statements, as well as the key points that conclude each chapter, should make review easier. We have also focused more on complementary tables and figures to facilitate learning. We have asked our authors to provide for the printed text a list of approximately 100 key references for you at the end of each chapter. By limiting the number of printed references, we have created more pages for new information in the textbook. As in the past, however, our textbook will be fully available online, where you will find a more extensive bibliography that you can turn to for further exploration of each topic. We have also placed the illustrations for Appendix II, Anatomy of the Pelvis, online for easy access. Appendix I, Normal Values in Pregnancy, has been updated and is available both in the printed textbook and online.


The sixth edition could not have been created without the dedication of our authors. This sixth edition again features the work of nine leaders in our specialty who have contributed to every edition: Drs. George J. Annas, D. Ware Branch, Sherman Elias, Timothy R. B. Johnson, Mark B. Landon, Adam A. Rosenberg, Philip Samuels, John W. Seeds, and Baha M. Sibai. We thank each of them! Joining this group of dedicated contributors are 26 new authors, and we thank them as well.


We have received outstanding support from our publisher, Elsevier, and the team of dedicated staff including Judy Fletcher, Melissa Dudlick, Lora Sickora, Stefanie Jewell-Thomas, Joy Moore, and Mike Ederer. Each of the editors wishes to recognize those members of our own team who have provided invaluable editorial and secretarial support, including Joan Lorenz, Beth Mastin, and Susan Dupont (Columbus, Ohio); Martha Altman and Jane Berg (Denver, Colorado); Nancy Schaapveld (Iowa City, Iowa); Elaine Singh (London, United Kingdom); Susan Dent and Esther Lopez (Miami, Florida); and Nancy Bernard (Philadelphia, Pennsylvania).


This sixth edition, like the first published in 1986, has been prepared by our editors, authors, and editorial staff to provide an in-depth understanding of obstetrics, of both normal and problem pregnancies, for the interdisciplinary teams caring for our patients and their families. We hope not only that our readers will find our book a valuable introduction to obstetrics as they begin their careers, but also that they will return to our textbook in the years ahead to review a subject or to share information with their own students and colleagues.




Steven G. Gabbe, MD







Jennifer R. Niebyl, MD







Joe Leigh Simpson, MD
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Henry L. Galan, MD







Eric R.M. Jauniaux, MD, PhD







Deborah A. Driscoll, MD
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The placenta is a remarkable organ. During a relatively short life span it undergoes rapid growth, differentiation, and maturation. At the same time it performs diverse functions, including the transport of gases and metabolites, immunologic protection, and the production of steroid and protein hormones. As the interface between the mother and her fetus, the placenta plays a key role in ensuring a successful pregnancy. In this chapter, we review the structure of the human placenta and relate this to the contrasting functional demands placed on the organ at different stages of gestation. Because many of the morphologic features are best understood through an understanding of the organ’s development, and because many complications of pregnancy arise through aberrations in this process, we approach the subject from this perspective. First, however, for the purposes of orientation and to introduce some basic terminology we provide a brief description of the macroscopic appearance of the delivered organ, with which readers are most likely to be familiar.






Overview of the Delivered Placenta


At term, the human placenta is usually a discoid organ, 15 to 20 cm in diameter, approximately 3 cm thick at the center, and weighing on average 500 g. These data show considerable individual variation and are also influenced strongly by the mode of delivery.1 Macroscopically, the organ consists of two surfaces or plates: the chorionic plate to which the umbilical cord is attached, and the basal plate that abuts the maternal endometrium. Between the two plates is a cavity that is filled with maternal blood, delivered from the endometrial spiral arteries through openings in the basal plate. This cavity is bounded at the margins of the disk by the fusion of the chorionic and basal plates, and the smooth chorion, or chorion laeve, extends from the rim to complete the chorionic sac. The placenta is incompletely divided into between 10 and 40 lobes by the presence of septae created by invaginations of the basal plate. The septae are thought to arise from differential resistance of the maternal tissues to trophoblast invasion, and may help to compartmentalize maternal blood flow through the organ. The fetal component of the placenta comprises a series of elaborately branched villous trees that arise from the inner surface of the chorionic plate and project into the cavity of the placenta. This arrangement is somewhat reminiscent of the fronds of a sea anemone wafting in the seawater of a rock pool. Most commonly, each villous tree originates from a single-stem villus that undergoes several generations of branching until the functional units of the placenta, the terminal villi, are created. These consist of an epithelial covering of trophoblast, and a mesodermal core containing branches of the umbilical arteries and tributaries of the umbilical vein. Because of this repeated branching the tree takes on the topology of an inverted wine glass, often referred to as a lobule, and there may be two to three within a single placental lobe (Figure 1-1). As will be seen later, each lobule represents an individual maternal-fetal exchange unit. Toward term the continual elaboration of the villous trees almost fills the cavity of the placenta, which is reduced to a network of narrow spaces collectively referred to as the intervillous space (IVS). The maternal blood percolates through this network of channels, exchanging gases and nutrients with the fetal blood circulating within the villi, before draining through the basal plate into openings of the uterine veins. The human placenta is therefore classified in comparative mammalian terms as being of the villous hemochorial type, although as we shall see this arrangement really only pertains to the second and third trimesters of pregnancy.2 Before that the maternal-fetal relationship is best described as deciduo-chorial.
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Figure 1-1 Diagrammatic cross section through a mature placenta showing the chorionic and basal plates bounding the intervillous space. The villous trees arise from stem villi attached to the chorionic plate, and are arranged as lobules centered over the openings of the maternal spiral arteries.











Placental Development


Development of the placenta is initiated morphologically at the time of implantation, when the embryonic pole of the blastocyst establishes contact with the uterine epithelium. At this stage the wall of the blastocyst comprises an outer layer of unicellular epithelial cells, the trophoblast, and an inner layer of extraembryonic mesodermal cells derived from the inner cell mass.3 Together, these layers constitute the chorion. The earliest events have never been observed in vivo for obvious ethical reasons, but are thought to be equivalent to those that take place in the rhesus monkey. Attempts have also been made to replicate the situation in vitro by culturing in vitro fertilized human blastocysts on monolayers of endometrial cells. Although such reductionist systems cannot take into account the possibility of paracrine signals emanating from the underlying endometrial stroma, the profound differences in trophoblast invasiveness displayed by various species are maintained. In the case of the human, the trophoblast in contact with the endometrium undergoes a syncytial transformation, and tongues of syncytiotrophoblast begin to penetrate between the endometrial cells. There is no evidence of cell death being induced as part of this process, but gradually the conceptus embeds into the stratum compactum of the endometrium. The earliest ex vivo specimens available for study are estimated to be around 7 days after conception, and in these the conceptus is almost entirely embedded. A plug of fibrin initially seals the defect in the uterine surface, but by days10 to 12 the epithelium is restored.


By the time implantation is complete the conceptus is surrounded entirely by a mantle of syncytiotrophoblast (Figure 1-2). This multinucleated mantle tends to be thicker beneath the conceptus, in association with the embryonic pole, and rests on a layer of uninucleate cytotrophoblast cells derived from the original wall of the blastocyst. Vacuolar spaces begin to appear within the mantle and gradually coalesce to form larger lacunae, the forerunners of the intervillous space. As the lacunae enlarge the intervening syncytiotrophoblast is reduced in thickness, and forms a complex lattice of trabeculae (see Figure 1-2). Soon after, starting around day 12 after fertilization, the cytotrophoblast cells proliferate and penetrate into the trabeculae. On reaching their tips, approximately 2 days later, the cells spread laterally, establishing contact with those from other trabeculae to form a new layer interposed between the mantle and the endometrium, the cytotrophoblastic shell (see Figure 1-2). Finally, at the start of the third week of development mesodermal cells derived from the extraembryonic mesoderm invade the trabeculae, bringing with them the hemangioblasts from which the fetal vasculature differentiates. The mesoderm cells do not penetrate right to the tips of the trabeculae, and these remain as an aggregation of cytotrophoblast cells, the cytotrophoblast cell columns, which may or may not have a covering of syncytiotrophoblast (see Figure 1-2). Proliferation of the cells at the proximal ends of the columns, and their subsequent differentiation, contributes to expansion of the cytotrophoblastic shell. Toward the end of the third week the rudiments of the placenta are therefore in place. The original wall of the blastocyst becomes the chorionic plate, the cytotrophoblastic shell is the precursor of the basal plate, and the lacunae form the intervillous space. The trabeculae are the forerunners of the villous trees, and repeated lateral branching gradually increases their complexity.
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Figure 1-2 Schematic representation of early placental development between days 9 and 16.




Initially, villi form over the entire chorionic sac, but toward the end of the first trimester they regress from all except the deep pole, where they remain as the definitive discoid placenta. Abnormalities in this process may account for the persistence of villi at abnormal sites on the chorionic sac, and hence the presence of accessory or succenturiate lobes.









The Amnion and Yolk Sac


While these early stages of placental development are taking place the inner cell mass also differentiates, giving rise to the amnion, the yolk sac, and the germ disk. The amnion and yolk sac, and the fluid compartment in which they lie, play an important role in the physiology of early pregnancy and so their development will be described at this point. The initial formation of these sacs has been controversial over the years, due mainly to the small number of specimens available for study. However, there now appears to be consensus that at the time of implantation, the amnion extends from the margins of the epiblast layer over the future dorsal surface of the germ disk, whereas the primary yolk sac extends from the hypoblast layer around the inner surface of the trophoblast, separated from it by a loose reticulum thought to be derived from the endoderm.3 Over the next few days considerable remodeling of the yolk sac occurs, which involves three closely interrelated processes. First, formation of the primitive streak, and the subsequent differentiation of definitive endoderm, lead to displacement of the original hypoblast cells into the more peripheral regions of the primary yolk sac. Second, the sac greatly reduces in size, either because the more peripheral portion is nipped off3 or because it breaks up into a number of vesicles. Third, the reticulum splits into two layers of mesoderm, except at the future caudal end of the germ disk where it persists as a mass, the connecting stalk, linking the disk to the trophoblast. One layer lines the inner surface of the trophoblast, so contributing to formation of the chorion, and the other covers the outer surfaces of the amnion and yolk sac. In between these layers is a large fluid-filled space, the exocoelomic cavity (ECC). The net result of this remodeling is the formation of a smaller secondary yolk sac (SYS), which is connected to the embryo by the vitelline duct and floats within the exocoelomic cavity (see Figure 1-2).


The exocoelomic cavity is a conspicuous feature ultrasonographically and can be clearly visualized using a transvaginal probe toward the end of the third week after fertilization (fifth week of menstrual age). Between 5 and 9 weeks of pregnancy it represents the largest anatomic space within the chorionic sac. The SYS is the first structure that can be detected ultrasonographically within that space, and its diameter increases slightly between 6 and 10 weeks of gestation, reaching a maximum of 6 to 7 mm, and then decreases slightly. Histologically, the SYS consists of an inner layer of endodermal cells linked by tight junctions at their apical surface and bearing a few short microvilli.4 Their cytoplasm contains numerous mitochondria, whorls of rough endoplasmic reticulum, Golgi bodies, and secretory droplets, giving them the appearance of being highly active synthetic cells. With further development the epithelium becomes folded to form a series of cystlike structures or tubules, only some of which communicate with the central cavity. The function of these spaces is not known, although it has been proposed that they serve as a primitive circulatory network in the earliest stages of development as they may contain non-nucleated erythrocytes.5 On its outer surface the yolk sac is lined by a layer of mesothelium derived from the extraembryonic mesoderm. This epithelium bears a dense covering of microvilli, and the presence of numerous coated pits and pinocytotic vesicles gives it the appearance of an absorptive epithelium. Although there is no direct evidence of this function in the human as yet, experiments in the rhesus monkey have revealed that the mesothelial layer readily engulfs horseradish peroxidase. Immediately beneath this epithelium lies a well-developed capillary plexus that drains through the vitelline veins to the developing liver.


By week 9 of pregnancy, however, the SYS begins to exhibit morphologic evidence of a decline in function. This appears to be independent of the expansion of the amnion, which is gradually drawn around the ventral surface of the developing embryo. As it does so it presses the yolk sac remnant against the connecting stalk, forming the umbilical cord. By the end of the third month the amnion abuts the inner surface of the chorion, and the ECC is obliterated.









The Maternal-Fetal Relationship during the First Trimester


For the placenta to function efficiently as an organ of exchange it requires adequate and dependable access to the maternal circulation. Establishing that access is arguably one of the most critical aspects of placental development, and over recent years has been one of the most controversial. As the syncytiotrophoblastic mantle enlarges it soon comes into close proximity with superficial veins within the endometrium. These undergo dilation, forming sinusoids, which are subsequently tapped into by the syncytium.6 As a result, maternal erythrocytes come to lie within the lacunae. Although Hertig and colleagues6 commented that surprisingly few erythrocytes were visible within the lacunae, their presence has been taken by modern embryologists as indicating the onset of the maternal circulation to the placenta. If this is a circulation, however, it is entirely one of venous ebb and flow, possibly influenced by uterine contractions and other forces. Numerous traditional histologic studies have demonstrated that arterial connections are not established with the lacunae until much later in pregnancy,7,8 although the exact timing was not known for many years. The advent of high-resolution ultrasound and Doppler imaging appeared to answer this question, for most observers agree that moving echoes indicative of significant fluid flow cannot be detected within the IVS until 10 to 12 weeks in normal pregnancies.


It is now well accepted on the basis of evidence from a variety of techniques that a major change in the maternal circulation to the placenta takes place at the end of the first trimester. First, direct vision into the IVS during the first trimester with a hysteroscope reveals the cavity to be filled with a clear fluid rather than maternal blood.9 Second, perfusion of pregnant hysterectomy specimens with radiopaque and other media demonstrates that there is little flow into the IVS during the first trimester, except perhaps at the margins of the placental disk.1,7 Third, the oxygen concentration within the IVS is low (<20 mm Hg) before 10 weeks of pregnancy, and rises threefold between weeks 10 and 12.10 This rise is matched by increases in the activities of, and concentrations of mRNA encoding, the principal antioxidant enzymes in the placental tissues, confirming a change in oxygenation at the cellular level.10


The mechanism underlying this change in placental perfusion relates to the phenomenon of extravillous trophoblast invasion.









Extravillous Trophoblast Invasion and Physiologic Conversion of the Spiral Arteries


During the early weeks of pregnancy, a subpopulation of trophoblast cells migrate from the deep surface of the cytotrophoblastic shell into the endometrium. Because these cells do not take part in the development of the definitive placenta, they are referred to as extravillous trophoblast. Their activities are, however, fundamental to the successful functioning of the placenta, for their presence in the endometrium is associated with the physiologic conversion of the maternal spiral arteries. The cell biologic basis of this phenomenon is still not understood, but the net effect is the loss of the smooth muscle cells and elastic fibers from the media of the endometrial segments of the arteries and their replacement by fibrinoid.11-13 There is some evidence to suggest that this is a two-stage process. Very early in pregnancy the arteries display endothelial basophilia and vacuolation, disorganization of the smooth muscle cells, and dilation. Because these changes are observed equally in both the decidua basalis and parietalis, and also within the uterus in cases of ectopic pregnancies, it seems to be independent of local trophoblast invasion. Instead, it has been proposed that it results from activation of decidual renin-angiotensin signaling. Slightly later, during the first few weeks of pregnancy, the invading extravillous trophoblasts become closely associated with the arteries, and infiltrate their walls. Further dilation ensues, and as a result the arteries are converted from small-caliber vasoreactive vessels into funnel-shaped flaccid conduits.


The extravillous trophoblast population can itself be separated into two subgroups: the endovascular trophoblast, which migrate in a retrograde fashion down the lumens of the spiral arteries replacing the endothelium, and the interstitial trophoblast, which migrate through the endometrial stroma. In early pregnancy, the volume of the migrating endovascular cells is sufficient to occlude, or plug, the terminal portions of the spiral arteries as they approach the basal plate7,8 (Figure 1-3). It is the dissipation of these plugs toward the end of the first trimester that establishes the maternal circulation to the placenta. Trophoblast invasion is not equal across the implantation site, being greatest in the central region, where it has presumably been established the longest.14 It is to be expected, therefore, that the plugging of the spiral arteries will be most extensive in this region, and this may account for the fact that maternal arterial blood flow is most often first detectable ultrasonographically in the peripheral regions of the placental disk.15 Associated with this blood flow is a high local level of oxidative stress, which can be considered physiologic as it occurs in all normal pregnancies. It has recently been proposed that this stress induces regression of the villi over the superficial pole of the chorionic sac, so forming the chorion laeve (Figure 1-4).15





[image: image]

Figure 1-3 During early pregnancy the tips of the maternal spiral arteries are occluded by invading endovascular trophoblast cells, impeding flow into the IVS. The combination of endovascular and interstitial trophoblast invasion is associated with physiologic conversion of the spiral arteries. Both processes are deficient in preeclampsia, and the retention of vascular smooth muscle may increase the risk of spontaneous vasoconstriction, and hence an ischemia-reperfusion type injury to the placenta.
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Figure 1-4 Onset of the maternal circulation starts in the periphery of the placenta (arrows), where trophoblast invasion, and hence plugging of the spiral arteries, is least developed. The high local levels of oxidative stress induced are thought to induce villous regression and formation of the chorion leave.


(Redrawn from Jauniaux E, Cindrova-Davies T, Johns J, et al: Distribution and transfer pathways of antioxidant molecules inside the first trimester human gestational sac. J Clin Endocrinol Metab 89:1452, 2004.)





Under normal conditions, the interstitial trophoblast cells invade as far as the inner third of the myometrium, where they appear to fuse and form multinucleated giant cells.1 It is essential that the process is correctly regulated, for excessive invasion can result in complete erosion of the endometrium and the condition of placenta accreta, which is associated with a high risk of postpartum hemorrhage. As they migrate, the trophoblast cells must interact with cells of the maternal immune system present within the decidua, in particular macrophages and uterine Natural Killer cells.16 These interactions may play a physiologic role in regulating the depth of invasion, or in the conversion of the spiral arteries. Extravillous trophoblast cells express the polymorphic antigen HLA-C that binds to KIR on the Natural Killer cells. Recent evidence indicates that certain combinations of HLA-C antigen and receptor subtypes are associated with a high risk of pregnancy complications,17 emphasizing the importance of immunologic interactions to reproductive success.


Physiologic conversion of the spiral arteries is often attributed with ensuring an adequate maternal blood flow to the placenta, but such comments generally oversimplify the phenomenon. By itself, the process cannot increase the volume of blood flow to the placenta as it only affects the most distal portion of the spiral arteries. The most proximal part of the arteries, where they arise from the uterine arcuate arteries, always remains unconverted and so will act as the rate-limiting segment. These segments gradually dilate in conjunction with the rest of the uterine vasculature during early pregnancy, most probably under the effects of estrogen and as a result the resistance of the uterine circulation falls and uterine blood flow increases from approximately 45 mL/minute during the menstrual cycle to around 750 mL/minute at term. By contrast, the terminal dilation of the arteries will substantially reduce both the rate and pressure with which that maternal blood flows into the IVS.


Mathematic modeling has demonstrated that physiologic conversion is associated with a reduction in velocity from 2 to 3 m/s−1 in the nondilated section of a spiral artery to approximately 10 cm/s−1 at its mouth.18 This reduction in the velocity will ensure that the delicate villous trees are not damaged by the momentum of the inflowing blood. Slowing the rate of maternal blood flow across the villous trees will also facilitate diffusional exchange, whereas lowering the pressure in the IVS is important to prevent collapse of the fetal capillary network within the villi.19 Measurements taken in the rhesus indicate that the pressure at the mouth of a spiral artery is only 15 mm Hg, and within the IVS is on average 10 mm Hg.20 The pressure within the fetal villous capillaries is estimated to be approximately 20 mm Hg, providing a pressure differential favoring their distention of 10 mm Hg.


Many complications of pregnancy are associated with defects in extravillous trophoblast invasion and failure to establish the maternal circulation correctly. In the most severe cases the cytotrophoblastic shell is thin and fragmented, and this situation is observed in approximately two thirds of spontaneous miscarriages.21 Reduced invasion may reflect defects inherent in the conceptus, such as chromosomal aberrations, or thrombophilia, endometrial dysfunction, or other problems in the mother. The net result is that onset of the maternal circulation is both precocious and widespread throughout the developing placenta, consequent on absent or incomplete plugging of the maternal arteries.15 Hemodynamic forces, coupled with excessive oxidative stress within the placental tissues,22 are likely to be major factors contributing to loss of these pregnancies.


In milder cases the pregnancy may continue, but is complicated by preeclampsia, intrauterine growth restriction, or a combination of the two. The physiologic changes are either restricted in extent to only the superficial endometrial parts of the spiral arteries, or absent all together.23 In the most severe cases of preeclampsia associated with major fetal growth restriction only 10% of the arteries may be fully converted, compared to 96% in normal pregnancies.14 There is still debate as to whether this is due to an inability of the interstitial trophoblast to invade the endometrium successfully, or whether having invaded sufficiently deeply the trophoblast cells fail to penetrate the walls of the arteries. These two possibilities are not mutually exclusive and may reflect different etiologies. Whatever the causation, there are several potential consequences to incomplete conversion of the arteries. First, due to absence of the distal dilation maternal blood will enter the IVS with greater velocity than normal, forming jetlike spurts that can be detected ultrasonographically. The villous trees are often disrupted opposite these spurts, leading to the formation of intervillous blood-lakes, and the altered hemodynamics within the IVS result in thrombosis and excessive fibrin deposition.24 Second, incomplete conversion will allow the spiral arteries to maintain greater vasoreactivity than normal. There is evidence from the rhesus monkey and the human that spiral arteries are not continuously patent, but that they undergo periodic constriction independent of uterine contractions.15,25 It has recently been proposed that exaggeration of this phenomenon due to the retention of smooth muscle in the arterial walls may lead to a hypoxia-reoxygenation type of injury in the placenta, culminating in the development of oxidative stress. Placental oxidative stress is a key factor in the pathogenesis of preeclampsia, and clinical evidence suggests that hypoxia-reoxygenation is a more physiologic stimulus for its generation than simply reduced uterine perfusion.26 The third consequence of incomplete conversion is that the distal segments of the arteries are frequently the site of acute atherotic changes.23 These are likely to be secondary changes, possibly induced by the involvement of these segments in the hypoxia-reoxygenation process, but if the lesions become occlusive they will further impair blood flow within the IVS, contributing to the growth restriction.









The Role of the Endometrium during the First Trimester


Signals from the uterine epithelium and secretions from the endometrial glands play a major role in regulating receptivity at the time of implantation, but the potential contribution of the glands to fetal development once implantation is complete has largely been ignored. This has been due to the general assumption that once the conceptus is embedded within the uterine wall it no longer has access to the secretions in the uterine lumen. However, a review of archival placenta-in-situ hysterectomy specimens has revealed that the glands discharge their secretions into the IVS through openings in the basal plate throughout the first trimester27 (see Figure 1-2). The secretions are a heterogenous mix of maternal proteins, carbohydrates (including glycogen), and lipid droplets, and are phagocytosed by the syncytiotrophoblast. Recently, it has been demonstrated that the pattern of sialylation of the secretions changes between the late secretory phase of the nonpregnant cycle and early pregnancy.28 There is a loss of terminal sialylic acid caps, which will render the secretions more easily degradable by the trophoblast following their phagocytic uptake. The fact that glycodelin, formerly referred to as PP14 or α2-PEG, is derived from the glands and yet accumulates within the amniotic fluid, with concentrations peaking at around 10 weeks, indicates that the placenta must be exposed to glandular secretions extensively throughout the first trimester.


Ultrasonographic measurements suggest that an endometrial thickness of 8 mm or more is necessary for successful implantation, although not all studies have found such an association.29 Nonetheless these measurements are in line with observations based on placenta-in-situ specimens, in which an endometrial thickness of over 5 mm was reported beneath the conceptus at 6 weeks of pregnancy.30 Gradually, over the remainder of the first trimester the endometrium regresses, so that by 14 weeks the thickness is reduced to 1 mm. Histologically, there is also a transformation in the glandular epithelial cells over this period. At 6 weeks they closely resemble those of the secretory phase of the menstrual cycle, being tall and columnar in shape, and their cytoplasm containing abundant organelles and large accumulations of glycogen.27,30 By the end of the first trimester the cells are more cuboidal and secretory organelles are much less prominent, although the lumens of the glands are still filled with secretions.


The overall picture is that the glands are most prolific and active during the early weeks of pregnancy, with their contribution gradually waning during the first trimester. This would be consistent with a progressive switch from histiotrophic to hemotrophic nutrition as the maternal arterial circulation to the placenta is established. The glands should not be considered solely as a source of nutrients, however, for their secretions are also rich in growth factors such as leukemia inhibitory factor, vascular endothelial growth factor, epidermal growth factor, and transforming growth factor beta.30 Receptors for these factors are present on the villous tissues, and so the glands may play an important role in modulating placental proliferation and differentiation during early pregnancy, as in other species. The change in sialylation in early pregnancy will ensure that any of the secretions that gain access to the maternal circulation via the uterine veins will be rapidly cleared in her liver. Hence, a proliferative microenvironment can be created within the intervillous space of the early placenta without placing the mother’s tissues at risk of excessive stimulation. Attempts to correlate the functional activity of the glands with pregnancy outcome have met with mixed success. Thus, reduced concentrations of mucin 1, glycodelin, and leukemia inhibitory factor have been reported in uterine flushings from women suffering repeated miscarriages.31 However, one study has shown no significant association between the expression of these markers within the endometrium and outcome.32 This difference may reflect impairment in the secretory rather than the synthetic machinery of the gland cells, although further work is required to confirm this point.


From the evidence available it would therefore appear that the functional importance of the endometrial glands to a successful pregnancy extends well beyond the time of implantation.









The Topology of the Villous Trees


One of the principal functions of the placenta is diffusional exchange, and the physical requirements for this impose the greatest influence on the structure of the organ. The rate of diffusion of an inert molecule is governed by Fick’s law, and so is proportional to the surface area for exchange divided by the thickness of the tissue barrier. A large surface area will therefore facilitate exchange, and this is achieved by repeated branching of the villous trees.


The villous trees arise from the trabeculae interposed between the lacunae (see Figure 1-2) through a gradual process of remodeling and lateral branching. Initially, the different branches have an almost uniform composition, and the villi can be separated only by their relative size and position in the hierarchic branching pattern. At this stage the mesodermal core is loosely packed, and at the proximal end of the trees it blends with the extraembryonic mesoderm lining the exocoelomic cavity. The stromal cells possess sail-like processes that often link together to form fluid-filled channels that are orientated parallel to the long axis of the villi. Macrophages are often seen within these channels, and so it is possible they function as a primitive circulatory system prior to vasculogenesis. In this way proteins derived from the uterine glands could freely diffuse into the coelomic fluid, and it is notable that the macrophages within the channels are strongly immunoreactive for maternal glycodelin.27


Toward the end of the first trimester the villi begin to differentiate into their principal types. The connections to the chorionic plate become remodeled to form stem villi, which represent the supporting framework of each villous tree.1,33 These progressively develop a compact fibrous stroma and contain branches of the chorionic arteries and accompanying veins. The arteries are centrally located and are surrounded by a cuff of smooth muscle cells. Although these have the appearance of resistance vessels, physiologic studies indicate that under normal conditions the fetal-placental circulation operates under conditions of full vasodilation. Stem villi contain only a few small-caliber capillaries and so play little role in placental exchange.


After several generations of branching, stem villi give rise to intermediate villi. These are longer and more slender in form and can be of two types: immature and mature. The former are seen predominantly in early pregnancy, and represent a persistence of the nondifferentiated form, as indicated by the presence of fluid-filled stromal channels. Mature intermediate villi provide a distributing framework, and terminal villi arise at intervals from their surface. Within the core are arterioles and venules, but there is also a significant number of capillaries, suggesting a capacity for exchange.


The main functional units of the villous tree are, however, the terminal villi. There is no strict definition as to where a terminal villus starts, but they are most often short stubby branches, up to 100 µm in length and approximately 80 µm in diameter, arising from the intermediate villi.33 They are highly vascularized, but by capillaries alone, and are highly adapted for diffusional exchange, as will be seen later.


This differentiation of the villi coincides temporally with the development of the lobular architecture, and the two processes are most likely interlinked. Lobules can be first identified during the early second trimester, following onset of the maternal circulation when it is thought that hemodynamic forces may shape the villous tree. There is convincing radiographic and morphologic evidence that maternal blood is delivered into the center of the lobule, and that it then disperses peripherally, as in the rhesus monkey placenta34 (see Figure 1-1). Consequently, it is to be expected that an oxygen gradient will exist across the lobule, and differences in the activities and expression of antioxidant enzymes within the villous tissues suggest strongly that this is the case.35 Other metabolic gradients, for example glucose concentration, may also exist, and together these may exert powerful influences on villous differentiation. Villi in the center of the lobule, where the oxygen concentration will be highest, display morphologic and enzymatic evidence of relative immaturity, and so this is considered to be the germinative zone. By contrast, villi in the periphery of the lobule are better adapted for diffusional exchange.


Elaboration of the villous tree is a progressive event that continues at a steady pace throughout pregnancy, and by term the villi present a surface area of 10 to 14 m2. This may be significantly reduced in cases of intrauterine growth restriction, although this principally reflects an overall reduction in placental volume rather than maldevelopment of the villous tree.36 In cases of preeclampsia alone the villous surface area is normal and is only compromised if there is associated growth restriction.36 Attempts have recently been made to monitor placental growth longitudinally during pregnancy using ultrasound.37 Although the data show considerable individual variability, they indicate that in cases of growth restriction placental volume is significantly reduced at 12 to 14 weeks, and that thereafter placental development continues at a lower trajectory than normal. These findings suggest that the pathology restricting placental growth has its origins firmly in the first trimester.









Placental Histology


The epithelial covering of the villous trees is formed by the syncytiotrophoblast. As its name indicates this is a true multinucleated syncytium that extends without lateral intercellular clefts over the entire villous surface. In essence, therefore, the syncytiotrophoblast acts as the endothelium of the IVS, and everything passing across the placenta must pass through this layer, either actively or passively. This tissue also performs all hormone synthesis in the placenta, and so a number of potentially conflicting demands are placed on it.


The syncytiotrophoblast is highly polarized, and one of its most conspicuous features is the presence of a dense covering of microvilli on the apical surface.1 In the first trimester the microvilli are relatively long (approximately 0.75 to 1.25 µm in length and 0.12 to 0.17 µm in diameter), but as pregnancy advances they become shorter and more slender, being approximately 0.5 to 0.7 µm in length and 0.08 to 0.14 µm in diameter at term. The microvillous covering is even over the villous surface, and measurements of the amplification factor provided vary from 5.2 to 7.7. Many receptors and transport proteins have been localized to the microvillous surface by molecular biologic and immunohistochemical techniques as will be discussed later. The receptors are thought to reside in lipid rafts, and once bound to their ligand they migrate to the base of the microvilli where clathrin-coated pits are present.38 Receptor-ligand complexes are concentrated in the pits, which are then internalized. Disassociation of ligands such as cholesterol may occur in the syncytioplasm, whereas other ligands, such as immunoglobulin G, are exocytosed at the basal surface.


Support for the microvillous architecture is provided by a substantial network of actin filaments and microtubules lying just beneath the apical surface. Also present within the syncytioplasm are numerous pinocytotic vesicles, phagosomes, lysosomes, mitochondria, secretory droplets, strands of endoplasmic reticulum, Golgi bodies, and lipid droplets.38 The overall impression is of a highly active epithelium engaged in absorptive, secretory, and synthetic functions. It is not surprising therefore that the syncytiotrophoblast should have such a high rate of consumption of oxygen.39,40


The syncytiotrophoblast is a terminally differentiated tissue, and consequently mitotic figures are never observed within its nuclei. It has been suggested that this condition, which is frequently observed in the fetal cells at the maternal-fetal interface in other species, reduces the risk of malignant transformation in the trophoblast and so protects the mother. Whatever the reason, the syncytiotrophoblast is generated by the recruitment of progenitor cytotrophoblast cells. Cytotrophoblast cells are uninucleate, and lie on a well-developed basement membrane immediately beneath the syncytium. A proportion represents stem cells that undergo proliferation, with daughter cells undergoing progressive differentiation.41 Consequently, a range of morphologic appearances are seen, from cuboidal resting cells with a general paucity of organelles to fully differentiated cells that closely resemble the overlying syncytium.38,42 Ultimately, membrane fusion takes place between the two, and the nucleus and cytoplasm are incorporated into the syncytiotrophoblast. Early in pregnancy the cytotrophoblast cells form a complete layer beneath the syncytium, but as pregnancy advances the cells become separated and are seen less frequently in histologic sections. In the past this observation was interpreted as indicative of a reduction in the number of cytotrophoblast cells and so a reduction in the proliferative potential of the trophoblast layers. More recent stereologic estimates have revealed a different picture, however, for the total number of these cells increases until term.43 The apparent decline results from the fact that villous surface area increases at a greater rate, and so cytotrophoblast cell profiles are seen less often in any individual histologic section.


The stimuli regulating cytotrophoblast cell proliferation are not fully understood. In early pregnancy (before 6 weeks) epidermal growth factor (EGF) may play an important role, for expression of both the factor and its receptor are localized principally to these cells. EGF is also strongly expressed in the epithelium of the uterine glands,30 and in the horse a tight spatial and temporal correlation exists between glandular expression and proliferation in the overlying trophoblast. Later during the first trimester, insulin-like growth factor II can be immunolocalized to the cytotrophoblast cells, as can the receptor for hepatocyte growth factor. Hepatocyte growth factor is a powerful mitogen that is expressed by the mesenchymal cells, providing the possibility of paracrine control. Environmental stimuli may also be important, for hypoxia has long been known to stimulate cytotrophoblast proliferation in vitro. A greater number of cell profiles is also observed in placentas from high altitudes where they are exposed to hypobaric hypoxia and conditions associated with poor placental perfusion.44 Whether this represents increased proliferation or decreased fusion with the syncytiotrophoblast is, however, uncertain.


The factors regulating and mediating fusion are equally uncertain. Growth factors such as EGF, granulocyte macrophage colony-stimulating factor, and vascular endothelial growth factor are able to stimulate fusion in vitro, as are the hormones estradiol and human chorionic gonadotropin (hCG). By contrast, transforming growth factor ß, leukemia inhibitory factor, and endothelin inhibit the process, suggesting that the outcome in vivo depends on a balance between these opposing influences. One of the actions of hCG at the molecular level is to promote the formation of gap junctions between cells, and there is strong experimental evidence that communication via gap junctions is an essential prerequisite in the fusion process.45 Whether membrane fusion is initiated at the sites of gap junctions is not known at present, but there has been much interest recently in other potential mechanisms of fusion. One such is the externalization of phosphatidylserine on the outer leaflet of the cell membrane, although whether this represents part of an apoptotic cascade that is only completed in the syncytiotrophoblast46 or is inherent to cytotrophoblastic differentiation47 remains controversial. Another is the expression of the human endogenous retroviral envelope protein HERV-W, commonly referred to as syncytin. Expression of syncytin appears to be necessary for syncytial transformation of trophoblast cells in vitro, and ectopic expression in other cell types renders them fusigenic.48 Syncytin interacts with the amino acid transporter protein ASCT2, and the expression of both is influenced by hypoxia in trophoblast cell lines in vitro. This could provide an explanation for the increased number of cytotrophoblast cells observed in placentas from hypoxic pregnancies.


Although it is clear that the cascade of events controlling cytotrophoblastic proliferation and fusion has yet to be fully elucidated, it appears to be tightly regulated in vivo. Thus, the ratio of cytotrophoblastic to syncytial nuclei remains at approximately 1 : 9 throughout pregnancy,43 although it may be perturbed in pathologic cases.


Early reports suggested that there is little or no transcription within the syncytiotrophoblast and that the tissue relies on the continual fusion of cytotrophoblast cells to bring in the required mRNAs. This has been linked to the hypothesis that the syncytial nuclei undergo a progression of apoptotic changes, culminating in their extrusion into the maternal circulation.49 More recent evidence from immunohistochemistry and the incorporation of fluorouridine suggests that a proportion of the nuclei are transcriptionally active.50 Furthermore, analysis of the pattern of chromatin condensation displayed by the nuclei does not support the concept of continual syncytial turnover.51









The Integrity of the Villous Membrane


One situation that may alter the balance of the two populations of nuclei is damage to the trophoblast layers and the requirement for repair. Isolated areas of syncytial damage, often referred to as sites of focal syncytial necrosis, are a feature of all placentas, although they are more common in those from pathologic pregnancies. Their origin remains obscure, but they could potentially arise from altered hemodynamics within the IVS or physical interactions between villi. One striking example of the latter is the rupture of syncytial bridges that form between adjacent villi, leading to circular defects on the surface 20 to 40 µm in diameter. Disruption of the microvillous surface leads to the activation of platelets and the deposition of a fibrin plaque on the trophoblastic basement membrane. Apoptosis of syncytial nuclei has been reported in the immediate vicinity of such plaques, but whether this reflects cause or effect has yet to be determined. With time, cytotrophoblast cells migrate over the plaque, differentiate, and fuse to form a new syncytiotrophoblastic layer. As a result, the plaque is internalized, and the integrity of the villous surface is restored. In the interim, however, these sites are nonselectively permeable to creatinine.52


More widespread apoptosis has been reported in the syncytiotrophoblast layer in pregnancies complicated by preeclampsia, where it may reflect increased turnover of the trophoblast.53 Placental oxidative stress is considered a key factor in the pathogenesis of preeclampsia,26 and hypoxia-reoxygenation is a powerful inducer of apoptosis in the syncytiotrophoblast in vitro. The deportation of apoptotic fragments arising from the villous surface has been put forward as one cause of the maternal endothelial activation that characterizes this syndrome.54


An even greater degree of trophoblast oxidative stress and damage is seen in cases of missed miscarriage, where complete degeneration and sloughing of the syncytiotrophoblast layer occurs.15,22 Although there is increased apoptosis and necrosis among the cytotrophoblast cells, the remaining cells differentiate and fuse to form a new and functional syncytial layer. A similar effect is observed when villi from either first trimester or term placentas are maintained under ambient conditions in vitro.


Thus, it is likely that there is considerable turnover of the syncytiotrophoblast over the course of a pregnancy, although in the absence of longitudinal studies it is impossible to determine how extensive this process is. Nonetheless, it is clear that the villous membrane cannot be considered as an intact physical barrier, and that other elements of the villous trees may play an important role in regulating maternal-fetal transfer.









Placental Vasculature


The development of the fetal vasculature begins during the third week after conception (week 5 of pregnancy) with the de novo formation of capillaries within the villous stromal core. Hemangioblastic cell cords differentiate under the influence of growth factors such as basic fibroblast growth factor and vascular endothelial growth factor.55,56 By the beginning of the fourth week the cords have developed lumens and the endothelial cells become flattened. Surrounding mesenchymal cells become closely apposed to the tubes and differentiate to form pericytes. During the next few days connections form between neighboring tubes to form a plexus, and this ultimately unites with the allantoic vessels developing in the connecting stalk to establish the fetal circulation to the placenta.


Exactly when an effective circulation is established through these vessels is difficult to determine, however. First, the connection between the corporeal and extracorporeal fetal circulations is particularly narrow, suggesting there can be little flow initially. Second, the narrow caliber of the villous capillaries, coupled with the fact that the fetal erythrocytes are nucleated during the first trimester and hence not readily deformable, will ensure that the circulation presents a high resistance to flow. This is reflected in the Doppler waveform obtained during the first trimester, and the resistance gradually falls as the vessels enlarge over the ensuing weeks.


Early in pregnancy the capillary network is labile and undergoes considerable remodeling. Angiogenesis continues until term and results in the formation of capillary sprouts and loops. Both of these processes contribute to the elaboration of terminal villi.57,58 The caliber of the fetal capillaries is not constant within intermediate and terminal villi, and frequently on the apex of a tight bend the capillaries become greatly dilated, forming sinusoids. These regions may help to reduce vascular resistance and so facilitate distribution of fetal blood flow through the villous trees.57 Equally important is the fact that the dilations bring the outer wall of the capillaries into close juxtaposition with the overlying trophoblast. The trophoblast is locally thinned, and as a result the diffusion distance between the maternal and fetal circulations is reduced to a minimum (Figure 1-5). Because of their morphologic configuration these specializations are referred to as vasculosyncytial membranes, and are considered the principal sites of gaseous and other diffusional exchange. The arrangement can be considered analogous to that in the alveoli of the lung where the pulmonary capillaries indent into the alveolar epithelium in order to reduce the thickness of the air-blood diffusion barrier. Thinning of the syncytial layer will not only increase the rate of diffusion into the fetal capillaries, it will also reduce the amount of oxygen extracted by the trophoblast en route. The syncytiotrophoblast is highly active metabolically due to the high rates of protein synthesis and ionic pumping, but by having an uneven distribution of the tissue around the villous surface the oxygen demands of the fetus and the placenta can be separated to a large extent.
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Figure 1-5 Diagrammatic representation of an intermediate villus with terminal villi arising from the lateral surface.




It is notable that development of vasculosyncytial membranes is seen to its greatest extent in the peripheral regions of a placental lobule where the oxygen concentration is lowest, and also in placentas from high altitude. In both instances it is associated with enlargement of the capillary sinusoids, and may be viewed as an adaptive response aimed at increasing the diffusing capacity of the placental tissues. Conversely, an increase in the thickness of the villous membrane is often seen in cases of intrauterine growth retardation, and in placentas from cigarette smokers. As mentioned earlier, the hydrostatic pressure differential across the villous membrane is an important determinant of the diameter of the capillary dilatations, and hence of the villous membrane thickness.19 Raising the pressure in the IVS not only compresses the capillaries, but also increases the resistance within the umbilical circulation. Both effects will impair diffusional exchange, highlighting the importance of full conversion of the spiral arteries.


Vascular changes are observed in many complications of pregnancy,59 where they may underpin changes in the topology of the villous tree. Thus, increased branching of the vascular network is observed in placentas from high altitude, causing the terminal villi to be shorter and more clustered than normal. At present there are no experimental data indicating that this has any impact on placental exchange, but in theory shortening the arteriovenous pathway may lead to increased efficiency.









Physiology of the Secondary Yolk Sac and Exocoelomic Cavity


Now that development of the placenta and the extraembryonic membranes has been covered we turn to their physiologic roles during pregnancy. Phylogenetically, the oldest membrane is the yolk sac, and the SYS plays a major role in the embryonic development of all mammals. The function of the yolk sac has been most extensively studied in laboratory rodents, and it has been demonstrated that the extraembryonic yolk sac is one of the initial sites of hematopoiesis.60


The endodermal layer of the human SYS is known to synthesize several serum proteins in common with the fetal liver, such as alpha-fetoprotein (AFP), alpha1-antitrypsin, albumin, prealbumin, and transferrin. With rare exceptions, the secretion of most of these proteins is confined to the embryonic compartments, and the contribution of the SYS to the maternal protein pool is limited.61 This can explain why their concentrations are always higher in the ECC than in maternal serum. AFP is also produced by the embryonic liver from 6 weeks until delivery, has a high molecular weight (±70 kDa), and, conversely to hCG, is found in similar amounts on both sides of the amniotic membrane. Analysis of concanavalin A affinity molecular variants of AFP have demonstrated that both coelomic and amniotic fluids AFP molecules are mainly of yolk sac origin, whereas maternal serum AFP molecules are mainly derived from the fetal liver.62 These results suggest that the SYS also has an excretory function, and secretes AFP toward the embryonic and extraembryonic compartments. By contrast, AFP molecules of fetal liver origin are probably transferred from the fetal circulation to the maternal circulation, mainly across the placental villous membrane.


The potential absorptive role of the yolk sac membrane has been evaluated by examining the distribution of proteins and enzymes between the ECC and SYS fluids, and by comparing the synthesizing capacity of SYS, fetal liver, and placenta for hCG and AFP.63 The distribution of the trophoblast-specific protein, hCG, in yolk sac and coelomic fluid, together with the absence of hCG mRNA expression in yolk sac tissues, provided the first biologic evidence of its absorptive function. Similarities in the composition of the SYS and coelomic fluids suggest that there is a free transfer for most molecules between the two corresponding compartments. Conversely, an important concentration gradient exists for most proteins between the ECC and amniotic cavity, indicating that transfer of molecules is limited at the level of the amniotic membrane that separates the corresponding fluids.


These findings suggest that the yolk sac membrane is an important zone of transfer between the extraembryonic and embryonic compartments, and that the main flux of molecules occurs from outside the yolk sac (i.e., from the ECC), in the direction to its lumen and subsequently to the embryonic gut and circulation. The identification of specific transfer proteins on the mesothelial covering64 lends further support to this concept. When after 10 weeks of gestation the cellular components of the wall of the SYS start to degenerate, this route of transfer is no longer functional, and most exchanges between the ECC and the fetal circulation must then take place at the level of the chorionic plate.


The development and physiologic roles of the ECC are intimately linked with that of the SYS, for which it provides a stable environment. The higher concentrations of hCG, estriol, and progesterone in the coelomic fluid than in maternal serum61 strongly suggest the presence of a direct pathway between the trophoblast and the ECC. Morphologically, this may be via the villous stromal channels and the loose mesenchymal tissue of the chorionic plate. Protein electrophoresis has also shown that the coelomic fluid results from an ultrafiltrate of maternal serum with the addition of specific placental and SYS bioproducts. For the duration of the first trimester, the coelomic fluid remains straw colored and more viscous than the amniotic fluid, which is always clear. This is mainly due to the higher protein concentration in the coelomic than in the amniotic cavity. The concentration of almost every protein is higher in coelomic than in amniotic fluid, ranging from 2 to 50 times depending on the corresponding molecular weight of the protein investigated.61 The coelomic fluid has a very slow turnover, and so the ECC may act as a reservoir for nutrients needed by the developing embryo. These findings suggest that the ECC is a physiologic liquid extension of the early placenta, and an important interface in fetal nutritional pathways. Molecules such as vitamin B12, prolactin, and glycodelin (placental protein 14, PP14) are known to be mainly produced by the uterine decidua.61 They are often found in higher concentrations in coelomic fluid than in maternal serum, suggesting that preferential pathways exist between the decidual tissue and the embryonic fluid cavities via the villous trophoblast. This pathway may be pivotal in providing the developing embryo with sufficient nutrients before the intervillous circulation becomes established.27


Some analogies can be drawn between the ECC and the antrum within a developing Graafian follicle. It has been suggested that the evolution of the latter was necessary to overcome the problem of oxygen delivery to an increasing large mass of avascular cells. As the contained fluid has no oxygen consumption it will permit diffusion more freely than an equivalent thickness of cells. However, as neither follicular nor coelomic fluids contain an oxygen carrier, the total oxygen content must be low. An oxygen gradient will inevitably exist between the source and the target, whether it be an oocyte or an embryo. Measurements in human patients undergoing in vitro fertilization have demonstrated that the oxygen tension in follicular fluid falls as follicle diameter, assessed by ultrasound, increases. Thus, diffusion across the ECC may be an important route of oxygen supply to the embryo before the development of a functional placental circulation, but it will maintain the early fetus in a low-oxygen environment. This may serve to protect the fetal tissues from damage by O2 free radicals and prevent disruption of signaling pathways during the crucial stages of embryogenesis and organogenesis. The presence in the ECC of molecules with a well-established antioxidant role as such as taurine, transferrin, vitamins A and E, and selenium supports this hypothesis.









Placental Transport


For the bulk of pregnancy, the chorioallantoic placenta is the major site of exchange of nutrients (including oxygen) and of waste products of fetal metabolism (including carbon dioxide) between mother and fetus. As described earlier, histiotrophic nutrition most likely occurs in early pregnancy and the yolk sac placenta probably contributes to this. However, once blood flow to the intervillous space begins at around 10 weeks’ gestation, exchange across the barrier between maternal and fetal circulations within the villi will be predominant, although there may be some limited transfer between maternal blood in the endometrium and the fluid of the amniotic sac. As discussed later in this chapter, many of the transport mechanisms required to effect exchange are present in the placenta by 10 weeks and these may be up- or down-regulated throughout the rest of pregnancy to meet the requirements of fetal growth and homeostasis.


For a molecule to reach the fetal plasma from the maternal plasma, and vice versa, it must cross the syncytiotrophoblast, the matrix of the villous core, and the endothelium of the fetal capillary. The syncytiotrophoblast is the transporting epithelium and is considered to be the major locus of exchange selectivity and regulation. However, both the matrix and endothelium will contribute to the properties of the placenta as an organ of exchange, both because they contribute to the thickness of the barrier and because they may act as a size filter: the finite width of the space between the endothelial cells is likely to restrict the diffusion of larger molecules.


The fact that the syncytiotrophoblast is a true syncytium, with no obvious intercellular or extracellular water-filled spaces, suggests that it forms a “tight” barrier. However, physiologic data, discussed later, suggest that this is not the case. Nevertheless, exchange most likely occurs predominantly across the two opposing plasma membranes, microvillous (maternal facing) and basal (fetal facing) (see Figure 1-5).









Overview of the Exchange Physiology of the Placenta and Its Development Over Gestation


Maternal-fetal exchange across the placenta may occur, broadly, by one of four mechanisms: bulk flow/solvent drag, diffusion, transporter-mediated mechanisms, and endocytosis/exocytosis.






Bulk Flow/Solvent Drag


Differences in hydrostatic and osmotic pressures between the maternal and fetal circulations within the exchange barrier will drive water transfer by bulk flow, dragging with it dissolved solutes. These dissolved solutes will be filtered as they move through the components of the barrier. Water movement may be via paracellular channels (see later discussion) or across the plasma membranes. The latter may be enhanced by the presence of aquaporins, integral membrane proteins forming water “pores” in the plasma membrane.


Hydrostatic pressure gradients will be created by differences in maternal and fetal blood pressure and vascular resistances on the maternal and fetal sides of the placenta. Although the actual pressures are impossible to measure in vivo at this time, evidence suggests that it is lower in the intervillous space than in the fetal capillaries.19 As this would drive water from fetus to mother, incompatible with fetal growth, there is clearly a deficit here in our knowledge and understanding. The assumptions involved in assessing the hydrostatic pressures could be simply wrong. On the other hand, fetal-maternal water transfer driven by hydrostatic pressures may be opposed and exceeded by maternal-fetal water transfer driven by osmotic pressure gradients created by the active transport of solute to the fetus across the syncytiotrophoblast.65 These forces may well be altered as gestation proceeds. Altogether, this is an important area in which further research is required.









Diffusion


Diffusion of any molecule occurs in both directions across any barrier. When there is a concentration gradient and/or, for charged species, an electrical gradient, one of these unidirectional fluxes (rates of transfer) is greater in one direction than it is in the other, so that there is a net flux in one direction. Net flux (Jnet) of solute across the placenta for an uncharged molecule may be described by an adaptation of Fick’s Law of Diffusion66:
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where A is the surface area of the barrier available for exchange, D is the diffusion coefficient in water of the molecule (smaller molecules will have larger D), l is the thickness of the exchange barrier across which diffusion is occurring, Cm is the mean concentration of the molecule in maternal plasma, and Cf is the mean concentration of solute in the fetal circulation.


Small, relatively hydrophobic molecules such as O2 and CO2 will diffuse rapidly across the plasma membranes of the barrier, so that their flux is dependent much more on the concentration gradients than on A or l. As this concentration gradient is affected predominantly by the blood flows in both circulations, the diffusion of such molecules is said to be flow limited. This explains why reductions in uterine and or umbilical flow may result in fetal asphyxia and, consequently, growth restriction.


By contrast, hydrophilic molecules (glucose, amino acids) will not diffuse across plasma membranes easily; their concentration gradients are maintained and flux will be determined predominantly by barrier surface area and thickness. Flux of such membrane-limited molecules will not be affected by blood flow unless this is dramatically reduced but will be altered if abnormal placental development results in reduced A or increased l; there is evidence that this occurs in idiopathic IUGR.36


The term (AD/l) in Fick’s Law is equivalent to what is described as the permeability of a molecule. Measurements of the passive permeability of the placenta have been made in vivo67 and in vitro68 utilizing hydrophilic molecules, which would be unlikely to be affected by blood flow and which are not substrates for transporter proteins. These measurements show that there is an indirect relationship between permeability and the molecular size of the hydrophilic tracer. Such a relationship is explained, most simply, by the presence of extracellular water-filled channels or pores across the exchange barrier through which the molecules can diffuse. The existence of this “paracellular permeability” pathway has been controversial because of the syncytiotrophoblast being syncytial with no obvious paracellular channels. However, there may be transtrophoblastic channels that are not normally visible by electron microscopy. Furthermore, the areas of syncytial denudation that occur in every placenta may themselves provide a route through which molecules may diffuse.68


Rates of transfer of hydrophobic molecules by flow-limited diffusion may change over gestation because, as described in previous sections, both uteroplacental and fetoplacental blood flow changes over gestation. Changes in concentration and, for charged molecules, electrical gradients between maternal and fetal plasma will also affect rates of transfer. Gestational changes do occur in the maternal and fetal plasma concentrations of solutes, affecting driving forces. For example, glucose and amino acid concentrations in maternal plasma increase over gestation, at least partly due to the effects of insulin resistance in pregnancy and of hormones such as human placental lactogen. A maternal-fetal electrical potential difference (PD), if expressed across the placental exchange barrier, will have an effect on the exchange of ions. In the human there is a small but significant PD between maternal and fetal circulations (PDmf ), being −2.7 ± 0.4 mV fetus negative in midgestation69 and zero or close to it at term.70 A PD between the mother and coelomic cavity was measured in first trimester pregnancies.71 There was no apparent change in the value of this PD (8.7 ± 1 mV fetus negative) between 9 and 13 weeks of gestation, which was somewhat higher than the PD across the syncytiotrophoblast (3 mV) measured using microelectrodes in term placental villi in vitro. The in vitro PD across the microvillous membrane of human syncytiotrophoblast decreases between early (median −32 mV) and late first trimester (median −24 mV), with a small subsequent fall to term (−21 mV). This suggests that the driving force for cation flux into the syncytiotrophoblast decreases and for anions increases as pregnancy progresses.









Transporter-Protein Mediated Processes


Transporter proteins are integral membrane proteins that catalyze transfer of solutes across plasma membranes at faster rates than they would occur by diffusion. Transporter proteins are a large and diverse group of molecules but are generally characterized by showing substrate specificity (i.e., one transporter or class of transporter will predominantly transfer one substrate or class of substrate, e.g., amino acids), by having saturation kinetics (i.e., raising the concentration of a substrate solute will not infinitely increase the rate at which it is transferred on transporters), and by being competitively inhibitable (i.e., two structurally similar molecules will compete for transfer by a particular transporter protein). Transporter proteins are found most abundantly in the placenta in the microvillous and basal plasma membranes of the syncytiotrophoblast. A detailed description of all these is beyond the scope of this chapter but may be found in Atkinson and colleagues.66 In overview, there are channel proteins that form pores in the plasma membrane allowing diffusion of ions such as K+ and Ca2+. There are transporters allowing facilitated diffusion down concentration gradients such as the GLUT1 glucose transporter. Exchange transporters, such as the Na+/H+ exchanger (involved in pH homeostasis of the syncytiotrophoblast and fetus), and co-transporters such as the system A amino acid transporter (which co-transports small hydrophilic amino acids including alanine, glycine, and serine with Na+) require the maintenance of an ion gradient through secondary input of energy, often via the Na+/K+ATPase. Finally, there are active transporters that transfer against concentration gradients directly utilizing ATP; these include the Na+/K+ATPase and the Ca2+ATPase, which pumps Ca2+ across the basal plasma membrane from syncytiotrophoblast cytosol toward the fetal circulation.


Gestational changes in the flux of solutes through transporter proteins could result from changes in the number of transporters in each plasma membrane, their turnover (i.e., rate of binding to and release from the transporter), or their affinity for solute, as well as from changes in the driving forces acting on them such as electrochemical gradients and ATP availability. There is a variety of evidence that such developmental changes do occur. Using the technique of isolating and purifying microvillous plasma membrane and radioisotopic tracers to measure transport rates in vesicles formed from these membranes, it has been shown that the Vmax of the Na+-dependent system A amino acid transporter increases by about fourfold, per milligram membrane protein, between first trimester and term. The activity of the system y+ cationic amino acid (e.g., arginine, lysine) transporter increases over gestation, whereas the activity of the system y+L transporter decreases.72 This decrease in system y+L activity is due to a decrease in the affinity of the transporter for substrate and is accompanied by an increased expression of 4F2hc monomer of the dimer protein.72 The reason for this decline is not known but could well be associated with a specific fetal need. Glucose transporter, GLUT1, expression in microvillous membrane increases between first trimester and term.73 Na+/H+ exchanger activity is lower in first trimester microvillous membrane vesicles as compared to term,74 a result borne out by studies on the intrasyncytiotrophoblast pH of isolated placental villi from the two stages in gestation.75 Interestingly, the expression of the NHE1 isoform of this exchanger in the microvillous membrane does not change across gestation, but the expression of both of its NHE2 and NHE3 isoforms increases between weeks 14 to 18 and term.74 In contrast there is no difference in Cl−/HCO3− exchanger activity or, by Western blotting, expression of its AE1 isoform, between first trimester and term. Understanding of how these gestational changes are regulated is currently sparse; studies in knockout mice suggest that hormones such as IGF-II from the fetus, signaling demand for the nutrients required for growth, are important,76 but much further work is needed in this area.









Endocytosis/Exocytosis


Endocytosis is the process by which molecules become entrapped in invaginations of the microvillous plasma membrane of the syncytiotrophoblast, which eventually pinch off and form vesicles within the cytosol. Such vesicles may diffuse through the intracellular compartment and, if they avoid fusion with lysosomes, eventually fuse with the basal plasma membrane and undergo exocytosis, releasing their contents into the fetal milieu. Evidence suggests that immunoglobulin G (IgG) and other large proteins may cross the placenta by this mechanism.66,77 Specificity and the ability to avoid lysosomal degradation during the endocytosis phase may be provided by the presence of receptors for IgG in the microvillous membrane invaginations and vesicles. However, this mechanism of transfer and its gestational regulation, if any, is still not well understood.









Placental Nutrient Supply and Intrauterine Growth Restriction


The term placental insufficiency as a cause of intrauterine growth restriction (IUGR) has been much quoted but little understood until recently. It is often taken as being synonymous with reduced uteroplacental and/or umbilical blood flow. Doppler measurements of such blood flows have been of assistance in diagnosing and assessing the severity of IUGR but are limited in value.78 It is now clear that other variables determining the capacity of the placenta to supply nutrients may also contribute to IUGR. For example, the surface area of the exchange barrier is decreased and its thickness increased in IUGR36; such changes are likely to markedly decrease the passive permeability of the placenta. Furthermore, there is now considerable evidence that the activity and expression of transporter proteins in the syncytiotrophoblast is altered in IUGR.78 The reported data are summarized in Table 1-1. As can be seen activity of several transporters decrease, at least one increases, and others show no change at all. This variation in response could reflect whether a change in the placenta is causative in IUGR (e.g., the decrease in system A amino acid transporter activity), or is compensatory (e.g., the increase in Ca2+ ATPase activity) as well as differential regulation of the transporters. Understanding these placental phenotypes of IUGR may well give clues to novel means of diagnosing and even treating the condition.78




Table 1-1 Changes in Activity of Transporter Proteins in the Microvillous (MVM) and Basal (BM) Plasma Membrane of Placentas from IUGR Pregnancies as Compared to Normal Pregnancies
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Placental Endocrinology


The human placenta is an important endocrine organ, signaling the presence of the conceptus to the mother in early pregnancy and optimizing the intrauterine environment and maternal physiology for the benefit of fetal growth. Two major groups of hormones are produced: the steroid hormones, progesterone and the estrogens, and peptide hormones, such as hCG and human placental lactogen (hPL). All are predominantly synthesized in the syncytiotrophoblast, and although the synthetic pathways have been generally elucidated, the factors regulating secretion are still largely unknown.






Progesterone


During the first few weeks of pregnancy progesterone is mainly derived from the corpus luteum, but gradually as the placental mass increases this organ’s contribution becomes dominant, with the production of around 250 mg per day. The corpus luteum regresses at around 9 weeks, and at that stage it is no longer essential for the maintenance of a pregnancy.


Placental synthesis of progesterone begins with the conversion of cholesterol to pregnenolone, as in other steroid-secreting tissues. Placental tissues are poor at synthesizing cholesterol and so utilize maternal cholesterol derived from low-density lipoproteins taken up in coated pits on the surface of the syncytiotrophoblast. Conversion of the cholesterol to pregnenolone occurs on the inner aspect of the inner mitochondrial membrane, catalyzed by cytochrome P450scc (CYP11A1), and in other steroidogenic tissues the delivery of cholesterol to this site is the principal rate-limiting step in progesterone synthesis. There delivery is facilitated by the steroidogenic acute regulatory (StAR) protein, which binds and transports cholesterol, but this protein is not present in the human placenta.79 Instead, a homologue, MLN64, may carry out a similar function, as freshly isolated cytotrophoblast cells appear to contain concentrations of cholesterol that are near-saturating for progesterone synthesis, indicating that supply of the precursor is not rate-limiting.80 Side-chain cleavage requires molecular oxygen, but it is unclear whether the conditions that prevail during the first trimester are rate-limiting. The rate of production of pregnenolone from radiolabeled cholesterol by placental homogenates in vitro increases across the first trimester, and both the concentration and activity of P450scc increase in placental mitochondria from the first trimester to term. These changes, coupled with the expansion of the syncytiotrophoblast, most likely account for the increase in progesterone synthesis observed.


Side-chain cleavage also requires a supply of electrons, and this is provided by NADPH through a short electron transport chain in the mitochondrial matrix involving adrenodoxin reductase and its redox partner adrenodoxin. Preliminary studies in Tuckey’s laboratory suggest that the transport of electrons to P450scc is rate-limiting for the enzyme’s activity at mid pregnancy,79 and so further research on the factors regulating expression and activity of adrenodoxin reductase during gestation is clearly needed.


The resultant pregnenolone is then converted to progesterone by the enzyme type 1 3β-hydroxysteroid dehydrogenase (3β-HSD), principally in the mitochondria. The activity of 3β-HSD in placental tissues is significantly higher than that of cytochrome P450scc, and so this step is unlikely ever to be rate-limiting for the production of progesterone. Once secreted the principal actions of the hormone are to maintain quiescence of the myometrium, although it may have an immunomodulatory role as well. In addition, our new data on the importance of histiotrophic nutrition during the first few weeks of pregnancy suggest that progesterone may be essential to maintain the secretory activity of the endometrial glands.









Estrogens


The human placenta lacks the enzymes required to synthesize estrogens directly from acetate or cholesterol, and so uses the precursor dehydroepiandrosterone sulphate (DHAS) supplied by the maternal and fetal adrenal glands in approximately equal proportions near term. Following uptake by the syncytiotrophoblast DHAS is hydrolyzed by placental sulphatase to dehydroepiandrosterone (DHA), which is further converted to androstenedione by 3β-HSD. Final conversion to estradiol and estrone is achieved by the action of P450 cytochrome aromatase (P450arom) (CYP19), which has been immunolocalized to the endoplasmic reticulum. The syncytiotrophoblast can also utilize 16-OH DHAS produced by the fetal liver, converting this to 16α-OH androstenedione through the action of 3β-HSD, and then to estriol through the action of P450arom. Since approximately 90% of placental estriol production is reliant on fetal synthesis of the precursor 16-OH DHAS, maternal estriol concentrations have in the past been taken clinically as an index of fetal well-being.


Although the synthesis of estrogens can be detected in placental tissues during the early weeks of gestation, secretion significantly increases toward the end of the first trimester. By 7 weeks of gestation more than 50% of maternal circulating estrogens are of placental origin. Analysis of the transcriptional regulation of the P450arom gene has shown it to be oxygen responsive through a novel pathway involving the basic helix-loop-helix transcription factor Mash-2.81 Production of Mash-2 is increased under physiologically low oxygen conditions, and leads to repression of P450arom gene expression. Hence the change in oxygenation that occurs at the end of the first trimester10 may stimulate placental production of estrogens.









Human Chorionic Gonadotropin


hCG is secreted by the trophoblast at the blastocyst stage, and can be detected in the maternal blood and urine approximately 8 to 10 days after fertilization. Its principal function is to maintain the corpus luteum until the placenta is sufficiently developed to take over production of progesterone. It is a heterodimeric glycoprotein (approximately 38,000 Da) consisting of α and β subunits that is principally derived from the syncytiotrophoblast. The α subunit is common to that of thyroid stimulating hormone, luteinizing hormone (LH) and follicle stimulating hormone, and is encoded by a single gene located at chromosome 6q12-21. It is the β subunit that determines the biologic specificity of hCG, and this evolved by a duplication event at the LHβ gene locus.82 Mapping has revealed that in the human there are six copies of the hCGβ gene located together with a single copy of the LHβ gene at chromosome 19p13.3. Polymerase chain reaction–based techniques have revealed that at least five, possibly all six, of the genes are transcribed in vivo during normal pregnancy. Most of the steady-state hCGβ mRNAs are transcribed from hCGβ genes 5, 3, and 8, however, with the levels of expression being β5 > β3 = β8 > β7, β1/2.83 The β subunits of LH and hCG share 85% amino acid sequence homology, and are functionally interchangeable. One of the principal differences between the two is the presence of a 31-amino acid carboxyl-terminal extension in hCGβ compared to a shorter 7-amino acid stretch in LHβ. This extension is hydrophilic, contains four O-glycosylated serine residues, and is thought to act as a secretory routing signal targeting release of hCG from the apical membrane of the syncytiotrophoblast.


Assembly of hCG involves a complex process of folding in which a strand of 20 residues of the β subunit is wrapped around the α subunit, and the two are secured by a disulphide bond. Combination of the subunits occurs in the syncytiotrophoblast before the release of intact hCG, and as there is only limited storage in cytoplasmic granules secretion is largely thought to reflect de novo synthesis. Oxidizing conditions promote combination of the subunits in vitro most probably through their effects on the disulphide bond, and so the wave of physiologic oxidative stress observed in placental tissues at the transition from the first to second trimesters10 may influence the pattern of secretion in vivo.


Concentrations of the hCG dimer in maternal blood rise rapidly during early pregnancy, peak at 9 to 10 weeks, and subsequently decline to a nadir at approximately 20 weeks. The physiologic role of the hCG peak is unknown, for the serum concentration far exceeds that required to stimulate LH receptors in the corpus luteum. In any case the corpus luteum is coming to the end of its extended life, and so the peak may therefore merely reflect other physiologic events. Production of the β subunit follows the same pattern, whereas the maternal serum concentration of the α subunit continues to rise during the first and second trimesters. Synthesis of the β subunit is therefore considered to be the rate-limiting step. Early experiments using primary placental cultures revealed that cyclic AMP plays a key role in the biosynthesis of both subunits, and subsequent work showed it to increase both the transcription and the stability of the α and β mRNAs. The kinetics were different for the two subunits, however, suggesting that the effect occurs through separate pathways or transcription factors. Possible regulatory elements within the α and β genes were extensively reviewed by Jameson and Hollenberg.84


Another theory that has been proposed is that intact hCG may modulate its own secretion in an autocrine/paracrine fashion through the LH/hCG receptor.85 This G protein–coupled receptor has been identified on the syncytiotrophoblast of the mature placenta and contains a large extracellular domain that binds intact hCG with high affinity and specificity. However, during early pregnancy the receptors in the placenta are truncated and probably functionless until 9 weeks.86 Hence, in the absence of self-regulation maternal serum concentrations of hCG may rise steeply, until the expression of functional LH/hCG receptors on the syncytiotrophoblast toward the end of the first trimester brings it under control. Reduced synthesis of the functional receptor may underlie the raised serum concentrations of hCG that characterize cases of Down syndrome (trisomy 21).87


In addition to changes in the rate of secretion the hormone also exhibits molecular heterogeneity in both its protein and carbohydrate moieties, and the ratio of the different isoforms secreted changes with gestational age. For the first 5 to 6 weeks of gestation hyperglycosylated isoforms of the β subunit predominate, resembling the pattern seen in choriocarcinoma.88 In normal pregnancies these isoforms then decline and are replaced by those that predominate for the remainder of pregnancy. The rate of decline is greater in pregnancies that go on to spontaneous miscarriage,88 suggesting there may be some underlying defect in trophoblast differentiation in these cases.


Midtrimester maternal concentrations of hCG were also found to be raised in a retrospective study of early-onset preeclampsia,89 and a link between the serum concentration and the severity of the maternal oxidative stress has been reported.90 These data reinforce the putative link between secretion of hCG and the redox status of the trophoblast.









Placental Lactogen


hPL, also known as chorionic sommatotropin, is a single-chain glycoprotein (22,300 Da) that has a high degree of amino acid sequence homology with both human growth hormone (96%) and prolactin (67%). It has been suggested therefore that the genes encoding all three hormones arose from a common ancestral gene through repeated gene duplication. hPL thus has both growth promoting and lactogenic effects, although the former are of rather low activity. The hormone is synthesized exclusively in the syncytiotrophoblast, and is secreted predominantly into the maternal circulation, where it can be detected from the third week of gestation onward. Concentrations rise steadily until they plateau at around 36 weeks of gestation, at which time the daily production rate is approximately 1 g. The magnitude of this effort is reflected by the fact that at term production of hPL accounts for 5% to 10% of total protein synthesis by placental ribosomes, and the encoding mRNA represents 20% of the total placental mRNA.


Little is known regarding the control of hPL secretion in vivo, and maternal concentrations correlate most closely with placental mass. There is evidence that calcium influx into the syncytiotrophoblast or an increase in the external concentration in albumin can cause the release of hPL from placental explants in vitro, and this does not appear to be mediated by activation of the inositol phosphate, cAMP, or cGMP pathways.


The hormone has well-defined actions on maternal metabolism, promoting lipolysis and so increasing circulating free fatty acid levels, and acting as an insulin antagonist and so raising her blood glucose concentrations. It also promotes growth and differentiation of the mammary glandular tissue within the breasts in anticipation of lactation.









Placental Growth Hormone


Placental growth hormone (PGH) is expressed from the same gene cluster as hPL, and differs from pituitary growth hormone by only 13 amino acids.91 It is secreted predominantly by the syncytiotrophoblast into the maternal circulation in a nonpulsatile manner and cannot be detected in the fetal circulation. Between 10 and 20 weeks of gestation it gradually replaces pituitary growth hormone, which then becomes undetectable until term.92 In contrast to hPL, PGH has high growth-promoting but low-lactogenic activities.


Secretion on PGH is not modulated by growth-hormone releasing hormone, but appears to be rapidly suppressed by raised glucose concentrations both in vivo and in vitro.91 Through its actions on maternal metabolism PGH increases nutrient availability for the fetal-placental unit, promoting lipolysis and also gluconeogenesis. It is also one of the key regulators of maternal insulin-like growth factor 1 (IGF1) concentrations, and circulating levels of PGH are reduced in cases of intrauterine growth restriction.91












Key Points







♦ The mature human placenta is a discoid organ consisting of an elaborately branched fetal villous tree that is bathed directly by maternal blood, the villous hemochorial type.


♦ Continual development throughout pregnancy leads to progressive enlargement of the surface area for exchange (12 to 14 m2 at term) and reduction in the mean diffusion distance between the maternal and fetal circulations (approximately 5 to 6 µm at term).


♦ The maternal circulation to the placenta is not fully established until the end of the first trimester; hence organogenesis takes place in a low-oxygen environment of approximately 20 mm Hg that may protect against free radical–mediated teratogenesis.


♦ During the first trimester the uterine glands discharge their secretions into the placental intervillous space and represent an important supply of nutrients, cytokines, and growth factors before onset of the maternal circulation.


♦ The exocoelomic cavity acts as an important reservoir of nutrients during early pregnancy, and the secondary yolk sac is important in the uptake of nutrients and their transfer to the fetus.


♦ Oxygen is a powerful mediator of trophoblast proliferation and invasion, villous remodeling, and placental angiogenesis.


♦ Ensuring an adequate maternal blood supply to the placenta during the second and third trimesters is an essential aspect of placentation and is dependent on physiologic conversion of the spiral arteries induced by invasion of the endometrium by extravillous trophoblast during early pregnancy. Many complications of pregnancy, such as preeclampsia, appear to be secondary to deficient invasion.


♦ All transport across the placenta must take place across the syncytial covering of the villous tree, the syncytiotrophoblast, the villous matrix, and the fetal endothelium, each of which may impose its own restriction and selectivity. Exchange will occur via one of four basic processes: bulk flow/solvent drag, diffusion, transporter-mediated mechanisms, and endocytosis/exocytosis.


♦ The rate of transplacental exchange depends on many factors, such as the surface area available, the concentration gradient, the rates of maternal and fetal blood flows, and the density of transporter proteins. Changes in villous surface area, diffusion distance, and transporter expression have been linked with intrauterine growth restriction.


♦ The placenta is an important endocrine gland, producing both steroid and peptide hormones principally from the syncytiotrophoblast. Concentrations of some hormones are altered in pathologic conditions, for example, human chorionic gonadotropin in trisomy 21, but in general little is known regarding control of endocrine activity.
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Key Abbreviations


2,3-Diphosphoglycerate 2,3-DPG


α-Melanocyte-stimulating Hormone α-MSH


Adenosine Triphosphate ATP


Adrenocorticotropic Hormone ACTH


Angiotension-converting Enzyme ACE


Angiotension II AII


Arginine Vasopressin AVP


Atrial Natriuretic Factor ANF


Carbon Dioxide CO2


Corticotropin-like Intermediate Lobe Peptide CLIP


Epidermal Growth Factor EGF


Epidermal Growth Factor Receptor EGF-R


Glomerular Filtration Rate GFR


Glucose Transporter GLUT


Human Leukocyte Antigens HLAs


Immunoglobulin G IgG


Insulin-like Growth Factor IGF


Killer Cell Immunoglobulin-like Receptors KIRs


Low-density Lipoproteins LDLs


Oxygen O2


T-helper Type 1 Th1


Thyrotropin-releasing Hormone TRH


Thyroid-stimulating Hormone TSH


Thyroxine T4


Triiodothyronine T3


Uterine Natural Killer Cells uNK


Vascular Endothelial Growth Factor VEGF





In obstetrical practice, recognition of normal fetal growth, development, and behavior often suggests a nonintervention management plan. However, abnormalities may require clinical strategies for fetal assessment and/or intervention. The basic concepts of placental and fetal physiology provide the building blocks necessary for understanding pathophysiology and thus mechanisms of disease. Throughout this chapter, we have reviewed the essential tenets of placental and fetal physiology, while relating this information to normal and abnormal clinical conditions.


Much of our knowledge of placental and fetal physiology derives from observations made in mammals other than humans. We have attempted to include only those observations reasonably applicable to the human placenta and fetus, and in most instances have not detailed the species from which the data were obtained. Should questions arise regarding the species studied, the reader is referred to the extensive bibliography.






Placental Physiology


The placenta provides the fetus with essential nutrients, water and oxygen, and a route for clearance of fetal excretory products, and produces a vast array of protein and steroid hormones and factors essential to the maintenance of pregnancy. As a result, it has become increasingly clear that the placenta, far from being a passive conduit, plays a key role in the control of fetal growth.






Placental Metabolism and Growth


Anatomic and histologic aspects of placental growth are detailed in Chapter 1. This section focuses on the physiology of placental metabolism and growth, and its influence on the fetus.


The critical function of the placenta is illustrated by its high metabolic demands. For example, placental oxygen consumption equals that of the fetus, and exceeds the fetal rate when expressed on a weight basis (10 mL/min/kg).1 Between 22 and 36 weeks of gestation, the number of trophoblast nuclei increases fourfold to fivefold, placing increased metabolic demands on the placenta. Glucose is the principal substrate for oxidative metabolism by placental tissue. Of the total glucose leaving the maternal compartment to nourish the uterus and its contents, placental consumption may represent up to 70%.2 In addition, a significant fraction of placental glucose uptake derives from the fetal circulation, and reflects placental oxidative metabolism. Although one third of placental glucose may be converted to the three-carbon sugar lactate, placental metabolism is not anaerobic. Instead, placental lactate is thought to be a fetal energetic substrate. The factors regulating short-term changes in placental oxygen and glucose consumption are at present incompletely understood, although in pregnancies at high altitude, the placenta appears to spare oxygen for fetal use, at the cost of increased placental utilization of glucose.


The regulation of placental growth is incompletely understood, although dramatic advances have been made in the study of genes as they contribute to placental growth and differentiation. Normal term placental weight averages 450 g, representing approximately one seventh (one sixth with cord and membranes) of fetal weight. Large placentas, either ultrasonographically or at delivery, may prompt investigation into possible etiologies. Clinical observations suggest a link between decreased tissue oxygen content and increased placental growth. Thus, increased placental size is associated with maternal anemia, fetal anemia associated with erythrocyte isoimmunization, and hydrops fetalis secondary to fetal α-thalassemia with Bart’s hemoglobin. The association of a large placenta with maternal diabetes also has been recognized, possibly a result of insulin-stimulated mitogenic activity or enhanced angiogenesis. Enlarged placentas are also found in cloned animals, presumably because of defects in the expression of specific imprinted genes, as well as in the placentas of animals in whom specific gene products have been deleted. In humans, increased ratio of placental size to fetal weight is associated with increased morbidity, both in the neonatal period and subsequently.3


An array of growth-promoting peptide hormones (factors) have been characterized in placental tissue at the protein and/or receptor levels. These include the insulin receptor, insulin-like growth factors I and II (IGF-I, IGF-II), epidermal growth factor (EGF), leptin, placental growth factor, placental growth hormone, placental lactogen, and a variety of cytokines and chemokines, each of which has been shown to play an important role in fetal/placental development. IGF-I and IGF-II are polypeptides with a high degree of homology to human proinsulin. Both IGF-I and IGF-II circulate bound to carrier proteins, and are 50 times more potent than insulin in stimulating cell growth. Both are produced within the placenta, as well as in the fetus and mother. EGF increases RNA and DNA synthesis and cell multiplication in a wide variety of cell types. The integrated physiological role of these and other potential placental growth factors in regulating placental growth remains to be fully defined; however, the development of null-mutation mouse models for IGF-1, IGF-II, IGF-1r, and IGF-IIr, as well as for the EGF receptor, have provided evidence in this regard.4 Specifically, the EGF receptor appears important in placental development, as does IGF-II. Knockout of IGF-II results in diminished placental size, whereas deletion of the IGF-II receptor results in an increase in placental size. IGF-I does not appear to affect placental growth. Chronic exposure to exogenous corticosteroid may also result in diminished placental size.









Placental Transfer






General Considerations


In the hemochorial human placenta, maternal blood and solutes are separated from fetal blood by trophoblastic tissue and fetal endothelial cells. Thus, transit from the maternal intervillous space to the fetal capillary lumen takes place across a number of cellular structures (Figure 2-1). The first step is transport across the microvillus plasma membrane of the syncytiotrophoblast. Because there are no lateral intercellular spaces in the syncytiotrophoblast, all solutes first interact with the placenta at this plasma membrane. The basal (fetal) syncytiotrophoblast membrane represents an additional step in the transport process. The discontinuous nature of the cytotrophoblast cell layer in later gestation suggests that this layer should not limit maternal-to-fetal transfer. The fetal capillary endothelial cell imposes two additional plasma membrane surfaces.
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Figure 2-1 Electron micrograph of human placenta demonstrating the cellular and extracellular components with which solutes most interact in moving from the maternal intervillous space (IVS) to the lumen of the fetal capillary (FC). MPM, Microvillous plasma membrane of the syncytiotrophoblast; SC, syncytiotrophoblast; BCM, basal cell membrane of the syncytiotrophoblast; BM, basement membrane; CT, cytotrophoblast cell; FCE, fetal capillary endothelial cell; LIS, lateral intercellular space of fetal endothelial cell.


(Courtesy Kent L. Thornburg, Ph.D., Department of Physiology, Oregon Health Sciences University, Portland, OR.)





A number of specific mechanisms allow transit of the placental membranes, including passive diffusion, facilitated diffusion, active transport, and endocytosis/exocytosis. Solutes lacking specialized transport mechanisms cross by extracellular or transcellular diffusional transport pathways with permeability determined by size, lipid solubility, ionic charge, and maternal serum protein binding. Lipid-insoluble (hydrophilic) substances, which cross the trophoblast via extracellular pores, are restricted by molecular size in relation to the extracellular pore size. Up to a molecular weight (MW) of at least 5000 daltons, placental permeability is proportional to the free diffusion of a molecule in water.5 For example, urea (MW = 60) is at least 1000 times more permeable than inulin (MW = 5000).5 Thus, transfer of small solutes will be governed primarily by the maternal-fetal concentration gradient. Because transfer is relatively slow, and the extracellular pore surface area is limited, transfer of these molecules is referred to as diffusion limited. In animal models, food restriction enhances the barrier to diffusion, as does placental IGF-II deficiency.6 Conversely, highly lipid-soluble (lipophilic) substances diffuse readily through the trophoblastic membrane. Thus, molecular weight is relatively less important in restricting diffusion. Ethanol, a molecule similar in size to urea, is 500 times more lipid soluble and 10 times more permeable. Because the entire trophoblast surface is available for diffusion and the permeability is high, transfer rates for lipophilic substances to the fetus are limited primarily by placental intervillous and umbilical blood flows (flow limited). Both facilitated diffusion and active transport utilize carrier-mediated transport systems, with the latter requiring energy, either directly or indirectly linked with ionic pump mechanisms. Carrier transport systems are specifically limited to unique classes of molecules (i.e., neutral amino acids). In addition, substances may traverse the placenta via endocytosis (invagination of the cell membrane to form an intracellular vesicle containing extracellular fluids) and exocytosis (release of the vesicle to the extracellular space).












Transfer of Individual Solutes






Respiratory Gases


The exchange or transfer of the primary respiratory gases, oxygen and carbon dioxide, is likely flow limited. Thus, the driving force for placental gas exchange is the partial pressure gradient between the maternal and fetal circulations. Early in gestation, the human embryo develops in a low oxygen environment. Such an environment appears to be necessary, and is associated with the presence of oxygen sensitive regulatory genes and gene products. After approximately gestation week 10, the placenta becomes important as a respiratory organ. Indeed, estimates of human placental diffusing capacities would predict that placental efficiency as an organ of respiratory gas exchange will allow equilibrium of oxygen and carbon dioxide tensions at the maternal intervillous space and fetal capillary. However, this prediction varies from the observed 10 mm Hg difference in oxygen tension between the umbilical and uterine veins and between the umbilical vein and intervillous space. In contrast, the PCO2 difference from umbilical to uterine vein is small (3 mm Hg). PO2 differences could be explained by areas of uneven distribution of maternal to fetal blood flows or shunting, limiting fetal and maternal blood exchange, a process that, as in other respiratory organs (i.e., lungs) may be an active one.7 The most important contribution, however, is likely the high metabolic rate of the placental tissues themselves. Thus, trophoblast cell O2 consumption and CO2 production lower umbilical vein O2 tension and increase uterine vein CO2 tension to a greater degree than could be explained by an inert barrier for respiratory gas transfer.


The arteriovenous difference in the uterine circulation (and venoarterial difference in the umbilical circulation) widens during periods of lowered blood flow. Proportionate O2 uptake increases and O2 consumption remains unchanged over a fairly wide range of blood flows. Thus, both uterine and umbilical blood flows can fall significantly without decreasing fetal O2 consumption.8 Conversely, unilateral umbilical artery occlusion is associated with significant fetal effects.


Carbon dioxide is carried in the fetal blood both as dissolved CO2 and as bicarbonate. Because of its charged nature, fetal to maternal bicarbonate transfer is limited. However, CO2 likely diffuses from fetus to mother in its molecular form, and [HCO3−] does not contribute significantly to fetal CO2 elimination.









Glucose


Placental permeability for D-glucose is at least 50 times the value predicted on the basis of size and lipid solubility.9 Thus, specialized transport mechanisms must be available on both the microvillous and basal membranes. Membrane proteins facilitating the translocation of molecules across cell membranes are termed transporters. The primary human placental glucose transporter is GLUT1,10 a sodium-independent transporter, as compared to the sodium-dependent transporters found in adult kidney and intestine. This transporter, in contrast to that found in human adipocytes (GLUT4), is not insulin sensitive. The placental D-glucose transporter is saturable at high substrate concentrations; 50% saturation is observed at glucose levels of approximately 5 mM (90 mg/dL). Thus, glucose transfer from mother to fetus is not linear, and transfer rates decrease as maternal glucose concentration increases. This effect is reflected in fetal blood glucose levels following maternal sugar loading. Modification of transporter expression within the placenta also occurs in response to maternal diabetes. In this setting, GLUT1 expression is thought to increase on the basolateral membrane, while holding constant on the maternal-facing microvillous membrane.11 Alterations in transporter expression may also depend on gestational stage (e.g., early in pregnancy, GLUT4 may be present within the placenta), as well as maternal nutrition/placental blood flow. A second transporter, GLUT3, has also been noted in the fetal-facing placental endothelium. Its presence within the syncytiotrophoblast remains controversial.









Amino Acids


Amino acid concentrations are higher in fetal umbilical cord blood than in maternal blood.12 Like monosaccharides, amino acids enter and exit the syncytiotrophoblast via specific membrane transport proteins. These proteins allow amino acids to be transported against a concentration gradient into the placenta, and subsequently, if not directly, into the fetal circulation.


Multiple transport proteins mediate neutral, anionic, and cationic amino acid transport into the syncytiotrophoblast. These include both sodium-dependent and sodium-independent transporters. Amino acid entry is, in many cases, coupled to sodium in co-transport systems located at the microvillous membrane facing the maternal intervillous space. As long as an inwardly directed sodium gradient is maintained, trophoblast cell amino acid concentrations will exceed maternal blood levels. The sodium gradient is maintained by Na+-K+ATPase located on the basal or fetal side of the syncytiotrophoblast. In addition, high trophoblast levels of amino acids transported by sodium-dependent transporters can “drive” uptake of other amino acids via transporters that function as “exchangers.” Examples of these include ASCT1 and y+LAT/4F2HC. Still other transporters function in sodium-independent fashion. Individual amino acids may be transported by single or multiple transport proteins. Transport systems have been defined in human placenta (a general schema may be found in Figure 2-2).
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Figure 2-2 Pathways for sodium entry into syncytiotrophoblast and exit to the fetal circulation.


(Data from online references: Boyd et al., 1981; Whitsett and Wallick, 1980; Lajeunesse and Brunette, 1988; Balkovets et al., 1986; and Bara et al., 1988.)





SNAT 1 and 2, responsible for the transport of neutral amino acids with short polar or linear side chains, are sodium-dependent transporters with activity localized on both the microvillous and basolateral membranes of the human placenta. SNAT 4, with similar substrate specificity, is present early in gestation. Other sodium-dependent transport activities localized to the microvillous membrane include that for β-amino acids such as taurine (TauT), as well as perhaps glycine transport via System GLY. Sodium-independent transporters mediating neutral amino acid transfer on the microvillous membrane include System L (LAT-1, 2/4F2HC), which exhibits a high affinity for amino acids with bulky side chains such as leucine, and y+LAT/4F2HC, capable of transporting both neutral and cationic amino acids such as lysine and arginine. The aforementioned transporters are heterodimeric, requiring the combination of two distinct proteins with the cell membrane for transport to occur. Cationic amino acids may also be transported by the sodium-independent transport protein CAT1, whereas anionic amino acids (glutamate, aspartate) are transported by the sodium-dependent transport proteins EAAT 1-4. Basolateral membrane transport activities are similar; however, a predominance of sodium-independent transport and exchange (e.g., ASCT1) allows flow of amino acids down their concentration gradients into the fetal endothelium/fetal blood space. Although less is known regarding transfer into and out of the fetal endothelium, which, for the most part, abuts the syncytiotrophoblast basolateral membrane, available studies have verified that these cells too have a complement of amino acid transport proteins. Recent reviews of placental nutrient transfer and its impact are available.13,14


As implied earlier, more than one protein may mediate each transport activity within a single tissue. Examples include EAAT 1-5, associated with sodium-dependent anionic amino acid transfer; CAT 1, 2, 2a, associated with System y+ activity; and SNAT1, 2, and 4, associated with sodium-dependent transfer of small neutral amino acids. The reasons underlying this duplication within the placenta, more pronounced than in any other organ with the possible exception of the central nervous system, is unclear. Certainly, as is the case for the anionic amino acid transporters EAAT 1-5, differential distribution within different tissue elements plays a role. Differential regulation within single cell types is another likely reason. In isolated trophoblast cells, System A activity (sodium-dependent transfer of small neutral amino acids) is upregulated by the absence of amino acids partially due to an increase in carrier affinity. Conversely, increases in trophoblast amino acid concentrations may suppress uptake (transinhibition). These mechanisms serve to maintain trophoblast cell amino acid levels constant during fluctuations in maternal plasma concentrations. Insulin has also been shown to upregulate this transport activity as has insulin-like growth factor 1. Placental System A activity is downregulated in intrauterine growth restriction, both in humans and in animal models. It is also downregulated in the placentas of obese mothers.15 Conversely, System A activity is upregulated in the placentas of diabetic mothers, perhaps contributing to the accelerated growth noted in these fetuses. Mechanisms underlying these changes are as of yet unclear.


The coordination between placental/fetal metabolism and amino acid transfer is illustrated by the anionic amino acids glutamate and aspartate, which are poorly transported from mother to fetus.16 Glutamate, however, is produced by the fetal liver from glutamine and then taken up across the basolateral membrane of the placenta. Within the placenta, the majority of glutamate is metabolized and utilized as an energy source. As a result, sodium-dependent anionic amino acid transfer activity is of particular importance on the basolateral membrane, as is System ASC (ASCT1) activity, responsible for the uptake of serine, also produced by the fetal liver, into the placenta.









Lipids


Esterified fatty acids (triglycerides) are present in maternal serum as components of chylomicrons and very-low-density lipoproteins (VLDLs). Before transfer across the placenta, lipoprotein lipase interacts with these particles, releasing free fatty acids, which, due to their hydrophobic nature, are relatively insoluble in plasma and circulate bound to albumin. As a result, fatty acid transfer involves dissociation from maternal protein, subsequent association with placental proteins, first at the plasma membrane (FABPpm), then after transfer into the cell (thought to be via FAT/CD36 and FATP) with intracytoplasmic binding proteins. Transfer out of the syncytiotrophoblast is less well worked out, but is thought to occur via interaction with FAT/CD36 and FATP, which are present at both the microvillous and basolateral placental membrane surfaces. Subsequently, interaction with fetal plasma proteins occurs. Placental fatty acid uptake is in part regulated by [image: image] and RXR. In turn, long-chain polyunsaturated fatty acids taken up by the placenta can be metabolized into PPAR ligands, thus affecting the expression of an array of placental genes, including those influencing fatty acid metabolism and transfer. Fatty acids may also be oxidized within the placenta, as a source of energy. Although precise interactions and mechanisms remain uncertain, it is clear that lipid uptake is of profound importance to fetal development. Targeted deletion of FATP4, found within the placenta, results in fetal lethality.17


Early studies documented that placental fatty acid transfer increases logarithmically with decreasing chain length (C16 to C8) and then declines somewhat for C6 and C4. More recent work, however, has clarified the fact that essential fatty acids are, in general, transferred more efficiently than are nonessential fatty acids.18 Of these, docosahexananoic acid seems to be transferred more efficiently than arachidonic acid; oleic acid is transferred least efficiently. As in the case of amino acids discussed earlier, the fetus is significantly enriched in long chain polyunsaturated fatty acids as compared to the mother. Such selectivity may also relate to the composition of triglycerides in maternal serum, as lipoprotein lipase preferentially cleaves fatty acids in the two positions. In general, fatty acids transferred to the fetus reflect maternal serum lipids and diet. Placental fatty transfer has been recently reviewed.18 There is also evidence that the placental secretion of leptin, a hormone generally secreted by adipocytes, may promote maternal lipolysis, thus providing both placenta and fetus the means by which to ensure an adequate lipid supply. Another possible mechanism by which lipids may be excreted from the placenta involves the synthesis and secretion of apolipoprotein (apo) B–containing lipoproteins. The relative importance of this pathway in the human placenta is at present unclear. Placental uptake and excretion of cholesterol is discussed in the section on receptor-mediated endocytosis.









Water and Ions


Although water transfer across the placenta does not limit fetal water uptake during growth, the factors regulating fetal water acquisition are poorly understood. Water transfer from mother to fetus is determined by a balance of osmotic, hydrostatic, and colloid osmotic forces at the placental interface. Calculation of osmotic pressure from individual solute concentrations is unreliable because osmotic pressure forces depend on the membrane permeability to each solute. Thus, sodium and chloride, the principal plasma solutes, are relatively permeable across the placenta19 and would not be expected to contribute important osmotic effects.20 As a result, although human fetal plasma osmolality is equal to or greater than maternal plasma osmolality, these measured values do not reflect the actual osmotic force on either side of the membranes.19 Coupled with findings that hydrostatic pressure may be greater in the umbilical vein than the intervillous space, these data do not explain mechanisms for fetal water accumulation. Alternatively, colloid osmotic pressure differences and active solute transport probably represent the main determinants of net water fluxes—approximately 20 mL/day. It is likely, however, given the large (3.6 L/hr) flux of water between mother and fetus, that more active mechanisms, including perhaps controlled changes in end-vessel resistance, play a significant role. In fact, water flux occurs through both transcellular and paracellular pathways. Water channels (aquaporins 1, 3, 8, and 9) have been identified within the placenta, but their roles relative to water flux within the fetal placental unit have not been discerned.21


In comparison to other epithelia the specialized placental mechanisms for ion transport are incompletely understood. Multiple mechanisms for sodium transport in syncytiotrophoblast membranes exist. The maternal-facing microvillous membrane contains, at a minimum, multiple amino acid co-transporters, a sodium phosphate co-transporter in which two sodium ions are transported with each phosphate radical, a sodium-hydrogen ion antiport that exchanges one proton for each sodium ion entering the cell, and other nutrient transporters. In addition, both sodium and potassium channels have been described. A membrane potential with the inside negative (−30 MV) would promote sodium entry from the intervillous space. The fetal directed basal side of the cell contains the Na,K-ATPase. The microvillous or maternal facing trophoblast membrane has an anion exchanger (AE1) that mediates chloride transit across this membrane, in association with Cl− conductance pathways (channels), present in both the microvillous and basolateral membranes.22 Paracellular pathways also play an important role. The integration and regulation of these various mechanisms for sodium and chloride transport from mother to fetus is not completely understood; there is accumulating evidence that mineralocorticoids may regulate placental sodium transfer. Further, sodium/hydrogen exchange, mediated by multiple members of the NHE family (NHE1-3), is regulated both over gestation and in response to intrauterine growth restriction as is expression of the sodium-potassium ATPase.









Calcium


Calcium is an essential nutrient for the developing fetus. Ionized calcium levels are higher in fetal than in maternal blood. Higher fetal calcium levels are due to a syncytiotrophoblast basal membrane ATP-dependent Ca++ transport system exhibiting high affinity (nanomolar range) for calcium. Indeed, analogous to amino acid and sodium/hydrogen exchange proteins, multiple isoforms of the plasma membrane calcium ATPase (PMCA 1 to 4) are expressed within the placenta23; the placental expression of PMCA3 has been linked to intrauterine bone accrual. Sodium/calcium exchange proteins (NCX) may also play a role in extrusion of calcium from the trophoblast—again, multiple isoforms are expressed within the placenta. A variety of calcium channels have been identified in both the apical and basal membranes; TRPV6 plays a significant role in calcium uptake into the syncytiotrophoblast.23 Intracellular calcium is bound by multiple calcium binding proteins, which have been identified within the placenta; these include CaBP9k, CaBP28k, CaBP57k, oncomodulin, S-100P, S-100alpha, and S-100beta. CaBP9K in particular is thought to have a regulatory and perhaps rate-limiting role. Calcium transport across the placenta is increased by the calcium-dependent regulatory protein calmodulin regulated by 1,25 dihydroxycholecalciferol, calcitonin, parathyroid hormone–related protein, and parathyroid hormone.









Receptor-Mediated Endocytosis/Exocytosis


Endocytosis, via the clatharin-dependent endocytosis pathway, has long been known to occur within the placenta. Placental endocytosis plays a critical role in cell signaling; examples include insulin and EGF receptors, protein recycling (receptors, transporters), substrate transfer (LDL receptor), and transcytosis (immunoglobulin, taken up by endocytosis, and transferred from the maternal to the fetal circulation). The general mechanisms underlying these processes include postligand binding, cell entry, and processing. Following ligand binding, the receptors aggregate on the cell surface and collect in specialized membrane structures termed clatharin-coated pits (Figure 2-3). These coated pits invaginate, pinch off, and enter the cell to form vesicles, which fuse to form endosomes. The endosomes move deeper into the cytoplasm where the lower endosome pH facilitates ligand separation from its receptor.
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Figure 2-3 Electron micrograph of human placental microvillous plasma membrane demonstrating presence of a coated pit (CP). Note the presence of cytoskeletal components extending into the microvillous space (MV).


(Courtesy of Kent L. Thornburg, Ph.D., Department of Physiology, Oregon Health Sciences University, Portland, OR.)





The fate of ligand and receptor differs depending on the specific substrate: Although insulin receptor is probably recycled to the cell surface, maternal insulin does not reach the fetal circulation due to lysosomal degradation. Cholesterol enters the syncytiotrophoblast via the LDL- or HDL-binding scavenger receptors, among others, and may be used for trophoblast pregnenolone/progesterone synthesis and/or transferred across the basal membrane, in part via the ATP-binding cassette transporter.24 The cholesterol is subsequently transferred across the fetal endothelium into the fetal circulation via ATP-binding cassette transporters ABCA1 and ABCG1. IgG remains complexed to its receptor (the neonatal Fc receptor [FcRn]) and is transferred to the fetus intact via exocytosis at the basal trophoblast membrane. Immunoglobulin that cannot bind to this receptor is degraded within the placenta.25 Ferrotransferrin carries two ferric ions per molecule and is unique in that it does not separate from the transferrin receptor. Rather, the iron dissociates and binds to ferritin, a cytoplasmic iron-storing protein. Iron is thought to then escape the trophoblast via ferroportin, to be picked up at the basal side of the cell by fetal apotransferrin, while the maternal apotransferrin/transferrin receptor complex is recycled to the syncytiotrophoblast microvillous membrane.26,27


Endocytosis may also occur via caveolin-dependent and lipid-raft associated mechanisms. The mechanisms are not well understood within the placenta; however, the norepinephrine transporter is recycled by the latter mechanism in trophoblast cells.28












Placental Blood Flow


The transport characteristics of the placenta allow respiratory gases and many solutes to reach equal concentration between the maternal intervillous space blood (derived from uterine blood flow) and fetal capillary blood (derived from umbilical blood flow). Thus, the rate of blood flow in these two circulations is an important determinant of fetal oxygen and nutrient supply.






Uterine Blood Flow


Uterine blood flow during pregnancy supplies the myometrium, endometrium, and placenta, with the latter receiving nearly 90% of total uterine blood flow near term. Thus, interest has focused primarily on regulation of uteroplacental blood flow. Over the course of a normal singleton ovine gestation, uterine blood flow increases more than 50-fold above nonpregnant values. This long-term increase in uterine blood flow is accompanied by a doubling of maternal cardiac output and a 40% increase in blood volume. Two primary factors contribute to this dramatic increase in uterine blood flow: placental growth and maternal arterial vasodilation. Along with fetal and placental growth, placental intervillous space volume almost triples between weeks 22 and 36 of gestation. Thus, the marked growth of the maternal placental vascular bed is consistent with the increase in placental diffusing capacity. Second, the increase in blood flow is due in part to a direct estrogen-induced vasodilation of the uterine vasculature. This effect is mediated through the release of nitric oxide.29 These combined effects provide uterine blood flow rates at term of at least 750 mL/min, or 10% to 15% of maternal cardiac output. The uterine artery behaves as a nearly maximally dilated system; a number of local vasodilatory agents contribute to this effect including prostanoids (PGI2), nitric oxide, and kinins.30 Still, uterine blood flow is subject to short-term regulatory influences. Systemically administered vasodilator agents preferentially dilate systemic vessels, reducing uterine blood flow. Thus, concerns regarding administration of antihypertensive agents or regional anesthesia with sympathetic blockade are well founded. Although pregnant women display a refractoriness to infused pressor agents,31 including angiotensin, pressor agent–induced increases in uterine vascular resistance may exceed increases in systemic vascular resistance, reducing uteroplacental blood flow. Thus, increased maternal plasma catecholamine levels during preeclampsia or pressor agents administered for treatment of maternal hypotension may have adverse effects on uterine blood flow. Although respiratory gases are important regulators of blood flow in a number of organs, there is no indication that either oxygen or carbon dioxide are responsible for short-term changes in uterine blood flow. During uterine contractions the relationship between uterine arterial and venous pressures and blood flow no longer holds. Since intrauterine pressures are directly transmitted to the intervillous space, increases in intrauterine pressure are reflected by decreases in placental blood flow. Calcitonin gene–related peptide produces uterine artery relaxation and enhances uterine artery blood flow and improved fetal growth. Phosphodiesterase 5–specific inhibitors, including sildenafil, tadalafil, and vardenafil, enhance nitric oxide’s vasodilatory effect by inhibition of cGMP (second messenger in the nitric oxide cascade) breakdown, with resultant relaxation of vascular smooth muscle.32 Evidence in animal models suggests that fetal outcomes may be improved by these agents.33 Conversely, it is not surprising that diminished uterine artery blood flow is associated with diminished fetal growth, presumably because of diminished substrate transfer (nutrient, ions, oxygen, etc.) from mother to fetus.









Umbilical Blood Flow


Fetal blood flow to the umbilical circulation represents approximately 40% of the combined output of both fetal ventricles.34 Over the last third of gestation, increases in umbilical blood flow are proportional to fetal growth, so that umbilical blood flow remains constant when normalized to fetal weight. Human umbilical venous flow can be estimated through the use of triplex mode ultrasonography. Although increases in villous capillary number represent the primary contributor to gestation-dependent increases in umbilical blood flow, the factors that regulate this change are not known. A number of important angiogenic peptides and factors, including VEGF, have been identified.35 Short-term changes in umbilical blood flow are primarily regulated by perfusion pressure. The relationship between flow and perfusion pressure is linear in the umbilical circulation. As a result, small (2 to 3 mm Hg) increases in umbilical vein pressure evoke proportional decreases in umbilical blood flow. Because both the umbilical artery and vein are enclosed in the amniotic cavity, pressure changes caused by increases in uterine tone are transmitted equally to these vessels without changes in umbilical blood flow. Relative to the uteroplacental bed, the fetoplacental circulation is resistant to vasoconstrictive effects of infused pressor agents, and umbilical blood flow is preserved unless cardiac output decreases. Thus, despite catecholamine-induced changes in blood flow distribution, and increases in blood pressure during acute hypoxia, umbilical blood flow is maintained over a relatively wide range of oxygen tensions. Endogenous vasoactive autacoids have been identified; nitric oxide may also be important. Endothelin-1, in particular, is associated with diminished fetoplacental blood flow.36












Immunologic Properties of the Placenta


The syncytiotrophoblast in contact with maternal blood in the intervillous space and the amniochorion in contact with maternal decidua represent the fetal tissues most prone to immunologic reactions from maternal factors. Maternal tolerance of fetal tissue is an area of active, if as yet incomplete, investigation. A variety of immunoregulatory cells are present within the placental bed; these include uterine natural killer cells, macrophages, dendritic cells, T regulatory cells,T lymphocytes, and natural killer T cells. These cells may vary both numerically and functionally throughout gestation.37 The manner in which immunoregulatory cells interact with fetal derived tissues to allow tolerance remains an area of intense investigation, but as yet consensus has not been reached. It is likely, however, that they participate in not only the development of fetal tolerance, but also in the establishment of placental vasculature, and in limitation of extravillous trophoblast migration once the vacular bed has been sufficiently established.


Trophoblast cells contain a unique complement of histocompatibility antigens, which are integral to the host’s recognition of self and non-self. Neither beta-2-microglobulin (which is tightly associated with HLA antigens) nor the HLA antigens A, B, DR, or DC can be demonstrated on the surface of syncytiotrophoblast. This is thought to be the result of the epigenetic silencing of the Class II transactivator gene within the trophoblast. Invasive human cytotrophoblasts (extravillous trophoblast) express a trophoblast-specific, nonclassical class 1b antigen, HLA-G (reviewed in reference 38), in addition to the more widely disseminated HLA-C and HLA-E, each of which serves as a ligand for uterine natural killer (uNK) cells, the predominant leukocyte type found within the maternal-fetal junction in early gestation.38 These ligands interact with specific killer-cell immunoglobulin-like receptors (KIRs) on uNK cells. Postulated roles for HLA-G include protection of invasive cytotrophoblast from uNK cells, as well as containment of placental infection. HLA-G is also coexpressed with HLA-E, allowing it to be recognized by KIRs, which then induce inhibition of uNK cells. The interaction of uNK cells and HLA-C appears to be more complex, in that, depending on the combinatorial pattern of KIRs and HLA-C alleles present, uterine invasion by extravillous trophoblast can be either facilitated of inhibited, leading, perhaps, to the development of preeclampsia.39 Trophoblasts also express HLA-F, but the function and interactions of this antigen remain uncertain.


Other postulated “protective” mechanisms include the presence of proteins that “deactivate” the local complement system, alteration of lymphocytes from a Th1 to a Th2 secretory phenotype, associated with a cytokine profile more conducive to fetal survival, as well as a mechanism by which the fetal membranes may facilitate the apoptosis of specific maternal immunoregulatory cells. Others have shown that indoleamine 2,3-dioxygenase (IDO), which breaks down tryptophan, may be important in the control of maternal lymphocytes; blocking this enzyme activity was associated with a high rate of fetal abortion.39 In summary, immunologic aspects of the placenta are difficult to separate out from those of the maternal uterus and the mixed deciduas. It is now clear, however, that multiple, elegant, overlapping mechanisms ensure the survival of the placenta, and thus the fetus, in an immunologically hostile environment. For a detailed review of immunology in pregnancy, see Chapter 4.









Amniotic Fluid Volume


Mean amniotic fluid volume increases from 250 to 800 mL between 16 and 32 weeks’ gestation. Despite considerable variability, the average volume remains stable up to 39 weeks and then declines to about 500 mL at 42 weeks. The origin of amniotic fluid during the first trimester of pregnancy is uncertain. Possible sources include a transudate of maternal plasma through the chorioamnion or a transudate of fetal plasma through the highly permeable fetal skin, before keratinization. The origin and dynamics of amniotic fluid are better understood beginning in the second trimester, when the fetus becomes the primary determinant. Amniotic fluid volume is maintained by a balance of fetal fluid production (lung liquid and urine) and fluid resorption (fetal swallowing and flow across the amniotic and/or chorionic membranes to the fetus or maternal uterus).40


The fetal lung secretes fluid at a rate of 300 to 400 mL/day near term. Chloride is actively transferred from alveolar capillaries to the lung lumen, and water follows the chloride gradient. Thus, lung fluid represents a nearly protein-free transudate with an osmolarity similar to that of fetal plasma. Fetal lung fluid does not appear to regulate fetal body fluid homeostasis, as fetal intravenous volume loading does not increase lung fluid secretion. Rather, lung fluid likely serves to maintain lung expansion and facilitate pulmonary growth. Lung fluid must decrease at parturition to provide for the transition to respiratory ventilation. Notably, several hormones that increase in fetal plasma during labor (i.e., catecholamines, arginine vasopressin [AVP]) also decrease lung fluid production. With the reduction of fluid secretion, the colloid osmotic gradient between fetal plasma and lung fluid results in lung fluid resorption across the pulmonary epithelium, and clearance via lymphatics. The absence of this process explains the increased incidence of transient tachypnea of the newborn, or “wet lung,” in infants delivered by cesarean section in the absence of labor.


Fetal urine is the primary source of amniotic fluid, with outputs at term varying from 400 to 1200 mL/day. Between 20 and 40 weeks’ gestation, fetal urine production increases about tenfold, in the presence of marked renal maturation. The urine is normally hypotonic and the low osmolarity of fetal urine accounts for the hypotonicity of amniotic fluid in late gestation relative to maternal and fetal plasma. Numerous fetal endocrine factors, including AVP, atrial natriuretic factor (ANF), angiotensin II (AII), aldosterone, and prostaglandins, alter fetal renal blood flow, glomerular filtration rate, or urine flow rates.41 In response to fetal stress, endocrine-mediated reductions in fetal urine flow may explain the association between fetal hypoxia and oligohydramnios. The regulation of fetal urine production is discussed further under Fetal Kidney later in this chapter.


Fetal swallowing is believed to be a major route of amniotic fluid resorption although swallowed fluid contains a mixture of amniotic and tracheal fluids. Human fetal swallowing has been demonstrated by 18 weeks’ gestation,42 with daily swallowed volumes of 200 to 500 mL near term. Similar to fetal urine flow, daily fetal swallowed volumes (per body weight) are markedly greater than adult values. With the development of fetal neurobehavioral states, fetal swallowing occurs primarily during active sleep states associated with respiratory and eye movements.43 Moderate increases in fetal plasma osmolality increase the number of swallowing episodes and volume swallowed, indicating the presence of an intact thirst mechanism in the near-term fetus.


Because amniotic fluid is hypotonic with respect to maternal plasma, there is a potential for bulk water removal at the amniotic-chorionic interface with maternal or fetal plasma. Although fluid resorption to the maternal plasma is likely minimal, intramembranous flow from amniotic fluid to fetal placental vessels may contribute importantly to amniotic fluid resorption. Thus, intramembranous flow may balance fetal urine and lung liquid production with fetal swallowing to maintain normal amniotic fluid volumes.


The mechanisms by which water is transferred across the amnion into fetal vessels remains uncertain, but evidence implicates the presence of water channels within the amnion, and, as discussed previously, the placental trophoblast and fetal endothelium. Aquaporins 1, 3, 8, and 9 are found within the placenta and fetal membranes. Mice deficient in aquaporin 1 develop polyhydramnios, suggesting an important role for this protein in intramembranous water transfer.44 Aquaporins 1 and 3 (important in transplacental water flow) are regulated by AVP and by cAMP, as well as showing changes in expression throughout gestation.45












Fetal Physiology






Growth and Metabolism






Substrates


Nutrients are utilized by the fetus for two primary purposes: oxidation for energy and tissue accretion. Under normal conditions, glucose is an important substrate for fetal oxidative metabolism. The glucose utilized by the fetus derives from the placenta rather than from endogenous glucose production. However, based on umbilical vein–to–umbilical artery glucose and oxygen concentration differences, glucose alone cannot account for fetal oxidative metabolism. In fact, glucose oxidation accounts for only two thirds of fetal carbon dioxide production.46 Thus, fetal oxidative metabolism depends on substrates in addition to glucose. A large portion of the amino acids taken up by the umbilical circulation are used by the fetus for aerobic metabolism instead of protein synthesis. Fetal uptake for a number of amino acids actually exceeds their accretion into fetal tissues. In addition, other amino acids, notably glutamate, are taken up by the placenta from the fetal circulation and metabolized within the placenta.47 In fetal sheep and likely the human fetus as well, lactate also is a substrate for fetal oxygen consumption.46 Thus, the combined substrates glucose, amino acids, and lactate essentially provide the approximately 87 kcal/kg/day required by the growing fetus.


Metabolic requirements for new tissue accretion depend on the growth rate and the type of tissue acquired. Although the newborn infant has relatively increased body fat, fetal fat content is low at 26 weeks. Fat acquisition increases gradually up to 32 weeks and rapidly thereafter (about 82 g [dry weight] of fat per week). Because many of the necessary enzymes for carbohydrate to lipid conversion are present in the fetus, fat acquisition reflects glucose utilization in addition to placental fatty acid uptake. In contrast, fetal acquisition of nonfat tissue is linear from 32 to 39 weeks, and may decrease to only 30% of the fat-acquisition rate in late gestation (about 43 g [dry weight] per week).









Hormones


The role of select hormones in the regulation of placental growth was discussed previously under Placental Metabolism and Growth. Fetal hormones influence fetal growth through both metabolic and mitogenic effects. Although growth hormone and growth hormone receptors are present early in fetal life, and growth hormone is essential to postnatal growth, growth hormone appears to have little role in regulating fetal growth. Instead, changes in IGF, IGF-binding proteins, or IGF receptors explain the apparent reduced role of growth hormone on fetal growth. Most if not all tissues of the body produce IGF-I and IGF-II and both IGF-I and IGF-II are present in human fetal tissue extracts after 12 weeks’ gestation. Fetal plasma IGF-I and IGF-II levels begin to increase by 32 to 34 weeks’ gestation. The increase in IGF-I levels directly correlates with increase in fetal size, and a reduction in IGF-I levels is associated with growth restriction.48 In contrast, there is no correlation between serum IGF-II levels and fetal growth. However, there is a correlation between small offspring and genetic manipulations resulting in decreased IGF-II messenger RNA production. IGF-II knockout mice are small, and knockout of the IGF-IIr results in fetal overgrowth.49 Thus, tissue IGF-II concentrations and localized IGF-II release may be more important than circulating levels in supporting fetal growth.


IGF binding proteins (IGFBPs) modulate IGF-I and II concentrations in serum, with IGFBP1 having an inhibitory and IGFBP3 a comparatively stimulatory effect. As such, diminished fetal concentrations of IGFBP3 and enhanced concentrations of IGFBP1 have been associated with smaller fetal size.50


A role for insulin in fetal growth is suggested from the increases in body weight, and heart and liver weights, in infants of diabetic mothers. Insulin levels within the high physiologic range increase fetal body weight, and increases in endogenous fetal insulin significantly increase fetal glucose uptake. In addition, fetal insulin secretion increases in response to elevations in blood glucose, although the normal rapid insulin response phase is absent.51 Plasma insulin levels sufficient to increase fetal growth also may exert mitogenic effects perhaps through insulin-induced IGF-II receptor binding. Separate receptors for insulin and IGF-II are expressed in fetal liver cells by the end of the first trimester. Hepatic insulin receptor numbers (per gram tissue) triple by 28 weeks, while IGF-II receptor numbers remain constant. Thus, although children conceived of diabetic mothers are at increased risk of cardiac defects, the growth patterns of these infants indicate insulin levels may be most important in late gestation. Though less common, equally dramatically low birth weights are associated with the absence of fetal insulin. Experimentally induced hypoinsulinemia causes a 30% decrease in fetal glucose utilization and decreases fetal growth.


As in the adult, β-adrenergic receptor activation increases fetal insulin secretion, whereas β-adrenergic activation inhibits insulin secretion. Fetal glucagon secretion also is modulated by the β-adrenergic system. However, the fetal glycemic response to glucagon is blunted, probably caused by a relative reduction in hepatic glucagon receptors.


Corticosteroids are essential for fetal growth and maturation. Corticosteroid levels within the fetus rise near partuition, in step with maturation of fetal organs such as the lung, liver, kidneys, and thymus, and slowing of fetal growth. Exogenous maternal steroid administration during pregnancy also has the potential to diminish fetal growth in humans, as well as in a variety of other species, perhaps via suppression of the IGF axis.50 In addition to the insulin-like growth factors, a number of other factors, including epidermal growth factor, transforming growth factor, fibroblast growth factor, and nerve growth factor, are expressed during embryonic development and appear to exert specific effects during morphogenesis; for example, epidermal growth factor has specific effects on lung growth and growth and differentiation of the secondary palate, and normal sympathetic adrenergic system development is dependent on nerve growth factor. However, a specific role of these factors in regulating fetal growth remains to be defined. Similarly, the fetal thyroid also is not important for overall fetal growth, but is important for central nervous system development.


Substantial evidence now exists to support the view that several cell-specific growth factors and their cognate receptors play an essential role in placental growth and function in a number of species. Growth factors identified to date include family members of epidermal growth factor, transforming growth factor beta, nerve growth factor, insulin-like growth factor, hematopoietic growth factors, vascular endothelial growth factor, and fibroblast growth factor. A number of cytokines also play a role in normal placental development. The expression, ontogeny, and regulation of most but not all of these growth factors have been explored. In vitro placental cell culture studies support the concept that growth factors and cytokines exert their functions locally promoting proliferation and differentiation through their autocrine and/or paracrine mode of actions. For example, epidermal growth factor (EGF) promotes cell proliferation, invasion, or differentiation depending on the gestational age. Hepatocyte growth factor and vascular endothelial growth factor stimulate trophoblast DNA replication whereas transforming growth factor beta suppresses cytoplast invasion and endocrine differentiation. In support of local actions, functional receptors for various growth factors have been demonstrated on trophoblast and other cells. Various intracellular signal proteins and transcription factors that respond to growth factors are also expressed in placenta. A number of elegant studies have identified alterations in growth factors and growth factor receptors in association with placental and fetal growth restriction. Placental defects in growth factor(s) and receptor(s) pathways, explored through the use of transgenic and mutant mice, have provided potential mechanisms for explaining complications of human placental development.52 An illustrative example is EGF, a potent mitogen for epidermal and mesodermal cells that is expressed in human placenta. EGF is involved in embryonal implantation, stimulates syncytiotrophoblast differentiation in vitro, and modulates production and secretion of human chorionic gonadotrophin and placental lactogen. The effects of EGF are mediated by EGF-receptor (EGF-R), a transmembrane glycoprotein with intrinsic tyrosine kinase activity. EGF-R is expressed on the apical microvillus plasma membrane fractions from early, middle, and term whole placentas. Placental EGF-R expression is regulated by locally expressed parathyroid hormone–related protein, itself important in placental differentiation and maternal-fetal calcium flux.53,54 Decreased EGF-R expression has been demonstrated in association with intrauterine growth restriction. Targeted disruption of EGF-R has shown to result in fetal death due to placental defects.55 Overexpression of EGF-R activity results in placental enlargement.56


The EGF family now consists of at least 15 members, many of which have been identified in human placenta. Future studies should reveal whether EGF family members play distinct or overlapping functions in mediating placental growth.


Control of fetal growth may occur via the impact of growth factors/hormones on the placenta or may occur as a direct result of action in and on the fetus. It is clear that nutrition may play a role in these processes. However, the number of genes/gene products known to control or affect fetal growth continues to increase. Imprinted genes (expressed primarily from maternally or paternally acquired allele) play a particularly important role in controlling fetal growth.57 Abnormalities in the expression of these genes often result in fetal overgrowth or undergrowth. Environmental influences, such as alterations in gene methylation, or in modification of histones associated with genes, may further alter gene expression, and thus fetal growth, making this a rich area for further exploration.












Fetal Cardiovascular System






Development


The heart and the vascular system develop from splanchnic mesoderm during the third week after fertilization. The two primordial heart tubes fuse, forming a simple contractile tube early in the fourth week, and the cardiovascular system becomes the first functional organ system. During weeks 5 to 8 this single-lumen tube is converted into the definitive four-chambered heart through a process of cardiac looping (folding), remodeling, and partitioning. However, an opening in the interatrial septum, the foramen ovale, is present and serves as an important right-to-left shunt during fetal life.


During the fourth embryonic week three primary circulations characterize the vascular system. The aortic/cardinal circulation serves the embryo proper and is the basis for much of the fetal circulatory system. Of note the left sixth aortic (pulmonary) arch forms a connection between the left pulmonary artery and the aorta as the ductus arteriosus. The ductus arteriosus also functions as a right-to-left shunt by redistributing right ventricular output from the lungs to the aorta and fetal and placental circulations. The vitelline circulation develops in association with the yolk sac, and though it plays a minor role in providing nutrients to the embryo, its rearrangement ultimately provides the circulatory system for the gastrointestinal tract, spleen, pancreas, and liver. The allantoic circulation develops in association with the chorion and the developing chorionic villi, and forms the placental circulation, comprised of two umbilical arteries and two umbilical veins. In humans, the venous pathways are rearranged during embryonic weeks 4 to 8 and only the left umbilical vein is retained. Subsequent rearrangement of the vascular plexus associated with the developing liver forms the ductus venosus, a venous shunt that allows at least half of the estimated umbilical blood flow (70 to 130 mL/min/kg fetal weight after 30 weeks’ gestation) to bypass the liver and enter the inferior vena cava.58


Placental gas exchange provides well-oxygenated blood that leaves the placenta (Figure 2-4) via the umbilical vein. In addition to the ductus venosus, small branches into the left lobe of the liver and a major branch to the right lobe account for the remainder of umbilical venous flow. Left hepatic vein blood combines with the well-oxygenated ductus venosus flow as it enters the inferior vena cava. Because right hepatic vein blood combines with the portal vein (only a small fraction of portal vein blood passes through the ductus venosus), right hepatic vein blood is less oxygenated than its counterpart on the left,58 and combination of right hepatic/portal drainage with blood returning from the lower trunk and limbs further decreases the oxygen content. Although both ductus venosus blood and hepatic portal/fetal trunk bloods enter the inferior vena cava and the right atrium, little mixing occurs. This stream of well-oxygenated ductus venosus blood is preferentially directed into the foramen ovale by the valve of the inferior vena cava and the crista dividens on the wall of the right atrium. This shunts a portion of the most highly oxygenated ductus venosus blood through the foramen ovale with little opportunity for mixing with superior vena cava/coronary sinus venous return (Figures 2-4 and 2-5). As a result, left atrial filling results primarily from umbilical vein–ductus venosus blood, with a small contribution from pulmonary venous flow. Thus, blood with the highest oxygen content is delivered to the left atrium and left ventricle, and ultimately supplies blood to the upper body and limbs, carotid and vertebral circulations, and the brain. Inferior vena cava flow is larger than the volume that can cross the foramen ovale. The remainder of the oxygenated inferior vena cava blood is directed through the tricuspid valve (see Figure 2-4) into the right ventricle (see Figure 2-5) and is accompanied by venous return from the superior vena cava and coronary sinus. However, the very high vascular resistance in the pulmonary circulation maintains mean pulmonary artery pressure 2 to 3 mm Hg above aortic pressure and directs most of the right ventricular output through the ductus arteriosus and into the aorta and the fetal and placental circulations.58
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Figure 2-4 Anatomy of the umbilical and hepatic circulation. Dark arrows represent nutrient-rich and oxygen-rich blood. LHV, Left hepatic vein; RHV, right hepatic vein.


(From Rudolph AM: Hepatic and ductus venosus blood flows during fetal life. Hepatology 3:254, 1983.)
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Figure 2-5 Anatomy of fetal heart and central shunts. SVC, superior vena cava; CA, Carotid artery; TA, thoracic aorta; DA, ductus arteriosus; RA, right atrium; FO, foramen ovale; LA, left atrium; RV, right ventricle; LV, left ventricle; IVC, inferior vena cava; FA, femoral artery.


(From Anderson DF, Bissonnette JM, Faber JJ, Thornburg KL: Central shunt flows and pressures in the mature fetal lamb. Am J Physiol 241:H60, 1981.)












Fetal Heart


The adult cardiovascular system includes a high-pressure (95 mm Hg) system and a low-pressure pulmonary circuit (15 mm Hg) driven by the left and right ventricles working in series. Although the ejection velocity is greater in the left ventricle than in the right, equal volumes of blood are delivered into the systemic and pulmonary circulations with contraction of each ventricle. The stroke volume is the volume of blood ejected by the left ventricle with each contraction, and cardiac output is a function of the stroke volume and heart rate (70 mL/beat × 72 beats/min = 5040 mL/min). For a 70-kg adult man, cardiac output averages 72 mL/min/kg. In addition to heart rate, cardiac output varies with changes in stroke volume, which in turn is determined by venous return (preload), pulmonary artery and aortic pressures (afterload), and contractility.


In contrast to the adult heart, where the two ventricles pump blood in a series circuit, the unique fetal shunts provide an unequal distribution of venous return to the respective atria, and ventricular output represents a mixture of oxygenated and deoxygenated blood. Thus, the fetal right and left ventricles function as two pumps operating in parallel rather than in series, and cardiac output is described as the combined ventricular output. Right ventricular output exceeds 60% of biventricular output59 and is primarily directed through the ductus arteriosus to the descending aorta (see Figure 2-5). As a result, placental blood flow, which represents over 50% of the combined ventricular output, primarily reflects right ventricular output. Because of the high pulmonary vascular resistance,59 the pulmonary circulation receives only 5% to 10% of the combined ventricular output. Instead, left ventricular output is primarily directed through the ductus arteriosus to the upper body and head. Estimates of fetal left ventricular output average 120 mL/min/kg body weight. If left ventricular output is less than 40% of the combined biventricular output,59 total fetal cardiac output would be above 300 mL/min/kg. The distribution of the cardiac output to fetal organs is summarized in Table 2-1,34 with fetal hepatic distribution reflecting only the portion supplied by the hepatic artery. In fact, hepatic blood flow derives principally from the umbilical vein and to a lesser extent the portal vein,60 and represents about 25% of the total venous return to the heart.


Table 2-1 Gastrointestinal Tract Percentage of Biventricular 40.5 (Hepatic Artery)






	ORGAN

	PERCENTAGE OF BIVENTRICULAR CARDIAC OUTPUT






	Placenta

	40






	Brain

	13






	Heart

	3.5






	Lung

	7






	Liver

	2.5 (hepatic artery)






	Gastrointestinal tract

	5






	Adrenal glands

	0.5






	Kidney

	2.5






	Spleen

	1






	Body

	25







Data from Rudolph AM, Heymann MA: Circulatory changes during growth in the fetal lamb. Circ Res 26(3):289, 1970.


The placenta receives approximately 50% of the combined ventricular output, which means the single umbilical vein also conducts 50% of the combined ventricular output. At least half of the umbilical venous blood bypasses the liver via the ductus venosus, and the remainder traverses the hepatic circulation. The combination of umbilical vein blood, hepatic portal blood, and blood returning from the lower body contributes approximately 69% of the cardiac output that enters the right atrium from the inferior vena cava. Flow across the foramen ovale accounts for approximately one third (27%) of the combined cardiac output.59 Pulmonary venous return to the left atrium is low and represents approximately 7% of combined ventricular output. Thus, the left atrium accounts for only about 34% (27% + 7%) of the combined ventricular output. Because a volume of inferior vena cava venous return equivalent to 27% of the combined ventricular output is shunted across the foramen ovale, 42% remains in the right atrium and contributes to right ventricular output. With another 21% from the superior vena cava and 3% from the coronary circulation, right ventricular output accounts for 66% of the combined ventricular output. However, only 7% of right ventricular output enters the pulmonary circulation, leaving 59% entering the aorta via the ductus arteriosus. Similarly, 24% of the combined ventricular output derived from the left ventricle is distributed to the upper body and brain, with approximately 10% combining with right ventricular output in the aorta. Thus, 69% of the combined ventricular output reaches the descending aorta and 50% of this accounts for placental flow, with the remainder distributed to the fetal abdominal organs and lower body.


Consistent with the greater contribution of the right ventricle to combined ventricular output, coronary blood flow to the myocardium reflects the greater stroke volume of the right side, and right ventricular free wall and septal blood flows are higher than in the left ventricle.61 It is not surprising then that fetal ventricular wall thickness is greater on the right side relative to the left. As in the adult, fetal ventricular output depends on heart rate, pulmonary artery and aortic pressures, and contractility. The relationship between mean right atrial pressure (the index often used for ventricular volume at the end of diastole) and stroke volume is depicted in Figure 2-6. The steep ascending limb represents the length–active tension relationship for cardiac muscle in the right ventricle.62 Under normal conditions, fetal right atrial pressure resides at the break point in this ascending limb and increases in pressure do not increase stroke volume. Thus, the contribution of Starling mechanisms to increasing right heart output in the fetus is limited. In contrast, decreases in venous return and right atrial pressure decrease stroke volume. Compared to the left ventricle, the fetal right ventricle has a greater anteroposterior dimension, increasing both volume and circumferential radius of curvature. This anatomic difference increases the radius/wall thickness ratio for the right ventricle, producing increased wall stress in systole and a decrease in stroke volume when afterload increases.61 Because the right ventricle is sensitive to afterload, a linear inverse relationship exists between stroke volume and pulmonary artery pressure.62
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Figure 2-6 Stroke volume of the fetal right ventricle as a function of mean right atrial pressure.


(From Thornburg KL, Morton MJ: Filling and arterial pressures as determinants of RV stroke volume in the sheep fetus. Am J Physiol 244:H656, 1983.)





The relationship between atrial pressure and stroke volume in the left ventricle is similar to that shown in Figure 2-6 for the right ventricle. Although the break point occurs near the normal value for left atrial pressure, there is a small amount of preload reserve.61 In distinction to the fetal right ventricle, the left side is not sensitive to aortic pressure increases. Thus, postnatal increases in systemic blood pressure do not decrease left ventricular stroke volume, and left ventricular output increases to meet the needs of the postnatal systemic circulation. Although Starling mechanism–related increases in stroke volume are limited, especially in the right side of the heart, late-gestation fetal heart β-adrenergic receptor numbers are similar to those in the adult, and circulating catecholamine induced increases in contractility may increase stroke volume by 50%.


Although fetal heart rate decreases during the last half of gestation, particularly between 20 and 30 weeks, fetal heart rate averages more than twofold above resting adult heart rates. If analysis is confined to episodes of low heart rate variability, mean heart rate decreases from 30 weeks to term. However, if all heart rate data are analyzed, mean heart rate is stable at 142 beats/min over the last 10 weeks of gestation. Variability in mean heart rate over 24 hours includes a nadir between 2 A.M. and 6 A.M. and a peak between 8 A.M. and 10 A.M. Most fetal heart rate accelerations occur simultaneously with limb movement, primarily reflecting central neuronal brainstem output. Also, movement-related decreases in venous return and a reflex tachycardia may contribute to heart rate accelerations.63 Because ventricular stroke volumes decrease with increasing heart rate, fetal cardiac output remains constant over a heart rate range of 120 to 180 beats/min. The major effect of this inverse relationship between heart rate and stroke volume is an alteration in end-diastolic dimension. If end-diastolic dimension is kept constant, there is no fall in stroke volume and cardiac output increases.


At birth major changes in vascular distribution occur with the first breath. Alveolar expansion and the associated increase in alveolar capillary oxygen tension induces a marked decrease in pulmonary microvascular resistance. This decrease in pulmonary vascular resistance has two effects. First, there is an accompanying decrease in right atrial afterload and right atrial pressure. Second, the increase in pulmonary flow increases venous return into the left atrium and therefore left atrial pressure. The combined effect of these two events is to increase left atrial pressure above right atrial pressure and provides a physiologic closure of the foramen ovale. The return of the highly oxygenated blood from the lungs to the left atrium, left ventricle, and aorta and the decrease in pulmonary vascular resistance and hence pulmonary trunk pressure allow backflow of the oxygen-rich blood into the ductus arteriosus. This local increase in ductus arteriosus oxygen tension alters the ductus response to prostaglandins and causes a marked localized vasoconstriction. Concurrent spontaneous constriction (or clamping) of the umbilical cord stops placental blood flow, reducing venous return and perhaps augmenting the decrease in right atrial pressure.









Autonomic Regulation of Cardiovascular Function


Through reflex stimulation of peripheral baroreceptors, chemoreceptors, and central mechanisms, the sympathetic and parasympathetic systems have important roles in the regulation of fetal heart rate, cardiac contractility, and vascular tone. The fetal sympathetic system develops early, whereas the parasympathetic system develops somewhat later.64 Nevertheless, in the third trimester, increasing parasympathetic tone accounts for the characteristic decrease in fetal heart rate with periods of reduced fetal heart rate reactivity. As evidence, fetal heart rate increases in the presence of parasympathetic blockade with atropine. Opposing sympathetic and parasympathetic inputs to the fetal heart contribute to R-R interval variability from one heart cycle to the next, and to basal heart rate variability over periods of a few minutes. However, even when sympathetic and parasympathetic inputs are removed, a level of variability remains.


Fetal sympathetic innervation is not essential for blood pressure maintenance when circulating catecholamines are present. Nevertheless, fine control of blood pressure and fetal heart rate requires an intact sympathetic system. In the absence of functional adrenergic innervation, hypoxia-induced increases in peripheral, renal, and splanchnic bed vascular resistances and blood pressure are not seen.65 However, hypoxia-related changes in pulmonary, myocardial, adrenal, and brain blood flows occur in the absence of sympathetic innervation, indicating that both local and endocrine effects contribute to regulation of blood flow in these organs.


Receptors in the carotid body and arch of the aorta respond to pressor or respiratory gas stimulation with afferent modulation of heart rate and vascular tone. Fetal baroreflex sensitivity, in terms of the magnitude of decreases in heart rate per millimeter of mercury increase in blood pressure, is blunted relative to the adult.66 However, fetal baroreflex sensitivity more than doubles in late gestation. Although the set-point for fetal heart rate is not believed to depend on intact baroreceptors, fetal heart rate variability increases when functional arterial baroreceptors are absent.67 The same observation has been made for fetal blood pressure. Thus, fetal arterial baroreceptors buffer variations in fetal blood pressure during body or breathing movements.67 Changes in baroreceptor tone likely account for the increase in mean fetal blood pressure normally observed in late gestation. In the absence of functional chemoreceptors, mean arterial pressure is maintained67 while peripheral blood flow increases. Thus, peripheral arterial chemoreceptors may be important to maintenance of resting peripheral vascular tone. Peripheral arterial chemoreceptors also are important components in fetal reflex responses to hypoxia; the initial bradycardia is not seen without functional chemoreceptors.









Hormonal Regulation of Cardiovascular Function


Adrenocorticotropic hormone (ACTH) and catecholamines are discussed under Fetal Adrenal and Thyroid later in this chapter.






Arginine Vasopressin


Significant quantities of AVP are present in the human fetal neurohypophysis by completion of the first trimester. Ovine fetal plasma AVP levels increase appropriately in response to changes in fetal plasma osmolality induced directly in the fetus68 or via changes in maternal osmolality.69 Because of functional high- and low-pressure baroreceptors and chemoreceptor afferents, decreases in fetal intravascular volume or systemic blood pressure70,71 also increase fetal AVP secretion. Thus, in the late-gestation fetus as in the adult, AVP secretion is regulated by both osmoreceptor and volume/baroreceptor pathways. Hypoxia-induced AVP secretion has been demonstrated beyond mid-pregnancy of ovine gestation, and reductions in fetal PO2 of 10 mm Hg (50%) evoke profound increases in fetal plasma AVP levels (about 2 pg/mL to 200 to 400 pg/mL or more). Thus, because fetal AVP responsiveness to hypoxia is augmented relative to the adult (as much as 40-fold), and fetal responsiveness appears to increase during the last half of gestation, hypoxemia is the most potent stimulus known for fetal AVP secretion.


The cardiovascular response pattern to AVP infusion includes dose-dependent increases in fetal mean blood pressure and decreases in heart rate at plasma levels well below those required for similar effects in the adult. Receptors (V1) distinct from those mediating AVP antidiuretic effects in the kidney (V2) account for AVP contributions to fetal circulatory adjustments during hemorrhage, hypotension, and hypoxia.72 Corticotropin-releasing factor (CRF) effects of AVP may contribute to hypoxia-induced increases in plasma ACTH and cortisol levels. In addition to effects on fetal heart rate, cardiac output, and arterial blood pressure, AVP-induced changes in peripheral, placental, myocardial, and cerebral blood flows directly parallel the cardiovascular changes associated with acute hypoxia. Because many of these responses are attenuated during AVP receptor blockade, AVP effects on cardiac output distribution may serve to facilitate O2 availability to the fetus during hypoxic challenges. However, other hypoxia-related responses, including decreases in renal and pulmonary blood flows, and increased adrenal blood flow are not seen in response to AVP infusions.









Renin–Angiotensin II


Fetal plasma renin levels are typically elevated during late gestation.73 A variety of stimuli including changes in tubular sodium concentration, reductions in blood volume, vascular pressure or renal perfusion pressure, and hypoxemia all increase fetal plasma renin activity. The relationship between fetal renal perfusion pressure and log plasma renin activity is similar to that of adults. Consistent with the effects of renal nerve activity on renin release in adults, fetal renin gene expression is directly modulated by renal sympathetic nerve activity.


Although fetal plasma AII levels increase in response to small changes in blood volume and hypoxemia, fetal AII and aldosterone levels do not increase in proportion to changes in plasma renin activity. This apparent uncoupling of the fetal renin-angiotensin-aldosterone system and the increase in newborn AII levels may relate to the significant contribution of the placenta to plasma AII clearance in the fetus relative to the adult. Also, limited angiotensin-converting enzyme (ACE) availability due to reduced pulmonary blood flow and direct inhibition of aldosterone secretion by the normally high circulating ANF levels may contribute. Thus, reductions in AII production and aldosterone responses to AII, augmented AII and aldosterone clearances, and the resulting reductions in AII and aldosterone levels and feedback inhibition of renin may account for the elevated renin and reduced AII and aldosterone levels typically observed during fetal life.


Angiotensin II infusion increases fetal mean arterial blood pressure. In contrast to AVP-induced bradycardia, fetal AII infusion increases heat rate (after an initial reflex bradycardia) through both a direct effect on the heart, and decreased baroreflex responsiveness. Both hormones increase fetal blood pressure similar to the levels seen with hypoxemia. However, AII does not reduce peripheral blood flow, perhaps because circulation to muscle, skin, and bone is always under maximum response to AII, thereby limiting increases in resting tone. Angiotensin II infusions also decrease renal blood flow and increase umbilical vascular resistance, although absolute placental blood flow does not change. Whereas the adult kidney contains both AII receptor subtypes (AT1 and AT2), the AT2 subtype is the only form present in the human fetal kidney. Maturational differences in the AII receptor subtype expressed would be consistent with earlier studies demonstrating differing AII effects on fetal renal and peripheral vascular beds. Thus, the receptors mediating AII responses in the renal and peripheral vascular beds differ during fetal life.












Fetal Hemoglobin


The fetus exists in a state of aerobic metabolism, with arterial blood PO2 values in the 20 to 35 mm Hg range. However, there is no evidence of metabolic acidosis. Adequate fetal tissue oxygenation is achieved by several mechanisms. Of major importance are the higher fetal cardiac output and organ blood flows. A higher hemoglobin concentration (relative to the adult) and an increase in oxygen-carrying capacity of fetal hemoglobin also contribute. The resulting leftward shift in the fetal oxygen dissociation curve relative to the adult (Figure 2-7) increases fetal blood oxygen saturation for any given oxygen tension. For example, at a partial pressure of 26.5 mm Hg, adult blood oxygen saturation is 50%, whereas fetal oxygen saturation is 70%. Thus, at a normal fetal PO2 of 20 mm Hg, fetal whole blood oxygen saturation may be 50%.
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Figure 2-7 Oxyhemoglobin dissociation curves of maternal and fetal human blood at pH 7.4 and 37°C.


(Modified from Hellegers AE, Schruefer JJP: Normograms and empirical equations relating oxygen tension, percentage saturation, and pH in maternal and fetal blood. Am J Obstet Gynecol 81:377, 1961.)





The basis for increased oxygen affinity of fetal whole blood resides in the interaction of fetal hemoglobin with intracellular organic phosphate 2,3-diphosphoglycerate (2,3-DPG). The fetal hemoglobin (HgbF) tetramer is comprised of two α-chains (identical to adult) and two γ-chains. The latter differ from the γ-chain of adult hemoglobin (HgbA) in 39 of 146 amino acid residues. Among these differences is the substitution of serine in the γ-chain of HgbF for histidine at the β-143 position of HgbA, which is located at the entrance to the central cavity of the hemoglobin tetramer. Due to a positively charged imidazole group, histidine can bind with the negatively charged 2,3-DPG. Binding of 2,3-DPG to deoxyhemoglobin stabilizes the tetramer in the reduced form. Because serine is nonionized and does not interact with 2,3-DPG to the same extent as histidine, the oxygen affinity of HgbF is increased and the dissociation curve is shifted to the left. If HgbA or HgbF is removed from the erythrocyte and stripped of organic phosphates, the oxygen affinity for both hemoglobins is similar. However, addition of equal amounts of 2,3-DPG to the hemoglobins decreases HgbA oxygen affinity (dissociation curve shifts to the right) to a greater extent than for HgbF. Thus, even though overall oxygen affinities are similar, differences in 2,3-DPG interaction result in a higher oxygen affinity for HgbF.


The proportion of HgbF to HgbA changes between 26 and 40 weeks’ gestation. HgbF decreases linearly from 100% to about 70% so that HgbA accounts for 30% of fetal hemoglobin at term. This change in expression from γ- to β-globulin synthesis takes place in erythroid progenitor cells. Although the basis for this switching is not yet known, our understanding of human globin gene regulation has provided important insights into several fetal hemoglobin disorders such as the thalassemias and sickle cell anemia. Duplication of the α-genes on chromosome 16 provides the normal fetus with four gene loci. The genes for the remaining globins are located on chromosome 11 and consist of Gγ, Aγ, δ and β. The two γ-genes differ in the amino acid in position 36; glycine versus alanine. Hemoglobin A synthesis is dictated by the γ- and β-genes, HgbF by α and γ, and HgbA2 by α and δ. Sequences in the δ region may be responsible for the relative expression of the γ-gene, such that fetal hemoglobin persists when these are absent.












Fetal Kidney


Overall fetal water and electrolyte homeostasis is primarily mediated by fetal–maternal exchange across the placenta. However, urine production by the fetal kidney is essential to maintenance of amniotic fluid volume and composition. Although absolute glomerular filtration rate (GFR) increases during the third trimester, GFR per gram kidney weight does not change because GFR and fetal kidney weight increase in parallel. The genesis of new glomeruli is complete by about 36 weeks. Subsequent increases in GFR reflect increases in glomerular surface area for filtration, effective filtration pressure, and capillary filtration coefficient. Although glomerular filtration is related to hydrostatic pressure, and fetal blood pressure increases in the third trimester, both renal blood flow per gram kidney weight and filtration fraction (GFR/renal plasma flow) remain constant.74 Newborn increases in filtration fraction parallel increases in arterial pressure, suggesting the lower hydrostatic pressure within the glomerulus contributes to the relatively low filtration fraction and GFR of the intrauterine kidney.74 A mild glomerulotubular imbalance may describe the early gestation fetus. However, renal tubular sodium and chloride reabsorptions increase in late gestation, such that glomerulotubular balance is maintained in the third-trimester fetus.74


Although fetal GFR is low, the daily urine production rate is large (equaling 60% to 80% of the amniotic fluid volume). The large urine output results from the large portion of the filtered water (20%) that is excreted in the form of hypotonic urine. The positive free water clearance characterizing fetal renal function originally led to the hypothesis that the fetal kidney lacked AVP receptors. However, ovine fetal renal collecting duct responses to AVP can be demonstrated in the second trimester, indicating diminished urine-concentrating ability is not caused by AVP receptor absence. Fetal renal V2 receptors mediate AVP-induced tubular water reabsorption, and functional V2 receptors are present in the fetal kidney by the beginning of the last third of gestation.72 In addition, AVP-induced cyclic adenosine monophosphate (cAMP) production is not different from the adult, and AVP-induced apical tubular water channels (aquaporin II) are expressed in the fetal kidney. In fact, the selective AVP V2 receptor agonist [deamino1,D-Arg8]-vasopressin (dDAVP) appropriately increases fetal renal water reabsorption without affecting blood pressure or heart rate.72 Thus, V2 receptors mediate AVP effects on fetal urine production and amniotic fluid volume.72 Instead, the reduced concentrating ability of the fetal kidney primarily reflects reductions in proximal tubular sodium reabsorption, short juxtamedullary nephron loops of Henle, and limited medullary interstitial urea concentrations.


Although fetal plasma renin activity levels are high, effective uncoupling of AII production from plasma renin activity and a high placental clearance rate for AII serve to minimize increases in fetal plasma AII levels. Limiting fluctuations in fetal plasma AII levels may be advantageous for fetal renal function regulation. For example, fetal AII infusion increases fetal mean arterial pressure, and renal and placental vascular resistances. In contrast, fetal treatment with the ACE inhibitor captopril increases plasma renin activity and decreases arterial blood pressure, renal vascular resistance, and filtration fraction, and urine flow effectively ceases. Given the potential for AII to decrease placental blood flow, uncoupling of renin-induced angiotensin I production, limited ACE activity, and augmented placental AII clearance may protect the fetal cardiovascular system from large increases in plasma AII levels. Collectively, plasma AII levels appear to be regulated within a very narrow range, and this regulation may be important to overall fetal homeostasis.


Atrial natriuretic factor (ANF) granules are present in the fetal heart, and fetal plasma ANF levels are elevated relative to the adult. Fetal plasma ANF levels increase in response to volume expansion, and ANF infusion evokes limited increases in ovine fetal renal sodium excretion. Fetal ANF infusion also decreases fetal plasma volume, with minimal effect on blood pressure. These observations suggest that ANF actions in the fetus are primarily directed at volume homeostasis, with minimal cardiovascular effects.


The ability of the fetal kidney to excrete titratable acid and ammonia is limited relative to the adult. In addition, the threshold for fetal renal bicarbonate excretion (defined as the excretion of a determined amount of bicarbonate per unit GFR) is much lower than in the adult. That is, fetal urine tends to be alkaline at relatively low plasma bicarbonate levels, despite the high fetal arterial PCO2. Because fetal renal tubular mechanisms for glucose reabsorption are qualitatively similar to those in the adult, fetal renal glucose excretion is limited. In fact, the maximum ability of the fetal kidney to reabsorb glucose exceeds that of the adult when expressed as a function of GFR.









Fetal Gastrointestinal System






Gastrointestinal Tract


Amniotic fluid contains measurable glucose, lactate, and amino acid concentrations, raising the possibility that fetal swallowing could serve as a source of nutrient uptake. Fetal swallowing contributes importantly to somatic growth and gastrointestinal development as a result of the large volume of ingested fluid. About 10% to 15% of fetal nitrogen requirements may result from swallowing of amniotic fluid protein.75 Amino acids and glucose are absorbed and utilized by the fetus if they are administered into the fetal gastrointestinal tract.76 Furthermore, intragastric ovine fetal nutrient administration partially ameliorates fetal growth restriction induced by maternal malnutrition.77 Further evidence for the role of swallowing in fetal growth results from studies demonstrating that impairment of fetal rabbit swallowing at 24 days’ gestation (term = 31 days) induces an 8% weight decrease (compared to controls) by 28 days.78 The fetal gastrointestinal tract is directly affected, as esophageal ligation of fetal rabbit pups results in marked reductions in gastric and intestinal tissue weight and gastric acidity.79 Reductions in gastrointestinal and somatic growth were reversed by fetal intragastric infusion of amniotic fluid.79 Similarly, esophageal ligation of 90-day ovine fetuses (term = 145 to 150 days) induces a 30% decrease of small intestine villus height80 and a reduction in liver, pancreas, and intestinal weight.81 Although ingestion of amniotic fluid nutrients may be necessary for optimal fetal growth, trophic growth factors within the amniotic fluid also importantly contribute. Thus, the reduction in fetal rabbit weight induced by esophageal ligation is reversed by gastric infusion of epidermal growth factor.82 Studies in human infants support the association of fetal swallowing and gastrointestinal growth as upper gastrointestinal tract obstructions are associated with a significantly greater rate of human fetal growth restriction as compared to fetuses with lower gastrointestinal obstructions.83


Blood flow to the fetal intestine does not increase during moderate levels of hypoxemia. The artery–mesenteric vein difference in oxygen content is also unchanged so that at a constant blood flow intestinal oxygen consumption can remain the same during moderate hypoxemia. However, with more pronounced hypoxemia, fetal intestinal oxygen consumption falls as blood flow decreases and the oxygen content difference across the intestine fails to widen. The result is a metabolic acidosis in the blood draining the mesenteric system.









Liver


Near term, the placenta is the major route for bilirubin elimination. Less than 10% of an administered bilirubin load is excreted in the fetal biliary tree over a 10-hour period; about 20% remains in plasma. Thus, the fetal metabolic pathways for bilirubin and bile salts remain underdeveloped at term. The cholate pool size (normalized to body surface area) is one third and the synthetic rate one half adult levels. In premature infants, cholate pool size and synthesis rates represent less than half and one third, respectively, of term infant values. In fact, premature infant intraluminal duodenal bile acid concentrations are near or below the level required to form lipid micelles.84 The unique attributes of the fetal hepatic circulation were detailed during the earlier discussion of fetal circulatory anatomy. Notably, the fetal hepatic blood supply primarily derives from the umbilical vein. The left lobe receives its blood supply almost exclusively from the umbilical vein (there is a small contribution from the hepatic artery), whereas the right lobe receives blood from the portal vein as well. The fetal liver under normal conditions accounts for about 20% of total fetal oxygen consumption. Because hepatic glucose uptake and release are balanced, net glucose removal by the liver under normal conditions is minimal. During episodes of hypoxemia, β-adrenergic receptor–mediated increases in hepatic glucose release account for the hyperglycemia characteristic of short-term fetal hypoxemia.85 Hypoxia severe enough to decrease fetal oxygen consumption selectively reduces right hepatic lobe oxygen uptake, which exceeds that of the fetus as a whole. In contrast, oxygen uptake by the left lobe of the liver is unchanged.












Fetal Adrenal and Thyroid






Adrenal


The fetal anterior pituitary secretes ACTH in response to “stress,” including hypoxemia. The associated increase in cortisol exerts feedback inhibition of the continued ACTH response.86 In the fetus and adult, pro-opiomelanocortin posttranslational processing gives rise to ACTH, corticotropin-like intermediate lobe peptide (CLIP), and α-melanocyte–stimulating hormone (α-MSH). The precursor peptide preproenkephalin is a distinct gene product giving rise to the enkephalins. Fetal pro-opiomelanocortin processing differs from the adult. For example, although ACTH is present in appreciable amounts, the fetal pituitary contains large amounts of CLIP and α-MSH. The fetal ratio of CLIP plus α-MSH to ACTH decreases from the end of the first trimester to term. Because pituitary corticotropin-releasing hormone (CRH) expression is relatively low until late gestation, AVP serves as the major CRF in early gestation. With increasing gestational age, fetal cortisol levels progressively increase secondary to hypothalamic-pituitary axis maturation. Cortisol is important to pituitary maturation because it shifts corticotrophs from the fetal to the adult type and to adrenal maturation through regulation of ACTH receptor numbers.87


On a body weight basis, the fetal adrenal gland is an order of magnitude larger than in the adult. This increase in size is due to the presence of an adrenal cortical definitive zone and a so-called fetal zone that constitutes 85% of the adrenal at birth. Cortisol and mineralocorticoids are the major products of the fetal definitive zone, and fetal cortisol secretion is regulated by ACTH but not human chorionic gonadotrophin (hCG). Low-density lipoprotein–bound cholesterol (see Receptor Mediated Endocytosis/Exocytosis earlier in this chapter) is the major source of steroid precursor in the fetal adrenal. Because the enzyme 3α-hydroxysteroid dehydrogenase is lacking in the fetal adrenal, dehydroepiandrosterone sulfate (DHEAS) is the major product of the fetal zone. At midgestation, DHEAS secretion is determined by both ACTH and hCG. Both fetal ACTH and cortisol levels are relatively low during most of gestation, and there is not a clear correlation between plasma ACTH levels and cortisol production. This apparent dissociation between fetal ACTH levels and cortisol secretion may be explained by (1) differences in ACTH processing and the presence of the large-molecular-weight pro-opiomelanocortin processing products (CLIP and α-MSH) may suppress ACTH action on the adrenal until late gestation (when ACTH becomes the primary product), (2) fetal adrenal definitive zone ACTH responsiveness may increase, or (3) placental ACTH and/or posttranslational processing intermediates may affect the adrenal response to ACTH.


Resting fetal plasma norepinephrine levels exceed epinephrine levels approximately tenfold. The fetal plasma levels of both catecholamines increase in response to hypoxemia, with norepinephrine levels invariably higher than epinephrine levels. Under basal conditions, norepinephrine is secreted at a higher rate than epinephrine, and this relationship persists during a hypoxemic stimulus. Plasma norepinephrine levels increase in response to acute hypoxemia, but decline to remain above basal levels with persistent (greater than 5 minutes) hypoxemia. In contrast, adrenal epinephrine secretion begins gradually, but persists during 30 minutes of hypoxemia. These observations are consistent with independent sites of synthesis and regulation of the two catecholamines.88 Although the initial fetal blood pressure elevation during hypoxemia correlates with increases in norepinephrine, afterward the correlation between plasma norepinephrine and hypertension is lost.









Thyroid


The normal placenta is impermeable to thyroid-stimulating hormone (TSH), and triiodothyronine (T3) transfer is minimal.89 However, appreciable levels of maternal thyroxine (T4) are seen in infants with congenital hypothyroidism. By week 12 of gestation, thyrotropin-releasing hormone (TRH) is present in the fetal hypothalamus, and TRH secretion and/or pituitary sensitivity to TRH increases progressively during gestation. Extrahypothalamic sites including the pancreas also may contribute to the high TRH levels observed in the fetus. Measurable TSH is present in the fetal pituitary and serum, and T4 is measurable in fetal blood by week 12 of gestation. Thyroid function is low until about 20 weeks, when T4 levels increase gradually to term. TSH levels increase markedly between 20 and 24 weeks, then slowly decrease until delivery. Fetal liver T4 metabolism is immature, characterized by low T3 levels until week 30. In contrast, reverse T3 levels are high until 30 weeks, thereafter declining steadily until term.












Fetal Central Nervous System


Clinically relevant indicators of fetal central nervous system function are body movements and breathing movements. Fetal activity periods in late gestation are often termed active or reactive and quiet or nonreactive. The active cycle is characterized by clustering of gross fetal body movements, a high heart rate variability, heart rate accelerations (often followed by decelerations), and fetal breathing movements. The quiet cycle is noted by absence of fetal body movements and a low variability in the fetal heart period. Fetal heart period variability in this context refers to deviations about the model heart rate period averaged over short (seconds) periods,90 and is distinct from beat-to-beat variability. In the last 6 weeks of gestation, the fetus is in an active state 60% to 70% of total time. The average duration of quiet periods ranges from 15 to 23 minutes (see Table IV in Visser and colleagues90 for a review).


The fetal electrocorticogram shows two predominant patterns. Low-voltage (high-frequency) electrocortical activity is associated with bursts of rapid eye movements and fetal breathing movements. Similar to rapid eye movement sleep in the adult, inhibition of skeletal muscle movement is most pronounced in muscle groups having a high percentage of spindles. Thus, the diaphragm, which is relatively spindle free, is not affected. Fetal body movements during low-voltage electrocortical activity are reduced relative to the activity seen during high-voltage (low-frequency) electrocortical activity.91 Polysynaptic reflexes elicited by stimulation of afferents from limb muscles are relatively suppressed when the fetus is in the low-voltage state.92 Short-term hypoxia91 or hypoxemia inhibit reflex limb movements, with the inhibitory neural activity arising in the midbrain area.92 Fetal cardiovascular and behavioral responses to maternal cocaine use previously have been attributed to reductions in uteroplacental blood flow and resulting fetal hypoxia. However, fetal sheep studies indicate acute fetal cocaine exposure evokes catecholamine, cardiovascular, and neurobehavioral effects in the absence of fetal oxygenation changes.93 It is not yet clear whether cocaine-induced reductions in fetal low-voltage electrocortical activity reflect changes in cerebral blood flow or a direct cocaine effect on norepinephrine stimulation of central regulatory centers. However, these observations are consistent with the significant neurologic consequences of cocaine use during pregnancy.


Fetal breathing patterns are rapid and irregular in nature, and are not associated with significant fluid movement into the lung.94 The central medullary respiratory chemoreceptors are stimulated by carbon dioxide,95 and fetal breathing is maintained only if central hydrogen ion concentrations remain in the physiologic range. That is, central (medullary cerebrospinal fluid) acidosis stimulates respiratory incidence and depth and alkalosis results in apnea. Paradoxically, hypoxemia markedly decreases breathing activity, possibly due to inhibitory input from centers above the medulla.96


Glucose is the principal substrate for oxidative metabolism in the fetal brain under normal conditions. During low-voltage electrocortical activity, cerebral blood flow and oxygen consumption are increased relative to high-voltage values, with an efflux of lactate. During high voltage the fetal brain shows a net uptake of lactate.97 The fetal cerebral circulation is sensitive to changes in arterial oxygen content. Despite marked hypoxia-induced increases in cerebral blood flow, cerebral oxygen consumption is maintained without widening of the arterial-venous oxygen content difference across the brain.98 Increases in carbon dioxide also cause cerebral vasodilation. However, the response to hypercarbia is reduced relative to the adult.












Summary


The fetus and placenta depend on unique physiologic systems to provide an environment supporting fetal growth and development, in preparation for transition to extrauterine life. Because specific functions of the various physiologic systems are often gestation specific, differences between the fetus and adult of one species are often larger than the differences between systems. Thus, the clinician or investigator concerned with fetal life or neonatal transition must fully appreciate these aspects of fetal physiology and their application to their area of study or treatment.









Key Points







♦ Pregnancy-associated cardiovascular changes include a doubling of maternal cardiac output and a 40% increase in blood volume.


♦ Uterine blood flow at term averages 750 mL/min, or 10% to 15% of maternal cardiac output.


♦ Normal term placental weight averages 450 g, representing approximately one seventh (one sixth with cord and membranes) of fetal weight.


♦ Mean amniotic fluid volume increases from 250 to 800 mL between 16 and 32 weeks, and decreases to 500 mL at term.


♦ Fetal urine production ranges from 400 to 1200 mL/day and is the primary source of amniotic fluid.


♦ The fetal umbilical circulation receives approximately 40% of fetal combined ventricular output (300 mL/mg/min).


♦ Umbilical blood flow is 70 to 130 mL/min after 30 weeks’ gestation.


♦ Fetal cardiac output is constant over a heart rate range of 120 to 180 beats/min.


♦ The fetus exists in a state of aerobic metabolism, with arterial PO2 values in the 20 to 25 mm Hg range.


♦ Approximately 20% of the fetal oxygen consumption of 8 mL/kg/min is required in the acquisition of new tissue.
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Major adaptations in maternal anatomy, physiology, and metabolism are required for a successful pregnancy. Hormonal changes, initiated before conception, significantly alter maternal physiology and persist through both pregnancy and the initial postpartum period. Although these adaptations are profound and affect nearly every organ system, women return to the nongravid state with minimal residual changes.1 A full understanding of physiologic changes is necessary to differentiate between normal alternations and those that are abnormal. This chapter describes maternal adaptations in pregnancy and gives specific examples of how they may affect care. Finally, although women may tire of repetitive reassurance that “it is simply normal and of no concern,” a complete understanding of physiologic changes allows each obstetrician to provide a more thorough explanation for various changes and symptoms.


Many of the changes to routine laboratory values caused by pregnancy are described in the following text. For a comprehensive review of normal reference ranges for common laboratory tests by trimester, the reader is encouraged to refer to Appendix A1.






Body Water Metabolism


The increase in total body water of 6.5 to 8.5 L by the end of gestation represents one of the most significant adaptations of pregnancy. The water content of the fetus, placenta, and amniotic fluid at term accounts for about 3.5 L. Additional water is accounted for by expansion of the maternal blood volume by 1500 to 1600 mL, plasma volume by 1200 to 1300 mL, and red blood cells by 300 to 400 mL. The remainder is attributed to extravascular fluid, intracellular fluid in the uterus and breasts, and expanded adipose tissue. As a result, pregnancy is a condition of chronic volume overload with active sodium and water retention secondary to changes in osmoregulation and the renin-angiotensin system. Increase in body water content contributes to maternal weight gain, hemodilution, physiologic anemia of pregnancy, and the elevation in maternal cardiac output (CO). Inadequate plasma volume expansion has been associated with increased risks for preeclampsia and fetal growth restriction.






Osmoregulation


Expansion in plasma volume begins shortly after conception, partially mediated by a change in maternal osmoregulation through altered secretion of arginine vasopressin (AVP) by the posterior pituitary. Water retention exceeds sodium retention; even though an additional 900 mEq of sodium is retained during pregnancy, serum levels of sodium decrease by 3 to 4 mmol/L. This is mirrored by decreases in overall plasma osmolality of 8 to 10 mOsm/kg, a change that is in place by 10 weeks’ gestation and continues through 1 to 2 weeks postpartum2 (Figure 3-1). Similarly, the threshold for thirst and vasopressin release changes early in pregnancy; during gestational weeks 5 to 8, an increase in water intake occurs and results in a transient increase in urinary volume but a net increase in total body water. Initial changes in AVP regulation may be due to placental signals involving nitric oxide (NO) and the hormone relaxin.3 After 8 weeks’ gestation, the new steady state for osmolality has been established with little subsequent change in water turnover, resulting in decreased polyuria. Pregnant women perceive fluid challenges or dehydration normally with changes in thirst and AVP secretion, but at a new, lower “osmostat.”3
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Figure 3-1 Plasma osmolality and plasma sodium during human gestation (n = 9: mean values ± SD). LMP, Last menstrual period; MP, menstrual period.


(From Davison JM, Vallotton MB, Lindheimer MD: Plasma osmolality and urinary concentration and dilution during and after pregnancy: Evidence that the lateral recumbency inhibits maximal urinary concentration ability. Br J Obstet Gynecol 88:472, 1981.)





Plasma levels of AVP remain relatively unchanged despite heightened production, owing to a threefold to fourfold increase in the metabolic clearance. Increased clearance results from a circulating vasopressinase synthesized by the placenta that rapidly inactivates both AVP and oxytocin. This enzyme increases about 300-fold to 1000-fold over the course of gestation proportional to fetal weight, with the highest concentrations occurring in multiple gestations. Increased AVP clearance can unmask subclinical forms of diabetes insipidus, presumably because of an insufficient pituitary AVP reserve, and causes transient diabetes insipidus with an incidence of 2 to 6 per 1000. Typically presenting with both polydipsia and polyuria, hyperosmolality is usually mild unless the thirst mechanism is abnormal or access to water is limited.4









Salt Metabolism


Sodium metabolism is delicately balanced, facilitating a net accumulation of about 900 mEq of sodium. Sixty percent of the additional sodium is contained within the fetoplacental unit (including amniotic fluid) and is lost at birth. By 2 months postpartum, the serum sodium returns to preconceptional levels. Pregnancy increases the preference for sodium intake, but the primary mechanism is enhanced tubular sodium reabsorption. Increased glomerular filtration raises the total filtered sodium load from 20,000 to about 30,000 mmol/day; sodium reabsorption must increase to prevent sodium loss. However, the adaptive rise in tubular reabsorption surpasses the increase in filtered load, resulting in an additional 2 to 6 mEq of sodium reabsorption per day. Alterations in sodium handling represent the largest renal adjustment that occurs in gestation.5 Hormonal control of sodium balance is under the opposing actions of the renin-angiotensin-aldosterone system (RAAS) and the natriuretic peptides, and both are modified during pregnancy.









Renin-Angiotensin-Aldosterone System


Normal pregnancy is characterized by a marked increase in all components of the RAAS system. In early pregnancy, reduced systemic vascular tone (attributed to gestational hormones and increased NO production) results in decreased mean arterial pressure (MAP). In turn, decreased MAP activates adaptations to preserve intravascular volume through sodium retention.6 Plasma renin activity, renin substrate (angiotensinogen), and angiotensin levels are all increased a minimum of fourfold to fivefold over nonpregnant levels. Activation of these components of RAAS leads to twofold elevated levels of aldosterone by the third trimester, increasing sodium reabsorption and preventing sodium loss. Despite the elevated aldosterone levels in late pregnancy, normal homeostatic responses still occur to changes in salt balance, fluid loss, and postural stimuli. In addition to aldosterone, other hormones that may contribute to increased tubular sodium retention include deoxycorticosterone and estrogen.









Atrial and Brain Natriuretic Peptide


The myocardium releases neuropeptides that serve to maintain circulatory homeostasis. Atrial natriuretic peptide (ANP) is secreted primarily by the atrial myocytes in response to dilation, and in response to end-diastolic pressure and volume, the ventricles secrete brain natriuretic peptide (BNP). Both peptides have similar physiologic actions, acting as diuretics, natriuretics, vasorelaxants, and overall antagonists to the RAAS. Elevated levels of ANP and BNP are found in both physiologic and pathologic conditions of volume overload and can be used to screen for congestive heart failure outside of pregnancy in symptomatic patients. Because pregnant women frequently present with dyspnea and many of the physiologic effects of conception mimic heart disease, whether pregnancy affects the levels of these hormones is clinically important. Gestational alterations in ANP are controversial because some authors have reported higher plasma levels during different stages of pregnancy, whereas others have reported no change. In a meta-analysis by Castro and colleagues,7 ANP levels were 40% higher during gestation and 150% higher during the first postpartum week.


The circulating concentration of BNP is 20% less than that of ANP in normal individuals and has been found to be more useful in the diagnosis of congestive heart failure. Levels of BNP are reported to increase largely in the third trimester of pregnancy compared with first-trimester levels (21.5 ± 8 pg/mL versus 15.2 ± 5 pg/mL) and are highest in pregnancies complicated by preeclampsia (37.1 ± 10 pg/mL). The levels throughout pregnancy have been found to be higher than in nonpregnant controls. In pregnancies with preeclampsia, higher levels of BNP are associated with echocardiographic evidence of left ventricular enlargement.8 Although the levels of BNP are increased during pregnancy and with preeclampsia, the mean values are still lower than the levels used to screen for cardiac dysfunction (>75 to 100 pg/mL) and, therefore, can be used to screen for congestive heart failure.9












Cardiovascular System


Pregnancy causes profound physiologic changes in the cardiovascular system. A series of adaptive mechanisms are activated as early as 5 weeks’ gestation to maximize oxygen delivery to maternal and fetal tissues.6 In most women, these physiologic demands are well tolerated. However, in certain cardiac diseases, maternal morbidity and even mortality may occur.






Heart


The combination of displacement of the diaphragm and the effect of pregnancy on the shape of the rib cage (described in the respiratory section below) displaces the heart upward and to the left. In addition, the heart rotates on its long axis, moving the apex somewhat laterally, resulting in an increased cardiac silhouette on radiographic studies, without a true change in the cardiothoracic ratio. Associated radiographic findings include an apparent straightening of the border of the left side of the heart and increased prominence of the pulmonary conus. Therefore, the diagnosis of cardiomegaly by simple radiography should be confirmed by echocardiogram if clinically appropriate.10


Although true cardiomegaly is rare, physiologic myocardial hypertrophy of the heart is consistently observed as a result of expanded blood volume in the first half of the pregnancy and progressively increasing afterload in later gestation. These structural changes in the heart are similar to those found in response to exercise and result in eccentric hypertrophy as opposed to concentric hypertrophy that is seen with disease states such as hypertension or aortic stenosis. The eccentric hypertrophy enables the heart to enhance its pumping capacity in response to increased demand, making the pregnant heart mechanically more efficient.11,12 Most changes begin early in the first trimester and peak by 30 to 34 weeks’ gestation. Left ventricular end-diastolic dimension increases 12% over preconceptional values by M-mode echocardiography. Concurrently, left ventricular wall mass increases by 52% (mild myocardial hypertrophy), and atrial diameters increase bilaterally, peaking at 40% above nonpregnant values.12 Pulmonary capillary wedge pressures (PCWPs) are stable, reflecting a combination of decreased pulmonary vascular resistance and increased blood volume. Twin pregnancies increase myocardial hypertrophy, atrial dilation, and end-diastolic ventricular measurements even further.13 Unlike the heart of an athlete that regresses rapidly with inactivity, the pregnant heart regresses in size less rapidly and takes up to 6 months to return to normal.14


Evaluation of left ventricular function (contractility) is difficult in pregnancy because it is strongly influenced by changes in heart rate (HR), preload, and afterload. Despite the increase in stroke volume (SV) and CO, normal pregnancy is not associated with hyperdynamic left ventricular function during the third trimester, as measured by ejection fraction, left ventricular stroke work index, or fractional shortening of the left ventricle. However, some studies have shown that contractility might be slightly increased in the first two trimesters, whereas other articles report no change throughout the pregnancy, and some report a decline toward term.12 One recent study showed that in the third trimester the cardiac systolic function declines as evidenced by a decrease in the ejection fraction and the systolic myocardial velocities compared with the first trimester. The results of this study are consistent with impaired contraction and relaxation of the left ventricle at the end of pregnancy and suggest that a decline in cardiac function at term is a feature of normal pregnancy and that an exaggeration of this decline may explain the etiology for peripartum cardiomyopathy.15


Within the past decade, clinicians and researchers have focused on abnormalities of diastolic function as important contributors to cardiac disease and symptom severity, especially in the setting of normal or near-normal systolic function.16 In a review, diastolic dysfunction was pinpointed as a leading cause of cardiac failure in pregnancy.17 During the past 5 years, the effects of pregnancy on diastolic function have been thoroughly investigated by using pulsed-wave Doppler echocardiography.12 In young healthy women, the left ventricle is elastic; therefore, diastolic relaxation is swift, and ventricular filling occurs almost completely by early diastole with minimal contribution from the atrial kick. The E/A ratio compares the peak mitral flow velocity in early diastole (E) to the peak atrial kick velocity (A); although both velocities increase in pregnancy, the overall ratio falls because of a greater rise in the A-wave velocity. The rise in the A value, which begins in the second trimester and increases throughout the third trimester, indicates the increased importance of the atrial contraction in left ventricular filling during pregnancy.12 Veille and associates determined that in healthy women, pregnancy did not adversely affect baseline diastolic function, but that at maximal exercise, diastolic function was impaired. The reason for the impairment was attributed to increased left ventricular wall stiffness. The authors further speculated that this change may be the limiting factor for exercise in pregnancy.18









Cardiac Output


One of the most remarkable changes in pregnancy is the tremendous increase in CO. Van Oppen and coworkers reviewed 33 cross-sectional and 19 longitudinal studies and found greatly divergent results on when CO peaked, the magnitude of the rise in CO before labor, and the effect of the third trimester on CO.19 However, all of the studies agreed that CO increased significantly beginning in early pregnancy, peaking at an average of 30% to 50% above preconceptional values. In a longitudinal study by Robson and associates using Doppler echocardiography, CO increased by 50% at 34 weeks from a prepregnancy value of 4.88 L/min to 7.34 L/min19,20 (Figure 3-2). In twin gestations, CO incrementally increases an additional 20% above that of singleton pregnancies.13 Robson and associates demonstrated that, by 5 weeks’ gestation, CO has already risen by more than 10%. By 12 weeks, the rise in output is 34% to 39% above nongravid levels, accounting for about 75% of the total increase in CO during pregnancy. Although the literature is not clear regarding the exact gestation when CO peaks, most studies point to a range between 25 and 30 weeks.20 The data on whether the CO continues to increase in the third trimester are very divergent, with equal numbers of good longitudinal studies showing a mild decrease, a slight increase, or no change.19 The differences in these studies cannot be explained by differences in investigative techniques, position of the women during measurements, or study design. This apparent discrepancy appears to be explained by the small number of individuals in each study and the probability that the course of CO during the third trimester is determined by factors specific to the individual.19 In a recent study, Desai and coworkers reported that CO in the third trimester is significantly correlated with fetal birthweight and maternal height and weight.21





[image: image]

Figure 3-2 Increase in cardiac output, stroke volume, and heart rate from the nonpregnant state throughout pregnancy. PN, Postnatal; P-P, prepregnancy.


(From Hunter S, Robson S: Adaptation of the maternal heart in pregnancy. Br Heart J 68:540, 1992.)





Most of the increase in CO is directed to the uterus, placenta, and breasts. In the first trimester, as in the nongravid state, the uterus receives 2% to 3% of CO and the breasts 1%. The percentage of CO going to the kidneys (20%), skin (10%), brain (10%), and coronary arteries (5%) remains at similar nonpregnant percentages, but because of the overall increase in CO, this results in an increase in absolute blood flow of about 50%.22 By term, the uterus receives 17% (450 to 650 mL/min) and the breasts 2%, mostly at the expense of a reduction of the fraction of the CO going to the splanchnic bed and skeletal muscle. The absolute blood flow to the liver is not changed, but the overall percentage of CO is significantly decreased.


CO is the product of SV and HR (CO = SV × HR), both of which increase during pregnancy and contribute to the overall rise in CO. An initial rise in the HR occurs by 5 weeks’ gestation and continues until it peaks at 32 weeks’ gestation at 15 to 20 beats above the nongravid rate, an increase of 17%. The SV begins to rise by 8 weeks’ gestation and reaches its maximum at about 20 weeks, 20% to 30% above nonpregnant values. In the third trimester, it is primarily variations in the SV that determine whether CO increases, decreases, or remains stable, as described earlier.


CO in pregnancy depends on maternal position. In a study in 10 normal gravid women in the third trimester, using pulmonary artery catheterization, CO was noted to be highest in the knee-chest position and lateral recumbent position at 6.6 to 6.9 L/min. CO decreased by 22% to 5.4 L/min in the standing position (Figure 3-3). The decrease in CO in the supine position compared with the lateral recumbent position is 10% to 30%. In both the standing and the supine positions, decreased CO results from a fall in SV secondary to decreased blood return to the heart. In the supine position, the enlarged uterus compresses the inferior vena cava, reducing venous return; before 24 weeks, this effect is not observed. Of note, in late pregnancy, the inferior vena cava is completely occluded in the supine position, with venous return from the lower extremities occurring through the dilated paravertebral collateral circulation.23
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Figure 3-3 Effect of position change on cardiac output during pregnancy. K-C, Knee-chest; L.LAT, left lateral; R.LAT, right lateral; SIT, sitting; ST, standing; SUP, supine.


(From Clark S, Cotton D, Pivarnik J, et al: Position change and central hemodynamic profile during normal third-trimester pregnancy and postpartum. Am J Obstet Gynecol 164:883, 1991.)





Despite decreased CO, most supine women are not hypotensive or symptomatic because of the compensated rise in systemic vascular resistance (SVR). However, 5% to 10% of gravidas manifest supine hypotension with symptoms of dizziness, lightheadedness, nausea, and even syncope. The women who become symptomatic have a greater decrease in CO and blood pressure (BP) and a greater increase in HR when in the supine position than do asymptomatic women.24 Some investigators have proposed that the determination of whether women become symptomatic depends on the development of an adequate paravertebral collateral circulation. Interestingly, with engagement of the fetal head, less of an effect on CO is seen.23 The ability to maintain a normal BP in the supine position may be lost during epidural or spinal anesthesia because of an inability to increase SVR. Clinically, the effects of maternal position on CO are especially important when the mother is clinically hypotensive or in the setting of a non-reassuring fetal heart rate tracing. The finding of a decreased CO in the standing position may give a physiologic basis for the finding of decreased birthweight and placental infarctions in working women who stand for prolonged periods.









Arterial Blood Pressure and Systemic Vascular Resistance


BP is the product of CO and resistance (BP = CO × SVR). Despite the large increase in CO, the maternal BP is decreased until later in pregnancy as a result of a decrease in SVR that nadirs midpregnancy and is followed by a gradual rise until term. Even at full term, SVR remains 21% lower than prepregnancy values in pregnancies not affected by gestational hypertension or preeclampsia. The most obvious cause for the decreased SVR is progesterone-mediated smooth muscle relaxation; however, the exact mechanism for the fall in SVR is poorly understood. Earlier theories that uteroplacental circulation acts as an arteriovenous shunt are unlikely. Increased NO also contributes to decreased vascular resistance by direct actions and by blunting the vascular responsiveness to vasoconstrictors such as angiotensin II and norepinephrine. During conception, the expression and activity of NO synthase is elevated and the plasma level of cyclic guanosine monophosphate, a second messenger of NO and a mediator of vascular smooth muscle relaxation, is also increased.25 As a result, despite the overall increase in the RAAS, the normal gravida is refractory to the vasoconstrictive effects of angiotensin II. Gant and colleagues showed that nulliparous women who later become preeclamptic retain their response to angiotensin II before the appearance of clinical signs of preeclampsia.26


Decreases in maternal BP parallel the falling SVR, with initial decreased BP manifesting at 8 weeks’ gestation or earlier. Current studies did not include preconception BP or frequent first-trimester BP sampling and, therefore, cannot determine the exact time course of hemodynamic alterations. Because BP fluctuates with menstruation and is decreased in the luteal phase, it seems reasonable that BP drops immediately in early pregnancy. The diastolic BP and the mean arterial pressure [MAP = (2 × diastolic BP + systolic BP)/3] decrease more than the systolic BP, which changes minimally. The overall decrease in diastolic BP and MAP is 5 to 10 mm Hg (Figure 3-4). The diastolic BP and the MAP nadir at midpregnancy and return to prepregnancy levels by term, and in most studies rarely exceed prepregnancy or postpartum values. However, some investigators have reported that at term, the BP is greater than in matched nonpregnant controls and believe that in the third trimester, the BP is higher than prepregnant values. Current studies are very limited by the absence of preconceptional values for comparison within individual patients.





[image: image]

Figure 3-4 Blood pressure trends (sitting and lying) during pregnancy. Postnatal measures performed 6 weeks postpartum.


(From MacGillivray I, Rose G, Rowe B: Blood pressure survey in pregnancy. Clin Sci 37:395, 1969.)





The position when the BP is taken and what Korotkoff sound is used to determine the diastolic BP are important. BP is lowest in the lateral recumbent position, and the BP of the superior arm in this position is 10 to 12 mm Hg lower than the inferior arm. In the clinic, BP should be measured in the sitting position and the Korotkoff 5 sound should be used. This is the diastolic BP when the sound disappears as opposed to the Korotkoff 4, when there is a muffling of the sound. In a study of 250 gravidas, the Korotkoff 4 sound could only be identified in 48% of patients, whereas the Korotkoff 5 sound could always be determined. The Korotkoff 4 should only be used when the Korotkoff 5 occurs at 0 mm Hg.27 Automated BP monitors have been compared with mercury sphygmomanometry during pregnancy, and although they tended to overestimate the diastolic BP, the overall results were similar in normotensive women. Of note in patients with suspected preeclampsia, automated monitors appear increasingly inaccurate at higher BPs.









Venous Pressure


Venous pressure in the upper extremities remains unchanged in pregnancy but rises progressively in the lower extremities. Femoral venous pressure increases from values near 10 cm H2O at 10 weeks’ gestation to 25 cm H2O near term.28 From a clinical standpoint, this increase in pressure, in addition to the obstruction of the inferior vena cava by the expanding uterus, leads to the development of edema, varicose veins, and hemorrhoids, and an increased risk for deep venous thrombosis.









Central Hemodynamic Assessment


Clark and colleagues studied 10 carefully selected normal women at 36 to 38 weeks’ gestation and again at 11 to 13 weeks postpartum with arterial lines and Swan-Ganz catheterization to characterize the central hemodynamics of term pregnancy (Table 3-1). As described earlier, CO, HR, SVR, and pulmonary vascular resistance change significantly with pregnancy. In addition, clinically significant decreases were noted in colloidal oncotic pressure (COP) and the COP-PCWP difference, explaining why gravid women have a greater propensity for developing pulmonary edema with changes in capillary permeability or elevations in cardiac preload. The COP can fall even further after delivery to 17 mm Hg and, if the pregnancy is complicated by preeclampsia, can reach levels as low as 14 mm Hg.29 When the PCWP is more than 4 mm Hg above the COP, the risk for pulmonary edema increases; therefore, pregnant women can experience pulmonary edema at PCWPs of 18 to 20 mm Hg, which is significantly lower than the typical nonpregnant threshold of 24 mm Hg.




Table 3-1 Central Hemodynamic Changes
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Normal Changes That Mimic Heart Disease


The physiologic adaptations of pregnancy lead to a number of changes in maternal signs and symptoms that can mimic cardiac disease and make it difficult to determine whether true disease is present. Dyspnea is common to both cardiac disease and pregnancy, but certain distinguishing features should be considered. First, the onset of pregnancy-related dyspnea usually occurs before 20 weeks, and 75% of women experience it by the third trimester. Unlike cardiac dyspnea, pregnancy-related dyspnea does not worsen significantly with advancing gestation. Second, physiologic dyspnea is usually mild, does not stop women from performing normal daily activities, and does not occur at rest.30 Other normal symptoms that can mimic cardiac disease include decreased exercise tolerance, fatigue, occasional orthopnea, syncope, and chest discomfort. The reason for this increase in cardiac symptoms is not an increase in catecholamine levels, because these levels are either unchanged or decreased in pregnancy. Symptoms that should not be attributed to pregnancy and need a more thorough investigation include hemoptysis, syncope or chest pain with exertion, progressive orthopnea, or paroxysmal nocturnal dyspnea. Normal physical findings that could be mistaken as evidence of cardiac disease include peripheral edema, mild tachycardia, jugular venous distention after midpregnancy, and lateral displacement of the left ventricular apex.


Pregnancy also alters normal heart sounds. At the end of the first trimester, both components of the first heart sound become louder, and there is exaggerated splitting. The second heart sound usually remains normal with only minimal changes. Up to 80% to 90% of gravidas demonstrate a third heart sound (S3) after midpregnancy because of rapid diastolic filling. Rarely, a fourth heart sound may be auscultated, but typically phonocardiography is needed to detect this. Systolic ejection murmurs along the left sternal border develop in 96% of pregnancies, and increased blood flow across the pulmonic and aortic valves is thought to be the cause. Most commonly, these are midsystolic and less than grade 3. Diastolic murmurs have been found in up to 18% of gravidas, but their presence is uncommon enough to warrant further evaluation. A continuous murmur in the second to fourth intercostal space may be heard in the second or third trimester owing to the so-called mammary souffle caused by increased blood flow in the breast (Figure 3-5).
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Figure 3-5 Summarization of the findings on auscultation of the heart in pregnancy. M.C., Mitral closure; T.C., tricuspid closure; A2 and P2, aortic and pulmonary elements of the second sound.


(From Cutforth R, MacDonald C: Heart sounds and murmurs in pregnancy. Am Heart J 71:741, 1966.)





Troponin 1 and creatinine kinase-MB levels are tests used to assess for acute myocardial infarction. Uterine contractions can lead to significant increases in the creatinine kinase-MB level, but troponin levels are not affected by pregnancy or labor.31









Effect of Labor and the Immediate Puerperium


The profound anatomic and functional changes on cardiac function reach a crescendo during the labor process. In addition to the dramatic rise in CO with normal pregnancy, even greater increases in CO occur with labor and in the immediate puerperium. In a Doppler echocardiography study by Robson and associates of 15 uncomplicated women without epidural anesthesia, the CO between contractions increased 12% during the first stage of labor20 (Figure 3-6). This increase in CO is caused primarily by an increased SV, but HR may also increase. By the end of the first stage of labor, the CO during contractions is 51% above baseline term pregnancy values (6.99 to 10.57 L/min). Increased CO is in part secondary to increased venous return from the 300- to 500-mL autotransfusion that occurs at the onset of each contraction as blood is expressed from the uterus.32,33 Paralleling increases in CO, the MAP also rises in the first stage of labor, from 82 to 91 mm Hg in early labor to 102 mm Hg by the beginning of the second stage. MAP also increases with uterine contractions.
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Figure 3-6 Changes in cardiac output during normal labor.


(From Hunter S, Robson S: Adaptation of the maternal heart in pregnancy. Br Heart J 68:540, 1992.)





Much of the increase in CO and MAP is due to pain and anxiety. With epidural anesthesia, the baseline increase in CO is reduced, but the rise observed with contractions persists.34 Maternal posture also influences hemodynamics during labor. Changing position from supine to lateral recumbent increases CO. This change is greater than the increase seen before labor and suggests that during labor, CO may be more dependent on preload. Therefore, it is important to avoid the supine position in laboring women and to give a sufficient fluid bolus before an epidural to maintain an adequate preload.


In the immediate postpartum period (10 to 30 minutes after delivery), CO reaches its maximum, with a further rise of 10% to 20%. This increase is accompanied by a fall in the maternal HR that is likely secondary to increased SV. Traditionally, this rise was thought to be the result of uterine autotransfusion as described earlier with contractions, but the validity of this concept is uncertain. In both vaginal and elective cesarean deliveries, the maximal increase in the CO occurs 10 to 30 minutes after delivery and returns to prelabor baseline 1 hour after delivery. The increase was 37% with epidural anesthesia and 28% with general anesthesia. Over the next 2 to 4 postpartum weeks, the cardiac hemodynamic parameters return to near-preconceptional levels.35


The effect of pregnancy on cardiac rhythm is limited to an increase in HR and a significant increase in isolated atrial and ventricular contractions. In a Holter monitor study by Shotan and coworkers, 110 pregnant women referred for evaluation of symptoms of palpitations, dizziness, or syncope were compared with 52 healthy pregnant women.36 Symptomatic women had similar rates of isolated sinus tachycardia (9%), isolated premature atrial complexes (56%), and premature ventricular contractions (PVCs) (49%), but increased rates of frequent PVCs greater than 10/hour (20% versus 2%, P = 0.03). A subset of patients with frequent premature atrial complexes or PVCs had comparative Holter studies performed postpartum that revealed an 85% decrease in arrhythmia frequency (P < .05). This dramatic decline, with patients acting as their own controls, supports the arrhythmogenic effect of pregnancy. In a study of 30 healthy women placed on Holter monitors during labor, a similarly high incidence of benign arrhythmias was found (93%). Reassuringly, the prevalence of concerning arrhythmias was no higher than expected. An unexpected finding was a 35% rate of asymptomatic bradycardia, defined as a HR of less than 60 beats/minute, in the immediate postpartum period.37 In addition, other studies have shown that women with preexisting tachyarrhythmias have an increased incidence of these rate abnormalities during pregnancy.38 Whether labor increases the rate of arrhythmias in women with cardiac disease has not been thoroughly studied, but multiple case reports suggest labor may increase arrhythmias in these women.












Respiratory System






Upper Respiratory Tract


During pregnancy, the mucosa of the nasopharynx becomes hyperemic and edematous with hypersecretion of mucus due to increased estrogen. These changes often lead to marked nasal stuffiness; epistaxis is also common. Placement of nasogastric tubes may cause excessive bleeding if adequate lubrication is not used.30 Polyposis of the nose and nasal sinuses develops in some individuals but regresses postpartum. Because of these changes, many gravid women complain of chronic cold symptoms. However, the temptation to use nasal decongestants should be avoided because of risk for hypertension and rebound congestion.









Mechanical Changes


The configuration of the thoracic cage changes early in pregnancy, much earlier than can be accounted for by mechanical pressure from the enlarging uterus. Relaxation of the ligamentous attachments between the ribs and sternum may be responsible. The subcostal angle increases from 68 to 103 degrees, the transverse diameter of the chest expands by 2 cm, and the chest circumference expands by 5 to 7 cm. As gestation progresses, the level of the diaphragm rises 4 cm; however, diaphragmatic excursion is not impeded and actually increases 1 to 2 cm. Respiratory muscle function is not affected by pregnancy, and maximal inspiratory and expiratory pressures are unchanged.39









Lung Volume and Pulmonary Function


The described alterations in chest wall configuration and the diaphragm lead to changes in static lung volumes. In a review of studies with at least 15 subjects compared with nonpregnant controls, Crapo found significant changes (Figure 3-7 and Table 3-2).30 The elevation of the diaphragm decreases the volume of the lungs in the resting state, thereby reducing total lung capacity and the functional residual capacity (FRC). The FRC can be subdivided into expiratory reserve volume and residual volume, and both decrease.
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Figure 3-7 Lung volumes in nonpregnant and pregnant women. ERV, Expiratory reserve; FRC, functional residual capacity; IC, inspiratory capacity; IRV, inspiratory reserve; RV, residual volume; TLC, total lung capacity; TV, tidal volume; VC, vital capacity.


(From Cruickshank DP, Wigton TR, Hays PM: Maternal physiology in pregnancy. In Gabbe SG, Niebyl JR, Simpson JL [eds]: Obstetrics: Normal and Problem Pregnancies, 3rd ed. New York, Churchill Livingstone, 1996, p 94.)





Table 3-2 Lung Volumes and Capacities in Pregnancy






	MEASUREMENT

	DEFINITION

	CHANGE IN PREGNANCY






	Respiratory rate (RR)

	Number of breaths per minute

	Unchanged






	Vital capacity (VC)

	Maximal amount of air that can be forcibly expired after maximal inspiration (IC + ERV)

	Unchanged






	Inspiratory capacity (IC)

	Maximal amount of air that can be inspired from resting expiratory level (TV + IRV)

	Increased 5% to 10%






	Tidal volume (TV)

	Amount of air inspired and expired with a normal breath

	Increased 30% to 40%






	Inspiratory reserve volume (IRV)

	Maximal amount of air that can be inspired at end of normal inspiration

	Unchanged






	Functional residual capacity (FRC)

	Amount of air in lungs at resting expiratory level (ERV + RV)

	Decreased 20%






	Expiratory reserve volume (ERV)

	Maximal amount of air that can be expired from resting expiratory level

	Decreased 15% to 20%






	Residual volume (RV)

	Amount of air in lungs after maximal expiration

	Decreased 20% to 25%






	Total lung capacity (TLC)

	Total amount of air in lungs at maximal inspiration (VC + RV)

	Decreased 5%







From Cruickshank DP, Wigton TR, Hays PM: Maternal physiology in pregnancy. In Gabbe SG, Niebyl JR, Simpson JL (eds): Obstetrics: Normal and Problem Pregnancies, 3rd ed. New York, Churchill Livingstone, 1996, p 95.


Spirometric measurements assessing bronchial flow are unaltered in pregnancy. The forced expiratory volume in 1 second (FEV1) and the ratio of FEV1 to forced vital capacity are both unchanged, suggesting that airway function remains stable. In addition, peak expiratory flow rates measured using a peak flow meter seem to be unaltered in pregnancy at rates of 450 ± 16 L/min.40 Harirah and associates performed a longitudinal study of the peak flow in 38 women from the first trimester until 6 weeks postpartum.41 They reported that the peak flows had a statistically significant decrease as the gestation progressed, but the amount of the decrease was minimal enough to be of questionable clinical significance. Likewise a small decrease in the peak flow was found in the supine position versus the standing or sitting position. Therefore, during gestation, both spirometry and peak flow meters can be used in diagnosing and managing respiratory illnesses, but the clinician should ensure that measurements are performed in the same maternal position.41









Gas Exchange


Increasing progesterone levels drive a state of chronic hyperventilation, as reflected by a 30% to 50% increase in tidal volume by 8 weeks’ gestation. In turn, increased tidal volume results in an overall parallel rise in minute ventilation, despite a stable respiratory rate (minute ventilation = tidal volume × respiratory rate). The rise in minute ventilation, combined with a decrease in FRC, leads to a larger than expected increase in alveolar ventilation (50% to 70%). Chronic mild hyperventilation results in increased alveolar oxygen (Pao2) and decreased arterial carbon dioxide (PaCO2) from normal levels (Table 3-3). The drop in the PaCO2 is especially critical because it drives a more favorable carbon dioxide (CO2) gradient between the fetus and mother, facilitating CO2 transfer. The low maternal PaCO2 results in a chronic respiratory alkalosis. Partial renal compensation occurs through increased excretion of bicarbonate, which helps maintain the pH between 7.4 and 7.45 and lowers the serum bicarbonate levels. Early in pregnancy, the arterial oxygen (PaO2) increases (106 to 108 mm Hg) as the PaCO2 decreases, but by the third trimester, a slight decrease in the PaO2 (101 to 104 mm Hg) occurs as a result of the enlarging uterus. This decrease in the PaO2 late in pregnancy is even more pronounced in the supine position, with a further drop of 5 to 10 mm Hg and an increase in the alveolar-to-arterial gradient to 26 mm Hg, and up to 25% of women exhibit a PaO2 of less than 90 mm Hg.30,42


Table 3-3 Blood Gas Values in Third Trimester of Pregnancy






	 

	PREGNANT

	NONPREGNANT






	PaO2 (mm Hg)*


	101.8 ± 1

	93.4 ± 2.04






	Arterial Hgb saturation (%)†


	98.5 ± 0.7%

	98 ± 0.8%






	PaCO2 (mm hg)*


	30.4 ± 0.6

	40 ± 2.5






	pH*


	7.43 ± 0.006

	7.43 ± 0.02






	Serum bicarbonate (HCO3) (mmol/L)

	21.7 ± 1.6

	25.3 ± 1.2






	Base deficit (mmol/L)*


	3.1 ± 0.2

	1.06 ± 0.6






	Alveolar-arterial gradient [P(A-a)O2 (mm Hg)]*


	16.1 ± 0.9

	15.7 ± 0.6







* Data from Templeton A, Kelman G: Maternal blood-gases, (PAO2-PaO2), physiological shunt and VD/VT in normal pregnancy. Br J Anaesth 48:1001, 1976. Data presented as mean ± SEM.


† Data from McAuliffe F, Kametas N, Krampl E: Blood gases in prepregnancy at sea level and at high altitude. Br J Obstet Gynaecol 108:980, 2001. Data presented as mean ± SD.


As the minute ventilation increases, a simultaneous but smaller increase in oxygen uptake and consumption occurs. Most investigators have found maternal oxygen consumption to be 20% to 40% above nonpregnant levels. This increase occurs as a result of the oxygen requirements of the fetus, the placenta, and the increased oxygen requirement of maternal organs. With exercise or during labor, an even greater rise in both minute ventilation and oxygen consumption takes place.30 During a contraction, oxygen consumption can triple. As a result of the increased oxygen consumption and because the functional residual capacity is decreased, there is a lowering of the maternal oxygen reserve. Therefore, the pregnant patient is more susceptible to the effects of apnea, such as during intubation when a more rapid onset of hypoxia, hypercapnia, and respiratory acidosis is seen.









Sleep


Pregnancy causes both an increase in sleep disorders and significant changes in sleep profile and pattern that persist into the postpartum period.43 Pregnancy causes such significant changes that the American Sleep Disorder Association has proposed the existence of a new term: pregnancy-associated sleep disorder. Emerging evidence indicates that sleep disturbances are associated with poor health outcomes in the general population and that sleep disturbances in pregnancy may contribute to certain complications of pregnancy. It is well known that hormones and physical discomforts affect sleep (Table 3-4). With the dramatic change in hormone levels and the significant mechanical effects that make women more uncomfortable, it is not difficult to understand why sleep is profoundly affected. Multiple authors have investigated the changes in sleep during pregnancy using questionnaires, sleep logs, and polysomnographic studies. From these studies, investigators have shown that most women (66% to 94%) report alterations in sleep that lead to the subjective perception of poor sleep quality. The disturbances in sleep begin as early as the first trimester and worsen as the pregnancy progresses.44 During the third trimester, multiple discomforts occur that can impair sleep: urinary frequency, backache, general abdominal discomfort and contractions, leg cramps, restless leg syndrome, heartburn, and fetal movement. Interestingly, no changes are seen in melatonin levels, which modulate the body’s circadian pacemaker.


Table 3-4 Characteristics of Sleep in Pregnancy






	STAGE OF PREGNANCY

	SUBJECTIVE SYMPTOMS

	OBJECTIVE (POLYSOMNOGRAPHY)*







	First trimester

	



Increased total sleep time: ↑ naps


Increased daytime sleepiness


Increased nocturnal insomnia







	



Increased total sleep time


Decreased stages 3 and 4 non-REM sleep












	Second trimester

	



Normalization of total sleep time


Increased awakenings







	



Normal total sleep time


Decreased stages 3 and 4 non-REM sleep


Decreased REM sleep












	Third trimester

	



Decreased total sleep time


Increased insomnia


Increased nocturnal awakenings


Increased daytime sleepiness







	



Decreased total sleep time


Increased awakenings after sleep onset


Increased stage 1 non-REM sleep


Decreased stages 3 and 4 non-REM sleep


Decreased REM sleep













* Rapid eye movement (REM) sleep is important for cognitive sleep, 20% to 25% of sleep. Stages 1 and 2 non-REM sleep: light sleep, 55% of sleep. Stages 3 and 4 non-REM sleep: deep sleep, important for rest, 20% of sleep.


Modified from Santiago J, Nolledo M, Kinzler W: Sleep and sleep disorders in pregnancy. Ann Intern Med 134:396, 2001.


In general, pregnancy is associated with a decrease in rapid eye movement (REM) sleep and a decrease in stages 3 and 4 non-REM sleep. REM sleep is important for cognitive thinking, and stages 3 and 4 non-REM sleep is the so-called deep sleep and is important for rest. In addition, with advancing gestational age, there is a decrease in sleeping efficiency and sleep continuity and an increase in awake time and daytime somnolence. By 3 months postpartum, the amount of non-REM and REM sleep recovers, but a persistent decrease in sleeping efficiency and nocturnal awakenings occur, presumably because of the newborn.43 Although pregnancy causes changes in sleep, it is important for the clinician to consider other primary sleep disorders unrelated to pregnancy such as sleep apnea. The physiologic changes of pregnancy also increase the incidence of sleep-disordered breathing, which includes snoring (in up to 16% of women), upper airway obstruction, and potentially obstructive sleep apnea. The prevalence of sleep apnea in pregnancy is unknown, but it appears to increase the risk for intrauterine growth restriction and gestational hypertension if it is associated with hypoxemia. Women with excessive daytime sleepiness, loud excessive snoring, and witnessed apneas should be evaluated for obstructive sleep apnea with overnight polysomnography.45 In addition, individuals with known sleep apnea may need repeat sleep studies to determine whether changes in treatment are necessary to prevent intermittent hypoxia.


Although the majority of gravidas have sleep problems, most do not complain to their providers or ask for treatment. Treatment options include improving sleep habits by avoiding fluids after dinner, establishing regular sleep hours, avoiding naps and caffeine, minimizing bedroom noises, and using pillow support. Other options include relaxation techniques, managing back pain, and use of sleep medications such as diphenhydramine (Benadryl) and zolpidem (Ambien).


Another potential cause of sleep disturbances in pregnancy is the development of restless leg syndrome and periodic leg movements during sleep. Restless leg syndrome is a neurosensory disorder that typically begins in the evening and can prevent women from falling asleep. Pregnancy can be a cause of this syndrome, and in one study up to 23% of gravidas developed some component of this syndrome in the third trimester, although the true prevalence of this disorder during pregnancy is unknown. Although typically this syndrome is not severe enough to warrant treatment, occasionally it is a source of great discomfort to the gravid woman. Treatment options include improving sleep habits, use of an electric vibrator to the calves, and use of a benzodiazepine such as clonazepam or a dopaminergic agent such as L-dopa or carbidopa.












Hematologic Changes






Plasma Volume and Red Blood Cell Mass


Maternal blood volume begins to increase at about 6 weeks’ gestation. Thereafter, it increases progressively until 30 to 34 weeks and then plateaus until delivery. The average expansion of blood volume is 40% to 50%, although individual increases range from 20% to 100%. Women with multiple pregnancies have a larger increase in blood volume than those with singletons.46 Likewise, volume expansion correlates with infant birthweight, but it is not clear whether this is a cause or an effect. The increase in blood volume results from a combined expansion of both plasma volume and red blood cell (RBC) mass. The plasma volume begins to increase by 6 weeks and expands at a steady pace until it plateaus at 30 weeks’ gestation; the overall increase is about 50% (1200 to 1300 mL). The exact etiology of the expansion of the blood volume is unknown, but the hormonal changes of gestation and the increase in NO play important roles.


Erythrocyte mass also begins to increase at about 10 weeks’ gestation. Although the initial slope of this increase is slower than that of the plasma volume, erythrocyte mass continues to increase progressively until term without plateauing. Without iron supplementation, RBC mass increases about 18% by term, from a mean nonpregnant level of 1400 mL up to 1650 mL. Supplemental iron increases RBC mass accumulation to 400 to 450 mL, or 30%.46 Because plasma volume increases more than the RBC mass, maternal hematocrit falls. This so-called physiologic anemia of pregnancy reaches a nadir at 30 to 34 weeks. Because the RBC mass continues to increase after 30 weeks when the plasma volume expansion has plateaued, the hematocrit may rise somewhat after 30 weeks (Figure 3-8). The mean and fifth percentile hemoglobin concentrations for normal iron-supplemented pregnant women are outlined (Table 3-5). In pregnancy, erythropoietin levels increase twofold to threefold, starting at 16 weeks, and may be responsible for the moderate erythroid hyperplasia found in the bone marrow and mild elevations in the reticulocyte count. The increased blood volume is protective given the possibility of hemorrhage during pregnancy or at delivery. The larger blood volume also helps fill the expanded vascular system created by vasodilation and the large low-resistance vascular pool within the uteroplacental unit preventing hypotension.30
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Figure 3-8 Blood volume changes during pregnancy. RBC, Red blood cell.


(From Scott D: Anemia during pregnancy. Obstet Gynecol Ann 1:219, 1972.)





Table 3-5 Hemoglobin Values in Pregnancy






	WEEKS’ GESTATION

	MEAN HEMOGLOBIN (g/dL)

	FIFTH PERCENTILE HEMOGLOBIN (g/dL)






	12

	12.2

	11.0






	16

	11.8

	10.6






	20

	11.6

	10.5






	24

	11.6

	10.5






	28

	11.8

	10.7






	32

	12.1

	11.0






	36

	12.5

	11.4






	40

	12.9

	11.9







From U.S. Department of Health and Human Services: Recommendations to prevent and control iron deficiency in the United States. MMWR Morb Mortal Wkly Rep 47:1, 1998.


Vaginal delivery of a singleton infant at term is associated with a mean blood loss of 500 mL; an uncomplicated cesarean birth, about 1000 mL; and a cesarean hysterectomy, 1500 mL.46,47 In a normal delivery, almost all of the blood loss occurs in the first hour. Pritchard and colleagues found that over the subsequent 72 hours, only 80 mL of blood is lost.47 In the nonpregnant state, blood loss results in an immediate fall in blood volume with a slow re-expansion through volume redistribution; by 24 hours, the blood volume approaches the prehemorrhage level. Isovolemia is maintained with a drop in hematocrit proportional to the blood loss. Gravid women respond to blood loss in a different fashion. In pregnancy, the blood volume drops after postpartum bleeding, but there is no re-expansion to the prelabor level, and there is less of a change in the hematocrit. Indeed, instead of volume redistribution, an overall diuresis of the expanded water volume occurs postpartum. After delivery with average blood loss, the hematocrit drops moderately for 3 to 4 days, followed by an increase. By days 5 to 7, the postpartum hematocrit is similar to the prelabor hematocrit. If the postpartum hematocrit is lower than the prelabor hematocrit, either that the blood loss was larger than appreciated, or the hypervolemia of pregnancy was less than normal, as in preeclampsia.47









Iron Metabolism in Pregnancy


Iron absorption from the duodenum is limited to its ferrous (divalent) state, the form found in iron supplements. Ferric (trivalent) iron from vegetable food sources must first be converted to the divalent state by the enzyme ferric reductase. If body iron stores are normal, only about 10% of ingested iron is absorbed, most of which remains in the mucosal cells or enterocytes until sloughing leads to excretion in the feces (1 mg/day). Under conditions of increased iron needs, the fraction of iron absorbed increases. After absorption, iron is released from the enterocytes into the circulation, where it is carried bound to transferrin to the liver, spleen, muscle, and bone marrow. In those sites, iron is freed from transferrin and incorporated into hemoglobin (75% of iron) and myoglobin or stored as ferritin and hemosiderin. Menstruating women have about half the iron stores of men, with total body iron of 2 to 2.5 g and iron stores of only 300 mg. Before pregnancy, 8% to 10% of women in Western nations have iron deficiency.


The iron requirements of gestation are about 1000 mg. This includes 500 mg used to increase the maternal RBC mass (1 mL of erythrocytes contains 1.1 mg iron), 300 mg transported to the fetus, and 200 mg to compensate for the normal daily iron losses by the mother.48 Thus, the normal expectant woman needs to absorb an average of 3.5 mg/day of iron. In actuality, the iron requirements are not constant but increase remarkably during the pregnancy from 0.8 mg/day in the first trimester to 6 to 7 mg/day in the third trimester. The fetus receives its iron through active transport, primarily during the last trimester. Adequate iron transport to the fetus is maintained despite severe maternal iron deficiency. Thus, there is no correlation between maternal and fetal hemoglobin concentrations. For a review on use of supplemental iron in pregnancy, see Chapter 42.









Platelets


Before the introduction of automated analyzers, studies of platelet counts during pregnancy reported conflicting results, with some showing a decrease, an increase, or no change with gestation. Unfortunately, even with the availability of automated cell counters, the data on the change in platelet count during pregnancy are still somewhat unclear. Two studies have used true longitudinal methods with serial measurements in the same women. Pitkin and colleagues measured platelet counts in 23 women every 4 weeks and found that the counts dropped from 322 ± 75 × 103/mm3 in the first trimester to 278 ± 75 × 103/mm3 in the third trimester.49 Similarly, O’Brien, in a study of 30 women, found a progressive decline in platelet counts.50 Therefore, most recent studies show a decline in the platelet count during gestation possibly caused by increased destruction or hemodilution. In addition to the mild decrease in the mean platelet count, Burrows and Kelton have demonstrated that in the third trimester, about 8% of gravidas develop gestational thrombocytopenia, with platelet counts between 70,000 and 150,000/mm3.51 Gestational thrombocytopenia is not associated with an increase in pregnancy complications, and platelet counts return to normal by 1 to 2 weeks postpartum. Gestational thrombocytopenia is thought to be due to accelerated platelet consumption similar to that seen in normal pregnancy, but more marked in this subset of women.51 Consistent with these findings, Boehlen and associates compared platelet counts during the third trimester of pregnancy with those in nonpregnant controls. They showed a shift to a lower mean platelet count and an overall shift to the left of the “platelet curve” in the pregnant women (Figure 3-9). This study found that only 2.5% of nonpregnant women have platelet counts less than 150,000/mm3 (the traditional value used outside of pregnancy as the cut-off for normal) versus 11.5% of gravid women. A platelet count of less than 116,000/mm3 occurred in 2.5% of gravid women; therefore, these investigators recommended using this value as the lower limit for normal in the third trimester. In addition, they suggested that workups for the etiology of decreased platelet count were unneeded at values above this level.
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Figure 3-9 Histogram of platelet count of pregnant women in the third trimester (n = 6770) compared with nonpregnant women (n = 287).


(From Boehlen F, Hohlfield P, Extermann P: Platelet count at term pregnancy: a reappraisal of the threshold. Obstet Gynecol 95:29, 2000.)












Leukocytes


The peripheral white blood cell (WBC) count rises progressively during pregnancy. During the first trimester, the mean WBC count is 8000/mm3, with a normal range of 5110 to 9900/mm3. During the second and third trimesters, the mean is 8500/mm3, with a range of 5600 to 12,200/mm3.49 In labor, the count may rise to 20,000 to 30,000/mm3, and counts are highly correlated with labor progression as determined by cervical dilation.52 Because of the normal increase of WBCs in labor, the WBC count should not be used clinically in determining the presence of infection. The increase in the WBC count is largely due to increases in circulating segmented neutrophils and granulocytes whose absolute number is nearly doubled at term. The reason for the increased leukocytosis is unclear, but it may be caused by the elevated estrogen and cortisol levels. Leukocyte levels return to normal within 1 to 2 weeks of delivery.









Coagulation System


Pregnancy places women at a fivefold to sixfold increased risk for thromboembolic disease (see Chapter 43). This greater risk is caused by increased venous stasis, vessel wall injury, and changes in the coagulation cascade that lead to hypercoagulability. The increase in venous status in the lower extremities is due to compression of the inferior vena cava and the pelvic veins by the enlarging uterus. The hypercoagulability is caused by an increase in several procoagulants, a decrease in the natural inhibitors of coagulation, and a reduction in fibrinolytic activity. These physiologic changes provide defense against peripartum hemorrhage.


Most of the procoagulant factors from the coagulation cascade are markedly increased, including factors I, VII, VIII, IX, and X. Factors II, V, and XII are unchanged or mildly increased, and levels of factors XI and XIII decline.1,53 Plasma fibrinogen (factor I) levels begin to increase in the first trimester and peak in the third trimester at levels 50% higher than before pregnancy. The rise in fibrinogen is associated with an increase in the erythrocyte sedimentation rate. In addition, pregnancy causes a decrease in the fibrinolytic system with reduced levels of available circulating plasminogen activator, a twofold to threefold increase in plasminogen activator inhibitor-1 (PAI-1), and a 25-fold increase in PAI-2.1 The placenta produces PAI-1 and is the primary source of PAI-2.


Pregnancy has been shown to cause a progressive and significant decrease in the levels of total and free protein S from early in pregnancy but to have no effect on the levels of protein C and antithrombin III.54,55 The activated protein C (APC)-to-sensitivity (S) ratio, the ratio of the clotting time in the presence and the absence of APC, declines during pregnancy. The APC/S ratio is considered abnormal if less than 2.6. In a study of 239 women,54 the APC/S ratio decreased from a mean of 3.12 in the first trimester to 2.63 by the third trimester. By the third trimester, 38% of women were found to have an acquired APC resistance, with APC/S ratio values below 2.6.54 Whether the changes in the protein S level and the APC/S ratio are responsible for some of the hypercoagulability of pregnancy is unknown. If a workup for thrombophilias is performed during gestation, the clinician should use caution when attempting to interpret these levels if they are abnormal. Ideally the clinician should order DNA testing for the Leiden mutation instead of testing for APC. For protein S screening during pregnancy, the free protein S antigen level should be tested with normal levels in the second and third trimesters being identified as greater than 30% and 24%.56


Most coagulation testing is unaffected by pregnancy. The prothrombin time, activated partial thromboplastin time, and thrombin time all fall slightly but remain within the limits of normal nonpregnant values, whereas the bleeding time and whole blood clotting times are unchanged. Testing for von Willebrand disease is affected in pregnancy because levels of factor VIII, von Willebrand factor activity and antigen, and ristocetin cofactor all increase. Levels of coagulation factors normalize 2 weeks postpartum.


Researchers have found evidence to support the theory that, during pregnancy, a state of low-level intravascular coagulation occurs. Low concentrations of fibrin degradation products (markers of fibrinolysis), elevated levels of fibrinopeptide A (a marker for increased clotting), and increased levels of platelet factor-4 and β-thromboglobulin (markers of increased platelet activity) have been found in maternal blood.57 The most likely cause for these findings involves localized physiologic changes needed for maintenance of the uterine-placental interface.












Urinary System






Anatomic Changes


The kidneys enlarge during pregnancy, with the length as measured by intravenous pyelography increasing about 1 cm. This growth in size and weight is due to increased renal vasculature, interstitial volume, and urinary dead space. The increase in urinary dead space is attributed to dilation of the renal pelvis, calyces, and ureters. Pelvicaliceal dilation by term averages 15 mm (range, 5 to 25 mm) on the right and 5 mm (range, 3 to 8 mm) on the left.58


The well-known dilation of the ureters and renal pelves begins by the second month of pregnancy and is maximal by the middle of the second trimester, when ureteric diameter may be as much as 2 cm. The right ureter is almost invariably dilated more than the left, and the dilation usually cannot be demonstrated below the pelvic brim. These findings have led some investigators to argue that the dilation is caused entirely by mechanical compression of the ureters by the enlarging uterus and ovarian venous plexus. However, the early onset of ureteral dilation suggests that smooth muscle relaxation caused by progesterone plays an additional role. Also supporting the role of progesterone is the finding of ureteral dilation in women with renal transplant and pelvic kidney.59 By 6 weeks postpartum, ureteral dilation resolves.58 A clinical consequence of ureterocalyceal dilation is an increased incidence of pyelonephritis among gravidas with asymptomatic bacteriuria. In addition, the ureterocalyceal dilation makes interpretation of urinary radiographs more difficult when evaluating possible urinary tract obstruction or nephrolithiasis.


Anatomic changes are also observed in the bladder. From midpregnancy on, an elevation in the bladder trigone occurs, with increased vascular tortuosity throughout the bladder. This can cause an increased incidence of microhematuria. Three percent of gravidas have idiopathic hematuria, defined as greater than 1+ on a urine dipstick, and up to 16% have microscopic hematuria. Because of the increasing size of the pregnancy, a decrease in bladder capacity develops with an increase in urinary frequency, urgency, and incontinence.









Renal Hemodynamics


Renal plasma flow (RPF) increases markedly from early in gestation and may actually initially begin to increase during the luteal phase before implantation.60 Dunlop showed convincingly that the effective RPF rises 75% over nonpregnant levels by 16 weeks’ gestation (Table 3-6). The increase is maintained until 34 weeks’ gestation, when a decline in RPF of about 25% occurs. The fall in RPF has been demonstrated in subjects studied serially in the sitting and the left lateral recumbent positions. Like RPF, glomerular filtration rate (GFR), as measured by inulin clearance, increases by 5 to 7 weeks. By the end of the first trimester, GFR is 50% higher than in the nonpregnant state, and this is maintained until the end of pregnancy. Three months postpartum, GFR values have declined to normal levels.61 This renal hyperfiltration seen in pregnancy is a result of the increase in the RPF. Because the RPF increases more than the GFR early in pregnancy, the filtration fraction falls from nonpregnant levels until the late third trimester. At this time, because of the decline in RPF, the filtration fraction returns to preconceptional values.




Table 3-6 Serial Changes in Renal Hemodynamics
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Clinically, GFR is not determined by measuring the clearance of infused inulin (inulin is filtered by the glomerulus and is unaffected by the tubules), but rather by measuring endogenous creatinine clearance. This test gives a less precise measure of GFR because creatinine is secreted by the tubules to a variable extent. Therefore, endogenous creatinine clearance is usually higher than the actual GFR. The creatinine clearance in pregnancy is greatly increased to values of 150 to 200 mL/min (normal, 120 mL/min). As with GFR, the increase in creatinine clearance occurs by 5 to 7 weeks’ gestation and normally is maintained until the third trimester. GFR is best estimated in pregnancy using a 24-hour urine collection for creatinine clearance. Formulas that are used in patients with renal disease that estimate the GFR using serum collections and clinical parameters (which avoid a 24-hour urine collection) are inaccurate in pregnancy and underestimate the GFR.


The increase in the RPF and GFR precede the increase in blood volume and may be induced by a reduction in the preglomerular and postglomerular arteriolar resistance. Importantly, the increase in hyperfiltration occurs without an increase in glomerular pressure, which if it occurred, could have the potential for injury to a women’s kidney with long-term consequences.60 Recently, the mechanisms underlying the marked increase in RPF and GFR has been carefully studied. Although numerous factors are involved in this process, NO has been demonstrated to play a critical role in the decrease in renal resistance and the subsequent renal hyperemia. During pregnancy, the activation and expression of the NO synthase is enhanced in the kidneys, and inhibition of NO synthase isoforms has been shown to attenuate the hemodynamic changes within the gravid kidney.25 Finally, the hormone relaxin appears to be important by initiating or activating some of the effects of NO on the kidney. Failure of this crucial adaptation to occur is associated with adverse outcomes such as preeclampsia and fetal growth restriction.7


The clinical consequences of glomerular hyperfiltration are a reduction in maternal plasma levels of creatinine, blood urea nitrogen (BUN), and uric acid. Serum creatinine decreases from a nonpregnant level of 0.8 mg/dL to 0.5 mg/dL by term. Likewise, BUN falls from nonpregnant levels of 13 to 9 mg/dL by term.5 Serum uric acid declines in early pregnancy because of the rise in GFR, reaching a nadir by 24 weeks with levels of 2 to 3 mg/dL.62 After 24 weeks, the uric acid level begins to rise, and by the end of pregnancy, the levels in most women are essentially the same as before conception. The rise in uric acid levels is caused by increased renal tubular absorption of urate and increased fetal uric acid production. Patients with preeclampsia have elevated uric acid level concentrations; however, because uric acid levels normally rise during the third trimester, over-reliance on this test should be avoided in the diagnosis and management of preeclampsia.62


During pregnancy, urine volume is increased, and nocturia is more common. In the standing position, sodium and water are retained, and therefore, during the daytime, gravidas tend to retain an increased amount of water. At night while in the lateral recumbent position, this added water is excreted, resulting in nocturia. Later in gestation, the renal function is affected by position, and the GFR and renal hemodynamics are decreased with changes from lateral recumbency to supine or standing.63









Renal Tubular Function/Excretion of Nutrients


Despite high levels of aldosterone, which would be expected to result in enhanced urinary excretion of potassium, gravid women retain about 350 mmol of potassium. Most of the excess potassium is stored in the fetus and placenta. The mean potassium concentrations in maternal blood are just slightly below nonpregnant levels. The kidney’s ability to conserve potassium has been attributed to increased progesterone levels.64 For information on the changes of sodium, see the section on body water metabolism earlier in this chapter.


Glucose excretion increases in almost all pregnant women, and glycosuria is common. Nonpregnant urinary excretion of glucose is less than 100 mg/day, but 90% of gravidas with normal blood glucose levels excrete 1 to 10 g of glucose per day.65 This glycosuria is intermittent and not necessarily related to blood glucose levels or the stage of gestation. Glucose is freely filtered by the glomerulus, and with the 50% increase in GFR, a greater load of glucose is presented to the proximal tubules. There may be a change in the reabsorptive capability of the proximal tubules themselves, but the old concept of pregnancy leading to an overwhelming of the maximal tubular reabsorptive capacity for glucose is misleading and oversimplified.65 The exact mechanisms underlying the altered handling of glucose by the proximal tubules remains obscure. Even though glycosuria is common, gravidas with repetitive glycosuria should be screened for diabetes mellitus if not already tested.


Urinary protein and albumin excretion increases during pregnancy, with an upper limit of 300 mg of proteinuria and 30 mg of albuminuria in a 24-hour period.63 The amount of proteinuria and albuminuria increases both when compared with nonpregnant levels and as the pregnancy advances. Higby and associates collected 24-hour urine samples from 270 women over the course of pregnancy and determined the amount of proteinuria and albuminuria. These investigators found that the amount of protein and albumin excreted in urine did not increase significantly by trimester but did increase significantly when compared between the first and second half of pregnancy (Table 3-7). They observed that in women without preeclampsia, underlying renal disease, or urinary tract infections, the mean 24-hour urine protein across pregnancy is 116.9 mg, with a 95% upper confidence limit of 260 mg. They also noted that patients do not normally have microalbuminuria, defined as urinary albumin excretion greater than 30 mg/dL. In women with preexisting proteinuria, the amount of proteinuria increases in both the second and third trimesters, and potentially in the first trimester. In a study of women with diabetic nephropathy, the amount of proteinuria increased from a mean of 1.74 ± 1.33 g per 24 hours in the first trimester to a mean of 4.82 ± 4.7 g per 24 hours in the third trimester, even in the absence of preeclampsia.66 The increase in the renal excretion of proteins is due to a physiologic impairment of the proximal tubular function within the kidney and the increase in the GFR.63




Table 3-7 Comparison of 24-Hour Urinary Volume Protein and Albumin Excretion
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Other changes in tubular function include an increase in the excretion of amino acids in the urine and an increase in calcium excretion (see Chapter 40). Also, the kidney responds to the respiratory alkalosis of pregnancy by enhanced excretion of bicarbonate; however, renal handling of acid excretion is unchanged.












Alimentary Tract






Appetite


Most women experience an increase in appetite throughout pregnancy. In the absence of nausea or “morning sickness,” women eating according to appetite will increase food intake by about 200 kcal/day by the end of the first trimester. The recommended dietary allowance calls for an additional 300 kcal/day, although in reality most women make up for this with decreased activity. Energy requirements vary depending on the population studied, and a greater increase may be necessary for pregnant teenagers and women with high levels of physical activity. Extensive folklore exists about dietary cravings and aversions during gestation. Many of these are undoubtedly due to an individual’s perception of which foods aggravate or ameliorate such symptoms as nausea and heartburn. The sense of taste may be blunted in some women, leading to an increased desire for highly seasoned food. Pica, a bizarre craving for strange foods, is relatively common among gravidas, and a history of pica should be sought in those with poor weight gain or refractory anemia. Examples of pica include the consumption of clay, starch, toothpaste, and ice.









Mouth


The pH and the production of saliva are probably unchanged during pregnancy. Ptyalism, an unusual complication of pregnancy, most often occurs in women suffering from nausea and may be associated with the loss of 1 to 2 L of saliva per day. Most authorities believe ptyalism actually represents inability of the nauseated woman to swallow normal amounts of saliva rather than a true increase in the production of saliva. A decrease in the ingestion of starchy foods may help decrease the amount of saliva. No evidence exists that pregnancy causes or accelerates the course of dental caries. However, the gums swell and may bleed after tooth brushing, giving rise to the so-called gingivitis of pregnancy. At times, a tumorous gingivitis may occur, presenting as a violaceous pedunculated lesion at the gum line that may bleed profusely. Called epulis gravidarum or pyogenic granulomas, these lesions consist of granulation tissue and an inflammatory infiltrate (see Chapter 48).









Stomach


The tone and motility of the stomach are decreased, probably because of the smooth muscle–relaxing effects of progesterone and estrogen. Nevertheless, scientific evidence regarding delayed gastric emptying is inconclusive.67 Macfie and colleagues, using acetaminophen absorption as an indirect measure of gastric emptying, failed to demonstrate a delay in gastric emptying when comparing 15 nonpregnant controls with 15 women in each trimester.67 In addition, a recent study showed no delay in gastric emptying in parturients at term who ingested 300 mL of water following an overnight fast.68 However, an increased delay is seen in labor, with the etiology ascribed to the pain and stress of labor.


Pregnancy causes a decreased risk for peptic ulcer disease but, at the same time, causes an increase in gastroesophageal reflux disease and dyspepsia in 30% to 50% of individuals.69 This apparent paradox can be partially explained by physiologic changes of the stomach and lower esophagus. The increase in gastroesophageal reflux disease is multifactorial and is attributed to esophageal dysmotility caused by gestational hormones, gastric compression from the enlarged uterus, and a decrease in the pressure of the gastroesophageal sphincter. The decrease in the tone of the gastroesophageal sphincter is caused by progesterone, and estrogen may lead to increased reflux of stomach acids into the esophagus and may be the predominant cause of reflux symptoms. Theories proposed to explain the decreased incidence of peptic ulcer disease include increased placental histaminase synthesis with lower maternal histamine levels; increased gastric mucin production leading to protection of the gastric mucosa; reduced gastric acid secretion; and enhanced immunologic tolerance of Helicobacter pylori, the infectious agent that causes peptic ulcer disease69 (see Chapter 45).









Intestines


Perturbations in the motility of the small intestines and colon are common in pregnancy, resulting in an increased incidence of constipation in some and diarrhea in others. Up to 34% of women in one study noted an increased frequency of bowel movements, perhaps related to increased prostaglandin synthesis.70 The prevalence of constipation appears to be higher in early pregnancy, with 35% to 39% of women having constipation in the first and second trimester and only 21% in the last trimester.71 The motility of the small intestines is reduced in pregnancy, with increased oral-cecal transit times. No studies on the colonic transit time have been performed, but limited information suggests reduced colonic motility.70 Although progesterone has been thought to be the primary cause of the decrease in gastrointestinal motility, newer studies show the actual etiology may be due to estrogen. Estrogen causes an increased release of NO from nerves that innervate the gastrointestinal tract that then results in relaxation of the gastrointestinal tract musculature. Absorption of nutrients from the small bowel (with the exception of increased iron and calcium absorption) is unchanged, but the increased transit time allows for more efficient absorption. Parry and colleagues demonstrated an increase in both water and sodium absorption in the colon.72


The enlarging uterus displaces the intestines and, most importantly, moves the position of the appendix. Thus, the presentation, physical signs, and type of surgical incision are affected in the management of appendicitis. Portal venous pressure is increased, leading to dilation wherever there is portosystemic venous anastomosis. This includes the gastroesophageal junction and the hemorrhoidal veins, which results in the common complaint of hemorrhoids.









Gallbladder


The function of the gallbladder is markedly altered because of the effects of progesterone. After the first trimester, the fasting and residual volumes are twice as great, and the rate at which the gallbladder empties is much slower. In addition, the biliary cholesterol saturation is increased, and the chenodeoxycholic acid level is decreased.73 This change in the composition of the bile fluid favors the formation of cholesterol crystals, and with incomplete emptying of the gallbladder, the crystals are retained, and gallstone formation is enhanced. During pregnancy, biliary sludge develops in about one third of women, and by the time of delivery 10% to 12% of women have gallstones on ultrasonographic examination. Postpartum, biliary sludge disappears in virtually all women, but only about one third of small stones disappear.









Liver


The size and histology of the liver are unchanged in pregnancy. However, many clinical and laboratory signs usually associated with liver disease are present. Spider angiomas and palmar erythema, caused by elevated estrogen levels, are normal and disappear soon after delivery. The serum albumin and total protein levels fall progressively during gestation. By term, albumin levels are 25% lower than nonpregnant levels. Despite an overall increase in total body protein, decreases in total protein and albumin concentrations occur as a result of hemodilution. In addition, serum alkaline phosphatase activity rises during the third trimester to levels two to four times those of nongravid women. Most of this increase is caused by placental production of the heat-stable isoenzyme and not from the liver.1 The serum concentrations of many proteins produced by the liver increase. These include elevations in fibrinogen, ceruloplasmin, transferrin, and the binding proteins for corticosteroids, sex steroids, and thyroid hormones.1


With the exception of alkaline phosphatase, the other “liver function tests” are unaffected by pregnancy, including serum levels of bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyltransferase, 5′-nucleotidase, creatinine phosphokinase, and lactate dehydrogenase. In some studies, the mean levels of ALT and AST are mildly elevated but still within normal values.74 Levels of creatinine phosphokinase and lactate dehydrogenase can increase with labor. Finally, pregnancy may cause some changes in bile acid production and secretion. Pregnancy may be associated with mild subclinical cholestasis resulting from the high concentrations of estrogen. Reports on serum bile acid concentrations are conflicting, with some studies showing an increase and others no change. The fasting levels are unchanged, and the measurement of a fasting level appears to be the best test for diagnosing cholestasis of pregnancy.74 Cholestasis results from elevated levels of bile acids and is associated with significant pruritus, usually mild increases of ALT/AST, and an increased risk for poor fetal outcomes (see Chapter 45).









Nausea and Vomiting of Pregnancy


Nausea and vomiting, or “morning sickness,” complicate up to 70% of pregnancies. Typical onset is between 4 and 8 weeks’ gestation, with improvement before 16 weeks; however, 10% to 25% of women still experience symptoms at 20 to 22 weeks’ gestation, and some women experience symptoms throughout the gestation.75 Although the symptoms are often distressing, simple morning sickness seldom leads to significant weight loss, ketonemia, or electrolyte disturbances. The cause is not well understood, although relaxation of the smooth muscle of the stomach probably plays a role. Elevated levels of human chorionic gonadotropin (hCG) may be involved, although a good correlation between maternal hCG concentrations and the degree of nausea and vomiting has not been observed. Similarly, minimal data exist to show the etiology is associated with higher levels of estrogen or progesterone. Interestingly, pregnancies complicated by nausea and vomiting generally have a more favorable outcome than do those without such symptoms.75 Treatment is largely supportive, consisting of reassurance, avoidance of foods found to trigger nausea, and frequent small meals. Eating dry toast or crackers before getting out of bed may be beneficial. Recently, the American College of Obstetricians and Gynecologists (ACOG) stated that the use of either vitamin B6 alone or in combination with doxylamine (Unisom) is safe and effective and should be considered a first line of medical treatment. A recent review of alternative therapies to antiemetic drugs found that acupressure, wristbands, or treatment with ginger root may be helpful.


Hyperemesis gravidarum is a more pernicious form of nausea and vomiting associated with weight loss, ketonemia, electrolyte imbalance, and dehydration. It occurs in 1% to 3% of women, with persistence often throughout pregnancy, and rarely can result in significant complications, including Wernicke encephalopathy, rhabdomyolysis, acute renal failure, and esophageal rupture. For these patients, the clinician must rule out other diseases such as pancreatitis, cholecystitis, hepatitis, and psychiatric disease. Hospitalization with intravenous replacement of fluids and electrolytes is often needed. Options of antiemetics include the phenothiazines: promethazine (Phenergan), chlorpromazine (Thorazine), and prochlorperazine (Compazine) or metoclopramide (Reglan), or ondansetron (Zofran).76 On admission to the hospital, the patient should be given intravenous hydration and tried on one of the above-mentioned medications (intravenously or intramuscularly initially). Care must be taken not to combine the phenothiazines with metoclopramide because of the additive risks for causing extrapyramidal reactions. Chlorpromazine given rectally (25 to 50 mg every 8 hours) may be highly effective in the more refractory cases. Recently, use of oral methylprednisolone, 16 mg three times daily for 3 days and then tapered over 2 weeks, has been shown to be more effective than promethazine, but multiple subsequent studies failed to demonstrate benefit from the use of steroids.76 Unfortunately, no single therapy works in all women, and occasionally, multiple different medications must be tried before finding the one that is effective. Because of potential risks, parenteral caloric replacement should only be used after failure of multiple antiemetic treatments and attempts at enteral tube feedings.












Skeleton






Calcium Metabolism


Pregnancy was initially thought to be a state of “physiologic hyperparathyroidism” with maternal skeletal calcium loss needed to supply the fetus with calcium. It was thought that this could result in long-term maternal bone loss. It is now evident that most fetal calcium needs are met through a series of physiologic changes in calcium metabolism without long-term consequences to the maternal skeleton.77 This allows the fetus to accumulate 21 g (range, 13 to 33 g) of calcium, 80% of this amount during the third trimester, when fetal skeletal mineralization is at its peak. Calcium is actively transported across the placenta. Surprisingly, calcium is excreted in greater amounts by the maternal kidneys so that, by term, calciuria is doubled.


Maternal total calcium levels decline throughout pregnancy. The fall in total calcium is caused by the reduced serum albumin levels that result in a decrease in the albumin-bound fraction of calcium. However, the physiologically important fraction, serum ionized calcium, is unchanged and constant77 (Figure 3-10). Therefore, the actual maternal serum calcium levels are maintained and the fetal calcium needs are met mainly through increased intestinal calcium absorption. Calcium is absorbed through the small intestines, and its absorption is doubled by 12 weeks’ gestation, with maximal absorption in the third trimester.77,78 The early increase in absorption may allow the maternal skeleton to store calcium in advance of the peak third-trimester fetal demands. Although most fetal calcium needs are met by increased absorption of calcium, accumulating data confirm that at least some calcium resorption from maternal bone occurs to help meet the increased fetal demands in the third trimester. These data are compatible with the hypothesis that physiologic mechanisms exist to ensure an adequate supply of calcium for fetal growth and milk production without sole reliance on the maternal diet.78 Maternal serum phosphate levels are similarly unchanged.77
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Figure 3-10 The longitudinal changes in calcium and calcitropic hormone levels that occur during human pregnancy. Normal adult ranges are indicated by the shaded areas. 1,25-D, 1,25-dihydroxyvitamin D; PTH, parathyroid hormone.


(From Kovacs C, Kronenberg H: Maternal-fetal calcium and bone metabolism during pregnancy, puerperium, and lactation. Endocr Rev 18:832, 1997.)





Older studies showed an increase in maternal parathyroid hormone (PTH) levels. These studies used less sensitive PTH assays that measured multiple different fragments of PTH, most of which are biologically inactive. In five recent prospective studies, all using newer assays, maternal levels of PTH were not elevated and actually remained in the low-normal range throughout gestation.77 Therefore, pregnancy is not associated with relative hyperparathyroidism (see Chapter 40).


Vitamin D is a prohormone that is derived from cholesterol and occurs in two main nutritional forms: D3 (cholecalciferol), which is generated in the skin, and D2 (ergocalciferol), which is derived from plants and absorbed in the gut. Serum levels of 25-hydroxyvitamin D (25[OH]D) increase in proportion to vitamin D synthesis and intake. Levels of 25[OH]D represent the best indicator of vitamin D status.79 25[OH]D is furthered metabolized to 1,25-dihydroxyvitamin D or active vitamin D. Levels of 1,25-dihydroxyvitamin D increase overall in pregnancy, with prepregnancy levels doubling in the first trimester and peaking in the third trimester. Levels of 25[OH]D do not change in pregnancy unless vitamin D intake or synthesis is changed. The increase in 1,25-dihydroxyvitamin D is secondary to increased production by the maternal kidneys and potentially the fetoplacental unit and is independent of PTH control. The increase in 1,25-dihydroxyvitamin D is directly responsible for most of the increase in intestinal calcium absorption.77 Recently, a great deal of interest in vitamin D deficiency in pregnancy has occurred, with estimated prevalence of 5% to 50% in the United States. Controversy exists over the recommendations to institute universal screening during pregnancy by measuring serum levels of 25[OH]D. Levels less than 32 ng/mL indicate vitamin D deficiency, with recommendations to increase vitamin D supplementation if such a deficiency is diagnosed.79 Calcitonin levels also rise by 20% and may help protect the maternal skeleton from excess bone loss.77









Skeletal and Postural Changes


The effect of pregnancy on bone metabolism is complex, and evidence of maternal bone loss during pregnancy has been inconsistent, with various studies reporting bone loss, no change, and even gain. Whether pregnancy causes bone loss is not the important question; instead, the critical question is whether pregnancy and lactation have a long-term risk for causing osteoporosis later in life.80 In a recent review of 23 studies, Ensom and colleagues80 concluded that pregnancy is a period of high bone turnover and remodeling. Both pregnancy and lactation cause reversible bone loss, and this loss is increased in women who breastfeed for longer intervals. Studies do not support an association between parity and osteoporosis later in life. Additionally, in a comparison of female twins discordant for parity, pregnancy and lactation were found to have no detrimental effect on long-term bone loss.


Bone turnover appears to be low in the first half of gestation and then increases in the third trimester, corresponding to the peak rate of fetal calcium needs, and may represent turnover of previously stored skeletal calcium.77 Markers of both bone resorption (hydroxyproline and tartrate-resistant acid phosphatase) and bone formation (alkaline phosphatase and procollagen peptides) are increased during gestation.78 In the only study of bone biopsies performed in pregnancy, Shahtaheri and associates observed a change in the microarchitectural pattern of bone, but no change in overall bone mass was found. This change in the microarchitectural pattern seems to result in a framework more resistant to the bending forces and biomechanical stresses needed to carry a growing fetus.81 In support of this study, multiple recent studies have shown that bone loss occurs only in the trabecular bone and not cortical bone. Promislow and coworkers measured bone mineral density twice during pregnancies using dual-energy x-ray absorptiometry and showed the mean loss of trabecular bone was 1.9% per 20 weeks’ gestation.82 However, women placed on bedrest had significantly greater bone loss. In comparison, the mean bone loss in postmenopausal women rarely exceeds 2% per year. Older studies indicate that the cortical bone thickness of long bones may even increase with pregnancy.


Although bone loss occurs in pregnancy, the occurrence of osteoporosis during or soon after pregnancy is rare. Whether additional calcium intake during pregnancy and lactation prevents bone loss is controversial. Most current studies indicate that calcium supplementation does not decrease the amount of bone loss, but Promislow and coworkers82 found that maternal intake of 2 g per day or greater was modestly protective. This is greater than the recommended dietary allowance of 1000 to 1300 mg/day during pregnancy and lactation.78


Pregnancy results in a progressively increasing anterior convexity of the lumbar spine (lordosis). This compensatory mechanism keeps the woman’s center of gravity over her legs and prevents the enlarging uterus from shifting the center of gravity anteriorly. The unfortunate side effect of this necessary alteration is low back pain in two thirds of women, with the pain described as severe in one third. The ligaments of the pubic symphysis and sacroiliac joints loosen, probably from the effects of the hormone relaxin, the levels of which increase 10-fold in pregnancy. Marked widening of the pubic symphysis occurs by 28 to 32 weeks’ gestation, with the width increasing from 3 to 4 mm to 7.7 to 7.9 mm. This commonly results in pain near the symphysis that is referred down the inner thigh with standing and may result in a maternal sensation of snapping or movement of the bones with walking.












Endocrine Changes






Thyroid


Thyroid diseases are common in women of childbearing age (see Chapter 40). However, normal pregnancy symptoms mirror those of thyroid disease, making it difficult to know when screening for thyroid disease is appropriate. In addition, the physiologic effects of pregnancy frequently make the interpretation of thyroid tests difficult. Therefore, it is important for the obstetrician to be familiar with the normal changes in thyroid function that occur. Recent data have shown that the correct and timely diagnosis and treatment of thyroid disease is important to prevent both maternal and fetal complications.


Despite alterations in thyroid morphology, histology, and laboratory indices, pregnant women remain euthyroid. The thyroid gland increases in size, but not as much as was commonly believed. If adequate iodine intake is maintained, the size of the thyroid gland remains unchanged or undergoes a small increase in size that can be detected only by ultrasound.83 The World Health Organization recommends that iodine intake be increased in pregnancy from 100 mg/day to 150 to 200 mg/day. In an iodine-deficient state, the thyroid gland is up to 25% larger, and goiters occur in 10% of women.84 Histologically, during pregnancy an increase in thyroid vascularity occurs with evidence of follicular hyperplasia. The development of a clinically apparent goiter during pregnancy is abnormal and should be evaluated.


During pregnancy, serum iodide levels fall because of increased renal loss. In addition, in the latter half of pregnancy, iodine is also transferred to the fetus, further decreasing maternal levels.84 However, at least one investigator has reported that in iodine-sufficient regions, the concentration of iodide does not decrease.85 These alterations cause the thyroid to synthesize and secrete thyroid hormone actively.84 Although there is increased uptake of iodine by the thyroid, pregnant women remain euthyroid by laboratory evaluation.


Total thyroxine (TT4) and total triiodothyronine (TT3) levels begin to increase in the first trimester and peak at midgestation as a result of increased production of thyroid-binding globulin (TBG). The increase in TBG is seen in the first trimester and plateaus at 12 to 14 weeks. The concentration of TT4 increases in parallel with the TBG from a normal range of 5 to 12 mg/dL in nonpregnant women to 9 to 16 mg/dL during pregnancy (increases by a factor of about 1.5). Only a small amount of TT4 and TT3 is unbound, but these free fractions (normally about 0.04% for T4 and 0.5% for T3) are the major determinants of whether an individual is euthyroid. The extent of change in free T4 and T3 levels during pregnancy has been controversial, and the discrepancies in past studies have been attributed to the techniques used to measure the free hormone levels. The current best evidence is that the free T4 levels rise slightly in the first trimester and then decrease so that by delivery, the free T4 levels are 10% to 15% lower than in nonpregnant women. However, these changes are small, and in most gravidas, free T4 concentrations remain within the normal nonpregnant range84 (Figure 3-11). In clinical practice, the free T4 level can be measured using either the free thyroxine index (FTI) or estimates of free T4. These tests use immunoassays that do not measure the free T4 directly and may be less accurate in pregnancy because they are TBG dependent. Lee and colleagues showed that the FTI is a more accurate method for measuring free T4 and that the currently used estimates for free T4 may incorrectly diagnose women as hypothyroid in the second and third trimesters; however, other authors have shown that these free T4 estimates are accurate.86,87 Free T3 levels follow a similar pattern as free T4 levels.
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Figure 3-11 Relative changes in maternal thyroid function during pregnancy. hCG, Human chorionic gonadotropin; T4, thyroxine; TBG, thyroxine-binding globulin; TSH, thyroid-stimulating hormone.


(From Burrow G, Fisher D, Larsen P: Maternal and fetal thyroid function. N Engl J Med 331:1072, 1994.)





Thyroid-stimulating hormone (TSH) concentrations decrease transiently in the first trimester and then rise to prepregnant levels by the end of this trimester. TSH levels then remain stable throughout the remainder of gestation.84 The transient decrease in TSH coincides with the first-trimester increase in free T4 levels, and both appear to be caused by the thyrotropic effects of hCG. Women with higher peak hCG levels have more TSH suppression. TSH and hCG are structurally very similar, and they share a common α-subunit and have a similar β-unit. Glinoer and colleagues estimated that a 10,000-IU/L increment in circulating hCG corresponds to a mean free T4 increment of 0.6 pmol/L (0.1 ng/dL) and, in turn, lowers TSH by 0.1 mIU/L.84,88 These investigators measured TSH levels during successive trimesters of pregnancy in a large group of women and found that TSH was suppressed below normal in 18% in the first trimester, 5% during the second trimester, and 2% in the third trimester. In the first two trimesters, the mean hCG level was higher in women with suppressed TSH levels.88 It appears that hCG has some thyrotropic activity, but conflicting data on the exact role of hCG in maternal thyroid function remain.84 In some women, the thyrotropic effects of hCG can cause a transient form of hyperthyroidism called gestational transient thyrotoxicosis.


The influence of maternal thyroid physiology on the fetus appears much more complex than was previously thought. Whereas the maternal thyroid does not directly control fetal thyroid function, the systems interact by means of the placenta, which regulates the transfer of iodine and a small but important amount of thyroxine to the fetus. It was previously thought that little if any transplacental passage of T4 and T3 occurred. It is now recognized that T4 crosses the placenta and that, in fact, in early pregnancy, the fetus is critically dependent on the maternal T4 supply for normal neurologic development.89 However, as a result of the deiodinase activity of the placenta, a large percentage of T4 is broken down before transfer to the fetus. The human fetus cannot synthesize thyroid hormones until after 12 weeks’ gestation, and any fetal requirement before this time is totally dependent on maternal transfer. Even after the fetal thyroid is functional, the fetus continues to rely to some extent on a maternal supply of thyroxine.


Neonates with thyroid agenesis or a total defect in thyroid hormone synthesis have umbilical cord thyroxine levels between 20% and 50% of those in normal infants, demonstrating that the placenta is not impermeable to T4. Further evidence that the fetus is dependent on the maternal thyroid for normal development has been published. In women living in iodine-deficient areas, maternal hypothyroidism is associated with neonatal hypothyroidism and defects in long-term neurologic function and mental retardation termed endemic cretinism. These abnormalities can be prevented if maternal iodine intake is initiated at the beginning of the second trimester.90 Haddow and coworkers91 have found that maternal hypothyroidism during pregnancy results in slightly lower IQ scores in children tested at ages 7 to 9 years. These findings have resulted in controversy over whether all pregnant women should be screened for subclinical hypothyroidism, which has an incidence of 2% to 5%. Position statements from various organizations are currently contradictory. The Endocrine Society recommends universal screening. ACOG opposes routine screening in pregnancy (Committee Opinion No. 381). Like T4, thyrotropin-releasing hormone crosses the placenta; TSH does not.


Because iodine is actively transported across the placenta and the concentration of iodide in the fetal blood is 75% that of the maternal blood, the fetus is susceptible to iodine-induced goiters when the mother is given pharmacologic amounts of iodine. Similarly, radioactive iodine crosses the placenta and, if given after 12 weeks’ gestation when the fetal thyroid is able to concentrate iodine, profound adverse effects can occur. These include fetal hypothyroidism, mental retardation, attention deficit disorder, and a 1% to 2% increase in the lifetime cancer risk.









Adrenal Glands


Increased steroid production is essential in pregnancy to meet the need for an increase in maternal production of estrogen and cortisol and the fetal need for reproductive and somatic growth development. Pregnancy is associated with marked changes in adrenocortical function, with increased serum levels of aldosterone, deoxycorticosterone, corticosteroid-binding globulin (CBG), adrenocorticotropic hormone (ACTH), cortisol, and free cortisol and causes a state of “physiologic” hypercorticolism92,93 (see Chapter 41 and Appendix A1). Although the combined weight of the adrenal glands does not increase significantly, expansion of the zona fasciculata, which primarily produces glucocorticoids, is observed. The plasma concentration of CBG doubles (because of hepatic stimulation by estrogen) by the end of the sixth month of gestation compared with nonpregnant values, resulting in elevated levels of total plasma cortisol. The levels of total cortisol rise after the first trimester and by the end of pregnancy are nearly three times higher than nonpregnant values and reach values that are in the range seen in Cushing syndrome. The diurnal variations in cortisol levels may be partly blunted but are maintained, with the highest values in the morning.


Only free cortisol, the fraction of cortisol not bound to CBG, is metabolically active, but direct measurements are difficult to perform. However, urinary free cortisol concentrations, the free cortisol index, and salivary cortisol concentrations, all of which reflect active free cortisol levels, are elevated after the first trimester.93,94 In a study of 21 uncomplicated pregnancies, Goland and associates found that the urinary free cortisol concentration doubled from the first to the third trimester.93 Although the increase in total cortisol concentrations can be explained by the increase in CBG, this does not explain the higher free cortisol levels. The elevation in free cortisol levels seems to be caused in part by a marked increase in corticotropin-releasing hormone (CRH) during pregnancy, which, in turn, stimulates the production of ACTH in the pituitary and from the placenta. Outside of pregnancy, CRH is mainly secreted from the hypothalamus. During pregnancy, CRH is also produced by the placenta and fetal membranes and is secreted into the maternal circulation. First-trimester values of CRH are similar to prepregnant levels, followed by an exponential rise in CRH during the third trimester predominantly as a result of the placental production.93 Goland and associates have shown that CRH and ACTH concentrations continue to rise in the third trimester despite the increased levels of total and free cortisol levels, supporting the theory that an increase in CRH drives the increased levels of cortisol seen in pregnancy. Furthermore, significant correlation is observed between the rise in CRH levels and maternal ACTH and urinary free cortisol concentrations.93 Other possible causes for the hypercortisolism include delayed plasma clearance of cortisol as a result of changes in renal clearance, pituitary desensitization to cortisol feedback, or enhanced pituitary responses to corticotropin-releasing factors such as vasopressin and CRH.92,95


Although the levels of cortisol are increased to concentrations observed in Cushing’s syndrome, little clinical evidence is present for hypercortisolism during pregnancy with the exception of weight gain, striae, hyperglycemia, and tiredness. However, the diagnosis of Cushing syndrome during pregnancy is difficult because of these changes. The hypothalamic-pituitary axis response to exogenous glucocorticoids is blunted during normal pregnancy and makes interpretations of dexamethasone suppression tests for adrenal excess problematic.95 In addition, pregnancy causes an enhanced adrenal responsiveness to higher-dose ACTH stimulation tests using 250 mcg of cosyntropin, making the diagnosis of adrenal insufficiency also difficult.


Deoxycorticosterone (DOC), like aldosterone, is a potent mineralocorticoid. Marked elevations in the maternal concentrations of DOC are present by midgestation, reaching peak levels in the third trimester. In contrast to the nonpregnant state, plasma DOC levels in the third trimester do not respond to ACTH stimulation, dexamethasone suppression, or salt intake.92 These findings suggest that an autonomous source of DOC, specifically the fetoplacental unit, may be responsible for the increased levels. Dehydroepiandrosterone sulfate levels are decreased in gestation because of a marked rise in the metabolic clearance of this adrenal androgenic steroid. Maternal concentrations of testosterone and androstenedione are slightly higher; testosterone is increased because of an elevation in sex hormone-binding protein, and androstenedione is increased because of an increase in its synthesis.









Pituitary Gland


The pituitary gland enlarges in pregnancy, principally because of proliferation of prolactin-producing cells in the anterior pituitary (see Chapter 41). Gonzalez and colleagues demonstrated that the mean pituitary volume increased by 36% at term.96 The enlargement of the pituitary gland makes it more susceptible to alterations in blood supply and increases the risk for postpartum infarction (Sheehan syndrome) should a large maternal blood loss occur. Anterior pituitary hormone levels are significantly affected by pregnancy. Serum prolactin levels begin to rise at 5 to 8 weeks’ gestation and by term are 10 times higher. Consistent with this, the number of lactotroph (prolactin-producing) cells increases dramatically within the anterior lobe of the pituitary from 20% of the cells in nongravid women to 60% in the third trimester. In the second and third trimesters, the decidua is a source of much of the increased prolactin production. Despite the increase, prolactin levels remain suppressible by bromocriptine therapy.97 The principal function of prolactin in pregnancy is to prepare the breast for lactation. In nonlactating women, the prolactin levels return to normal by 3 months postpartum. In lactating women, the return to baseline levels takes several months, with intermittent episodes of hyperprolactinemia in conjunction with nursing. Maternal follicle-stimulating hormone and luteinizing hormone are decreased to undetectable levels as a result of feedback inhibition from the elevated levels of estrogen, progesterone, and inhibin.97 Maternal pituitary growth hormone production is also suppressed because of the action of placental growth hormone variant on the hypothalamus and pituitary; however, the serum levels of growth hormone increase as a result of the production of growth hormone from the placenta.97


The hormones produced by the posterior pituitary are also changed. The changes in AVP were discussed earlier in this chapter. Oxytocin levels increase from 10 pg/mL in the first trimester to 30 pg/mL in the third trimester. At term, an increase is noted to about 75 pg/mL, and during labor, these levels dramatically rise and peak in the second stage of labor.98












Pancreas and Fuel Metabolism






Glucose


Pregnancy is associated with significant physiologic changes in carbohydrate metabolism. This allows for the continuous transport of energy, in the form of glucose, from the gravid woman to the developing fetus and placenta. Pregnancy taxes maternal insulin and carbohydrate physiology, and in all pregnancies, some deterioration in glucose tolerance occurs. In most women, only mild changes take place. In others, pregnancy is sufficiently diabetogenic to result in gestational diabetes mellitus. Overall, pregnancy results in fasting hypoglycemia, postprandial hyperglycemia, and hyperinsulinemia.99 To accommodate the increased demand for insulin, hypertrophy and hyperplasia of the β cells (insulin producing) occur within the islets of Langerhans in the maternal pancreas. For a complete review of the physiologic changes in glucose metabolism, refer to Chapter 39.









Proteins and Fats/Lipids


Amino acids are actively transported across the placenta for the fetus to use for protein synthesis and as an energy source. In late pregnancy, the fetoplacental unit contains about 500 mg of protein. During pregnancy, fat stores are preferentially used as a substrate for fuel metabolism, and thus, protein catabolism is decreased.


Plasma lipids and lipoproteins increase in pregnancy. A gradual twofold to threefold rise in triglyceride levels occurs by term, and levels of 200 to 300 mg/dL are normal. Total cholesterol and low-density lipoprotein levels are also higher so that, by term, a 50% to 60% increase is observed. High-density lipoprotein levels initially rise in the first half of pregnancy and then fall in the second half. By term, high-density lipoprotein concentrations are 15% higher than nonpregnant levels. Triglyceride concentrations return to normal by 8 weeks postpartum even with lactation, but cholesterol and low-density lipoprotein levels remain elevated (Figure 3-12). The mechanisms for the pregnancy-induced changes in lipids are not completely understood but appear to be partly caused by the elevated levels of estrogen, progesterone, and human placenta lactogen. The rise in low-density lipoproteins appears to be necessary for placental steroidogenesis. Despite the increase in cholesterol and lipids, no increase in the long-term risk for atherosclerosis has been found. However, women with preexisting hyperlipidemia can have a transient worsening of their lipid profiles that is accentuated by the necessity for discontinuing medications such as HMG-CoA reductase inhibitors (statins).
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Figure 3-12 Triglycerides (upper panel) and cholesterol (lower panel) in plasma and in lipoprotein fractions before, during, and after pregnancy. HDL, High-density lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein.


(From Salameh W, Mastrogiannis D: Maternal hyperlipidemia in pregnancy. Clin Obstet Gynecol 37:66, 1994.)















Eye


Two consistent and significant ocular changes occur during pregnancy: increased thickness of the cornea and decreased intraocular pressure. Corneal thickening is apparent by 10 weeks’ gestation and may cause problems with contact lenses. Corneal changes persist for several weeks postpartum, and patients should be advised to wait before obtaining a new eyeglass or contact prescription. Pizzarello found that 14% of women complained of vision changes. All had changes in their visual acuity and refractive error as well as a myopic shift (became more far-sighted) from pregravid levels, with return to baseline vision postpartum.100 Because of these transient alterations in the eye, pregnancy is considered by most to be a contraindication to photorefractive keratectomy, and it has been recommended that pregnancy be avoided for 1 year after such surgery. Intraocular pressure falls by about 10%, and individuals with preexisting glaucoma typically improve. Pregnancy either does not change or minimally decreases visual fields. Any complaints of visual field changes are atypical and need evaluation.









Key Points







♦ Plasma osmolality decreases during pregnancy as a result of a reduction in the serum concentration of sodium and associated anions. The osmolality set point for AVP release and thirst is also decreased.


♦ CO increases 30% to 50% during pregnancy. Supine positioning and standing are both associated with a fall in CO. CO is maximum during labor and the immediate postpartum period.


♦ As a result of the marked fall in systemic vascular resistance and pulmonary vascular resistance, PCWP does not rise, despite an increase in blood volume.


♦ Maternal BP decreases early in pregnancy. The diastolic BP and the mean arterial pressure reach a nadir at midpregnancy (16 to 20 weeks) and return to prepregnancy levels by term.


♦ PaO2 and PaCO2 fall during pregnancy because of increased minute ventilation. This facilitates transfer of CO2 from the fetus to the mother and results in a mild respiratory alkalosis.


♦ Maternal plasma volume increases 50% during pregnancy. RBC volume increases about 18% to 30%, and the hematocrit normally decreases during gestation, but not below 30%.


♦ Pregnancy is a hypercoagulable state, with increases in the levels of most of the procoagulant factors and decreases in the fibrinolytic system and in some of the natural inhibitors of coagulation.


♦ BUN and creatinine normally decrease during pregnancy as a result of the increased glomerular filtration rate.


♦ Despite alterations in thyroid morphology, histology, and laboratory indices, the normal pregnant woman is euthyroid, with levels of free T4 within nonpregnant norms.


♦ Pregnancy is associated with a peripheral resistance to insulin, primarily mediated by human placental lactogen. Insulin resistance increases as pregnancy advances; this results in hyperglycemia, hyperinsulinemia, and hyperlipidemia in response to feeding, especially in the third trimester
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Key Abbreviations


Alpha-fetoprotein AFP


B-cell Receptor BCR


CC Receptor CCR


Class II Transactivator CIITA


CXC Receptor CXCR


Fas Ligand FasL


Graft-versus-host Disease GVHD


Helper T Cell Type 1 Th1


Helper T Cell Type 2 Th2


Human Immunodeficiency Virus HIV


Human Leukocyte Antigen HLA


Indoleamine 2,3 Dioxygenase IDO


Immunoglobulin Ig


Interferon-γ IFN-γ


Interleukin-1 IL-1


Kilodalton kDa


Killer Cell Immunoglobulin-like Receptor KIR


Lipopolysaccharide LPS


LPS Binding Protein LBP


Major Histocompatibility Complex MHC


Membrane Attack Complex MAC


Natural Killer NK


Pattern-recognition Receptors PRR


T-cell Receptor TCR


TNF-related Apoptosis-inducing Ligand/Apo-2L TRAIL


Toll-like Receptor TLR


Transforming Growth Factor-β TGF-β


Tumor Necrosis Factor-α TNF-α


Uterine NK Cells u-NK





The study of maternal-fetal immunology was initially driven by a desire to understand how a genetically foreign fetus could develop within the mother without immune rejection. Sir Peter Medawar described the immunologic paradox posed by pregnancy by asking, “How does the pregnant mother contrive to nourish within itself, for many weeks or months, a fetus that is an antigenically foreign body?”1 He suggested several possibilities for fetal tolerance, including anatomic separation of the fetus and mother, antigenic immaturity of the fetus, and immunologic inertness of the mother. Although it was later discovered that fetal and maternal cells come into direct contact, these ideas became the basis for many early studies of maternal-fetal immunology. In fact, discovery of complex immunologic mechanisms at the maternal-fetal interface suggest that placental immune functions and active maternal-fetal interactions are critical for fetal development and maternal health. The finding of immunologic proteins in blood, amniotic fluid, and vaginal fluid of women with preterm labor and intra-amniotic infection has further led to the rapid investigation of maternal-fetal immune responses.2-4 Discoveries arising from the study of immune responses in the mother and fetus have improved our understanding of maternal tolerance of the fetus, infection-associated preterm birth, preeclampsia, and pregnancy loss. Understanding concepts in maternal-fetal immunology will allow the clinician to gain a deeper appreciation for pregnancy and many perinatal complications.






Immune System Overview: Innate and Adaptive Immunity


The immune system is classically divided into two arms, the innate (Figure 4-1) and adaptive immune systems (Figure 4-2). Each arm of the immune system fights infection by a slightly different and complementary method. In both systems, there are several important mechanisms to prevent maternal immunity from targeting and killing the fetus. Yet, the immune system must remain competent to overcome an infection to preserve the mother’s life. Achieving a balance between controlling normal immune responses and maintaining immune function is one major challenge of pregnancy.
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Figure 4-1 The innate immune system. The innate immune system acts as the first line of host defense and consists of immune cells (A), the pattern-recognition receptors that target common pathogen structures (B), the complement system (C), and induced innate immune responses (D). The toll-like receptors and their common ligands are listed because they act as the principal immune sensors of pathogens (B). Complement activation may occur through three different initiating pathways, which converge with production of the C3 convertase and generation of the terminal complement proteins (C). As a result of activation of these components of the innate immune system, neutrophils may be recruited to the site of infection and cytokines/chemokines may be produced (D).
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Figure 4-2 The adaptive immune system. The adaptive immune system acts to control infection that has overwhelmed the innate immune system and is also important in transplant rejection and tumor killing. B cells secrete antibodies to protect the extracellular spaces of the body from infection and assist in the activation of helper T (CD4+) cells (A). Different classes of antibodies reflect structural variations that allow antibodies to be targeted to different bodily compartments and serve slightly different functions. The first step in T-cell activation occurs when the T-cell receptor recognizes a complex of peptide presented by an MHC molecule (B). A CD4+ T cell recognizes peptide presented by MHC class II and a CD8+ T cell interacts with peptides presented by MHC class I. Peptides may be presented by many different types of the listed MHC class I or class II molecules. After activation, the CD4+ T cell (or helper T cell) may either activate macrophages through a helper T-cell type 1 response or activate B cells through the helper T-cell type 2 response (C).




The innate immune system employs fast, nonspecific methods of pathogen detection to prevent and control an initial infection. Innate immunity consists of immune cells such as macrophages, dendritic cells, natural killer (NK) cells, eosinophils, and basophils. In pregnancy, these cells have been implicated in preterm labor, preeclampsia, maternal-fetal tolerance, and intrauterine growth restriction. Many of these cells identify pathogens through pattern-recognition receptors (PRRs), which recognize common pathogen structures such as lipoteichoic acid and lipopolysaccharide (LPS), constituents of the cells walls of gram-positive and gram-negative bacteria. PRRs include the macrophage mannose receptor and toll-like receptors (TLRs), a large family of PRRs that are likely responsible for the earliest immune responses to a pathogen.5 TLR activation initiates a signaling cascade that leads to release of cytokines, which are small immunologic proteins that are implicated in many obstetrical complications, including preterm labor and preeclampsia. Another component of innate immunity is complement, which is a system of plasma proteins that coat pathogen surfaces with protein fragments, targeting them for destruction.


In many cases, innate immune defenses are effective in combating pathogens. Sometimes pathogens may evolve more rapidly than the hosts they infect or evade innate immune responses, like seasonal influenza viruses. The adaptive immune system must then act to control infection. Adaptive immunity results in the clonal expansion of lymphocytes (T cells and B cells) and antibodies against a specific antigen. Although slower to respond, adaptive immunity targets specific components of a pathogen and is capable of eradicating an infection that has overwhelmed the innate immune system. Adaptive immunity also requires presentation of antigen by specialized antigen-presenting cells, production and secretion of stimulatory cytokines, and ultimately, amplification of antigen-specific lymphocyte clones (T cells and B cells). These memory T and B cells provide lifelong immunity to the specific antigen.









Innate Immunity: First Line of Host Defense


Epithelial surfaces of the body are the first defenses against infection. Mechanical epithelial barriers to infection include ciliary movement of mucus and epithelial cell tight junctions that prevent microorganisms from easily penetrating intercellular spaces. Chemical mechanisms of defense include enzymes (e.g., lysozyme in saliva, pepsin), low pH in the stomach, and antibacterial peptides (e.g., defensins in the vagina) that degrade bacteria.


After a pathogen enters the tissues, it is often recognized and killed by phagocytes, which is a process mediated by macrophages and neutrophils. The presence of TLRs, a family of PRRs, on the surface of macrophages and other innate immune cells, represents the primary mechanism of pathogen detection. TLR activation results in secretion of cytokines, which initiate inflammatory responses. Neutrophils are then recruited to sites of inflammation by small immunologic proteins, called chemokines (i.e., interleukin-8 [IL-8]) released by macrophages. Chemokines and cytokines are small immunologic proteins (e.g., IL-8, IL-6, tumor necrosis factor-α [TNF-α]) that coordinate many immune functions as well as cell activation, replication, and differentiation. Proinflammatory cytokines have been described in the mother, fetus, and amniotic fluid in women with preterm labor and intra-amniotic infection.2,3






Antimicrobial Peptides


Antimicrobial peptides are secreted by neutrophils and epithelial cells and kill bacteria by damaging pathogen membranes. Defensins are a major family of antimicrobial peptides that protect against bacterial, fungal, and viral pathogens. Neutrophils secrete α-defensins and epithelial cells in the gut and lung secrete β-defensins. Both α- and β-defensins are temporally expressed by endometrial epithelial cells during the menstrual cycle.6 Susceptibility to upper genital tract infection may be related in part to the decreased expression of antimicrobial peptides in response to hormonal changes during the menstrual cycle. Many other tissues of the female reproductive tract and placenta secrete defensins, including the vagina, cervix, fallopian tubes, decidua, and chorion. Elevated concentrations of vaginal and amniotic fluid defensins have been associated with intra-amniotic infection and preterm birth.









Macrophages


Macrophages mature from circulating monocytes that leave the circulation to migrate into tissues throughout the body. Macrophages have critical scavenger functions that likely help to prevent bacteria from establishing an intrauterine infection during pregnancy. Macrophages are one of the most abundant immune cell types in the placenta and can directly recognize, ingest, and destroy pathogens. Pathogen recognition may occur through PRRs, such as TLRs, scavenger receptors, and mannose receptors. Macrophages also internalize pathogens or pathogen particles through phagocytosis, macropinocytosis, and receptor-mediated endocytosis. Multiple receptors on the macrophage can induce phagocytosis, including the mannose receptor, scavenger receptor, CD14, and complement receptors. Macrophages also release many bactericidal agents after ingesting a pathogen, such as oxygen radicals, nitric oxide, antimicrobial peptides, and lysozyme.


Uterine macrophages represent up to one third of total leukocytes in pregnancy-associated tissue during the later parts of pregnancy. Macrophages are a major source of inducible nitric oxide synthetase, a rate-limiting enzyme for nitric oxide production. During pregnancy, nitric oxide is thought to relax uterine smooth muscle, and uterine nitric oxide synthetase activity and expression decreases before parturition. Uterine macrophages are also a major source of prostaglandins, inflammatory cytokines, and matrix metalloproteinases that are prominent during term and preterm parturition. Throughout pregnancy, macrophages are also in close proximity to invading trophoblasts that establish placentation. Placental growth involves trophoblast remodeling and programmed cell death (apoptosis). Macrophages in the placenta phagocytose apoptotic trophoblast, which also programs the macrophage to release anti-inflammatory cytokines (e.g., IL-10) promoting fetal tolerance.









Natural Killer Cells


The NK cell has important functions during pregnancy and becomes the most abundant leukocyte in the pregnant uterus. NK cells differ from T and B cells in that they do not express clonally distributed receptors for foreign antigens and can lyse target cells without prior sensitization. The phenotype of uterine NK (u-NK) cells is different from that of NK cells in peripheral blood, which seems to correlate with different primary functions. Most (90%) NK cells in blood have low CD56 and high CD16 expression (CD56dim/CD16bright); in the uterine decidua, u-NK cells have high CD56 expression (CD56bright). The level of CD56 expression determines whether an NK cell has a primary cytolytic (CD56dim) or cytokine-producing function (CD56bright). Analysis of 10,000 genes from peripheral blood NK cells (dim and bright) and u-NK cells revealed more than 250 genes in which expression differed at least threefold. At least two of the upregulated proteins in u-NK cells, galectin-1 and progestagen-associated protein-14, are known to have immunomodulatory and immunosuppressive functions.


u-NK cells are thought to play a major role in remodeling of the spiral arteries to establish normal placentation. Mice with genetically defective u-NK cells fail to undergo spiral artery remodeling and normal decidualization, which are critical to normal placentation. This defect is corrected with administration of interferon-γ (IFN-γ), a prominent NK cell cytokine, suggesting that u-NK cells may play a role in trophoblast invasion.









Toll-like Receptors


TLRs are a recently discovered large family of PRRs on macrophages and many other cell types that play a key role in innate immunity.5 TLRs are now recognized as the principal sensors of pathogens and can activate both the innate and adaptive immune system. At least 11 mammalian toll homologues have been identified, and they recognize a wide range of pathogen ligands (see Figure 4-1, B). TLR4 is a TLR that recognizes LPS from gram-negative bacteria, which triggers a signaling cascade leading to cytokine gene expression (Figure 4-3). TLR4 is expressed on macrophages, dendritic cells, endothelium, and numerous epithelial tissues. TLR2 recognizes motifs from gram-positive bacteria, including lipoteichoic acid and peptidoglycan.
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Figure 4-3 Toll-like receptor-4 (TLR4) recognition of lipopolysaccharide (LPS). Recognition of LPS by TLR4 occurs through several steps. (1) LPS is released from intact or lysed bacteria. (2) LPS binds to LPS-binding protein (LBP). (3) The LPS-LBP complex is recognized by a cell surface receptor complex TLR4, CD14, and MD-2. Binding of LPS-LBP to the TLR4, CD14, MD-2 receptor recruits the intracellular adaptor molecule, myeloid differentiation factor-88 (MyD88). Binding of MyD88 promotes the association of IL-1 receptor-associated protein kinase-4 (IRAK). Next, tumor necrosis factor receptor–associated kinase-6 (TRAF6) initiates a signaling cascade resulting in degradation of Iκ-B, which releases nuclear factor-κB (NF-κB), a transcription factor, into the cytoplasm. (4) NF-κB translocates into the nucleus and activates cytokine gene expression. Although the figure depicts TLR4 activation in a macrophage, many other immunologic and epithelial cells express TLR4 and induce cytokine production through this mechanism.




Both TLR2 expression and TLR4 expression have been demonstrated in the placenta, and first-trimester trophoblast expresses both TLR2 and TLR4.7 Activation of TLR2 triggers Fas-mediated apoptosis, whereas TLR4 activation induces proinflammatory cytokine production. The immunologic capability of first-trimester trophoblast to recognize pathogens and induce apoptosis suggests that innate immunity may be an important placental mechanism for triggering spontaneous abortion. TLR4 is also expressed in villous macrophages, villous and extravillous trophoblast, and the amniochorion. Expression of TLR4 and TLR2 increases in the chorioamniotic membranes of women with intraamniotic infection and also in term labor, suggesting an important role in both of these processes.8


Although intrauterine injection of LPS induces preterm birth in many murine and nonhuman primate models, administration of LPS to TLR4 mutant mice or LPS blockade with a TLR4 antagonist does not result in preterm delivery.9,10 This finding suggests TLR4 is required for LPS-induced preterm birth in mice and is an important driver of the inflammatory cascade resulting from intra-amniotic infection. There is also a distinct progression in the responsiveness of fetal murine tissue to LPS as a function of gestational age.11 When fetal lung is exposed to LPS on fetal day 14 (term is 20 days), both the expression of TLR4 and the acute cytokine response are undetectable. By day 17, TLR4 is expressed and an acute cytokine response occurs in fetal lungs. TLR4 likely controls the magnitude of the LPS-induced cytokine response during the perinatal period, and TLR4 placental expression appears to be dependent on gestational age.









Complement System


An important component of the innate immune system is the complement system, which consists of a large number of plasma proteins that cooperate to destroy and facilitate the removal of pathogens (see Figure 4-1, C). Complement proteins are detected in the amniotic fluid during intraamniotic infection, and regulation of complement is necessary to protect placental and fetal tissues from inflammation and destruction. The complement cascade is first activated by the surface antigens of pathogens. The nature of the initial pathogen trigger determines one of three activation pathways: classical, alternate, and lectin-binding pathways. For example, the classical pathway of complement activation is triggered when the complement protein, C1q, binds to antigen-antibody complexes on the surface of pathogens. This binding then results in a series of activation and amplification steps that result in production of the membrane attack complex (MAC), which creates a pore in the pathogen membrane leading to cell lysis. Formation of the MAC is an important mechanism of host defense against Neisseria species. Genetic deficiencies in C5-C9 complement proteins have been associated with susceptibility to Neisseria gonorrhea and Neisseria meningitidis.12


Regulatory proteins exist to protect cells from the deleterious effects of complement and are expressed on the placental membranes. Placental tissues at the maternal-fetal interface strongly express several negative regulators of complement activation, including CD59 (MAC antagonist), membrane cofactor protein, and decay accelerating factor (inhibitor of C3 and C5 convertases).13,14 Whether these regulatory proteins might become overwhelmed during an intra-amniotic infection, leading to weakening of the membranes by complement proteins, is unknown.









Cytokines


The release of cytokines and chemokines by macrophages and other immune cells represents an important induced innate immune response (Table 4-1; see Figure 4-1, D) Activated macrophages secrete cytokines that initiate inflammatory responses to control infections, which include IL-1, IL-6, IL-12, and TNF-α. These cytokines are often referred to as proinflammatory because they mediate fever, lymphocyte activation, tissue destruction, and shock. Elevations in cytokines may influence the degree of morbidity and mortality associated with maternal influenza infection. Dramatic elevations in IL-6 have been implicated in deaths due to the 1918 influenza virus with an estimated mortality in pregnancy of 27%.15


Table 4-1 Cytokines and Their Primary Action






	Regulating Immune/Inflammatory Response






	CYTOKINE

	PRODUCED BY

	PRIMARY ACTION






	Interferons

	Monocytes and macrophages

	Produced in response to viruses, bacteria, parasites, and tumor cells






	Action includes killing tumor cells and inducing secretion of other inflammatory cytokines






	One of the first cytokines that appear during an inflammatory response






	Interleukin-1

	Monocytes and macrophages

	Induces fever; co-stimulator of CD4+ helper T cells






	Interleukin-2

	 

	Primary growth factor and activation factor for T cells, NK cells






	Interleukin-4

	CD4+ helper T cells

	B-cell growth factor for antigen activated B cells






	Interleukin-6

	Monocytes and macrophages

	Regulates growth and differentiation of lymphocytes and growth factor for plasma cells, and induces the synthesis of acute phase reactants by the liver






	Interleukin-8

	Monocytes

	Chemoattractant for neutrophils






	Interleukin-10

	CD4+ helper T cells

	Suppresses production of interferon, suppresses cell-mediated immunity, enhances humoral immunity






	Transforming growth factor-β

	T cells and monocytes

	Inhibits the proliferation of lymphocytes







Abnormal cytokine profiles have been associated with both preterm labor and preeclampsia. Proinflammatory cytokines have been identified in the amniotic fluid, maternal and fetal blood, and vaginal fluid of women with intra-amniotic infection.2-416 These cytokines not only serve as a marker of intraamniotic infection but also may induce preterm labor and neonatal complications. The connection between elevated proinflammatory cytokines in fetal blood, preterm labor, and increased adverse fetal outcomes has been described as the “fetal inflammatory response syndrome.”16


The relative contribution of individual cytokines and chemokines on induction of preterm labor was studied in a unique nonhuman primate model. Preterm labor was induced by intra-amniotic infusions of IL-1β and TNF-α, but not by IL-6 or IL-8. IL-1β stimulated preterm labor in all cases and an intense contraction pattern.17 TNF-α induced a variable degree of uterine activity among individual animals characterized as either preterm labor or a uterine contraction pattern of moderate intensity. Despite prolonged elevations in amniotic fluid levels, neither IL-6 nor IL-8 induced an increase in uterine contractions until near term. These results suggested a primary role for IL-1β and TNF-α in the induction of infection-associated preterm birth.


Anti-inflammatory cytokines like IL-10 and transforming growth factor-β (TGF-β) act to downregulate inflammatory responses. IL-10 has been tested as a potential therapy for infection-induced preterm labor in a nonhuman primate model.18 In the model, preterm labor was first induced by intraamniotic administration of IL-1β. IL-10 inhibited IL-1β-induced uterine contractions and elevations in amniotic fluid TNF-α and prostaglandins. However, other proinflammatory cytokines and hormones involved in labor were not suppressed.


Investigation of the individual effect of a single cytokine on pregnancy or complications of pregnancy in humans has proved challenging for several reasons. Many cytokines tend to be functionally redundant, and the absence of one cytokine can be compensated for by another. Second, there are multiple cytokine receptors (i.e., IL-1 receptor antagonist, IL-18 binding protein) that modulate similar cytokine effects. New families of decoy or silent cytokine receptors and suppressors of cytokine signaling have also been discovered in the placenta and amniotic fluid. Finally, molecular variants of cytokines may act as receptor antagonists. Therefore, individual cytokine effects during pregnancy must be interpreted in the context of cytokine receptors, receptor antagonists, silent cytokine receptors, and suppressors of cytokine signaling.









Chemokines


Chemokines are a class of cytokines that act primarily as chemoattractants and direct leukocytes to sites of infection. These chemotactic agents constitute a superfamily of small (8 to 10 kDa) molecules that can be divided into three groups (C, CC, and CXC) based on the position of either one or two cysteine residues located near the amino terminus of the protein. IL-8, macrophage chemoattractant protein-1, and RANTES (CCL5) are a few examples of chemokines. CXC chemokines, like IL-8, bind to CXC receptors (CXCRs) and are important for neutrophil activation and mobilization. IL-8 has been described in the amniotic fluid, maternal blood, and vaginal fluid with infection-associated preterm birth.19 IL-8 and MCP-1 are also implicated in uterine stretch-induced preterm labor thought to occur in multiple gestation.20


Some chemokine receptors are used as a coreceptor for the viral entry of the human immunodeficiency virus (HIV). The two major coreceptors for HIV are CXCR4 and CCR5, both of which are expressed on activated T cells. CCR5 is also expressed on dendritic cells and macrophages, which allows HIV to infect these cell types. Rare resistance to HIV infection was discovered to correlate with homozygosity for a nonfunctional variant of CCR5 caused by a gene deletion in the coding region. The gene frequency for this CCR5 variant is highest in Northern Europeans but has not been detected in many black or Southeast Asian populations, in whom the prevalence of HIV infection is high.21












Adaptive Immunity


The function of the adaptive immune system is to eliminate infection as the second line of immune defense and provide increased protection against reinfection through “immunologic memory.” Adaptive immunity consists primarily of B cells and T cells (lymphocytes), which differ from innate immune cells in several important respects, including the mechanism for pathogen recognition and lymphocyte activation. Targeting a specific pathogen component in an immune response is a critical feature of the adaptive immune system and necessary, in most cases, for resolution of the infection. However, achieving this specificity requires generation of an incredible diversity of T-cell receptors (TCRs) and B-cell receptors (BCRs). This creates the potential that self-antigens could be mistakenly targeted, resulting in an autoimmune response. Self-reactive T cells and B cells are thought to either undergo apoptosis in the thymus or be regulated in the periphery. A small population of T cells (regulatory T cells) is now known to contribute to peripheral regulatory mechanisms to prevent autoimmune responses and is discussed specifically in reference to mechanisms of fetal tolerance.






Major Histocompatibility Complex


Discriminating cells that are “self” from “nonself” is a critical function of the immune system to determine which cells should be destroyed and which to leave alone. In pregnancy, this process must be carefully regulated to prevent the killing of fetal cells, which express paternal genes that appear foreign to the maternal immune system, in effect expanding the definition of self to include the fetus. The ability of a lymphocyte to recognize self from nonself is based on the expression of unique MHC molecules on a cell’s surface, which present small peptides from within the cell. MHC molecules are highly polymorphic proteins produced by a cluster of genes on the short arm of chromosome 6. This gene complex is classically divided into two distinct regions referred to as class I and II. Class I contains classical transplantation human leukocyte antigen (HLA) genes (e.g., HLA-A, -B, and -C) and nonclassical HLA genes that are distinguished by more limited polymorphism (e.g., HLA-G, -E, and -F). Class II contains polymorphic genes that are often matched for transplantation, including HLA-DR, -DQ, and -DP. Reduced HLA matching is associated with graft rejection through activation of T cells. This system is significantly different from the innate immune system, in which recognition of MHC is not necessary for pathogen destruction.









Humoral Immune Response: B Cells and Antibodies


The function of B cells is to protect the extracellular spaces (e.g., plasma, vagina) in the body through which infectious pathogens usually spread (see Figure 4-2, A). B cells mainly fight infection by secreting antibodies, also called immunoglobulins. There are many similarities between B and T lymphocytes. B cells also undergo clonal expansion after antigen stimulation and can be identified by a variety of specific cell surface markers (e.g., CD19, CD20, and BCR antigens). Activated B cells may proliferate and differentiate into antibody-secreting plasma cells. Antibodies control infection by several mechanisms, including neutralization, opsonization, and complement activation. Neutralization of a pathogen refers to the process of antibody binding, which prevents the pathogen from binding to a cell surface and internalizing. Alternatively, antibodies coating the pathogen may enhance phagocytosis, also referred to as opsonization. Antibodies may also directly activate the classical complement pathway. Activation of the B cell drives the B cell to proliferate and differentiate into an antibody-secreting plasma cell.









Antibody Isotypes


Antibodies share the same general structure produced by the interaction and binding of four separate polypeptides (Figure 4-4). These include two identical light (L) chains (23 kDa), and two identical heavy (H) chains (55 kDa). The composition of the H chain determines the antibody isotype, function, and distribution in the body. In humans, there are five types of H chains designated mu (M), delta (D), gamma (G), alpha (A), and epsilon (E) that correspond to the five major antibody isotypes (immunoglobulin M [IgM], IgD, IgG, IgA, and IgE). During normal pregnancy, serum concentrations of IgG, IgA, and IgM are unchanged.
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Figure 4-4 Structure of immunoglobulin (IgG).




To effectively combat extracellular pathogens, antibodies must be specialized to cross epithelia into different bodily compartments. In fact, antibodies are made in several distinct classes or isotypes (i.e., IgM and IgG) that vary in their composition. Naïve B cells express only IgM and IgD. Activated B cells undergo isotype switching, a process that produces different antibody isotypes specialized for different functions and areas of the body.


The first antibody to be produced during an immune response is IgM because IgM is expressed before isotype switching. The serum concentration of IgM is 50 to 400 mg/dL, with a circulation half-life of 5 days. IgM antibodies are low in affinity, but the antibodies form pentamers that compensate by binding at multiple points to the antigen. IgM is highly efficient at activating the complement system, which is critical during the earliest stages of controlling an infection. Other isotypes dominate in the later stages of antibody responses.


IgG represents about 75% of serum immunoglobulin in adults and is further divided into four subclasses (IgG1, IgG2, IgG3, and IgG4). Two subtypes of IgG, IgG1 and IgG3, are efficiently transported across the placenta and are important in conferring humoral immune protection for the fetus after birth. The smaller size of IgG and its monomeric structure allows it to easily diffuse into extravascular sites.


IgA is the predominant antibody class in epithelial secretions from the vagina, intestine, and lung. IgA forms dimers and mainly functions as a neutralizing antibody. As a secreted antibody, IgA is not in close contact with either phagocytes or complement and, therefore, is less efficient in opsonization and complement activation. In the vagina, an IgA response mounted against anti–Gardnerella vaginalis hemolysin was associated with higher levels of IL-1β.22 Induction of both innate and adaptive immune responses to lower genital tract infections may be a necessary event in preventing spread to the upper genital tract.


IgA is also the principal antibody in breast milk, which provides the neonate with humoral immunity from the mother. Neonates are particularly susceptible to infectious pathogens through their intestinal mucosa, and IgA is highly effective in neutralizing these bacteria and toxins. Epidemiologic studies indicate that deaths from diarrheal diseases could be reduced between 14-fold and 24-fold by breastfeeding, owing in part to the maternal-infant transmission of IgA.23


IgE has the lowest concentration in serum of all the antibodies but is bound efficiently by mast cell receptors. IgE binding of antibody triggers the mast cell to release granules, resulting in an allergic response. Prenatal maternal exposure to allergens may have an effect on IgE in the fetus at birth; concentration of house dust mite allergens has been correlated in a dose-dependent manner, with total IgE measured in heel capillary blood. IgE also plays a prominent role in immune responses to eukaryotic parasites.












T Cells


When pathogens replicate inside cells (all viruses, some bacteria and parasites), they are inaccessible to antibodies and must be destroyed by T cells. T cells are lymphocytes responsible for the cell-mediated immune responses of adaptive immunity, which require direct interactions between T lymphocytes and cells bearing the antigen that the T cells recognize. Common to all mature T cells is the TCR complex. T cells develop the vast array of antigen specificity through a series of TCR gene rearrangements, and many aspects of TCR rearrangements are similar to those producing antibody specificity. For example, during viral replication inside a host cell, viral antigen is expressed on the surface of the infected cell. These foreign antigens are then recognized by T cells along with HLA. HLA class I molecules present peptides from proteins in the cytosol, which may include degraded host or viral proteins. HLA class II molecules bind peptides derived from proteins in intracellular vesicles, and thus display peptides derived from pathogens in macrophage vesicles, internalized by phagocytic cells, and B cells.


A variety of T cells are recognized based on their expression of different cell surface markers (i.e., CD2, CD3, CD4, CD8). Cytotoxic T cells kill infected cells directly and express a variety of cell surface antigen and specific receptors, including CD8. Helper T cells activate B cells and express CD4. Cytotoxic and helper T cells recognize peptides bound to proteins of two different classes of HLA molecules (see Figure 4-2, B). Antigen-presenting cells will present antigen to CD8+ T cells in the context of MHC class I molecules (e.g., HLA-A). In contrast, antigen-presenting cells that present antigens with MHC class II molecules (e.g. HLA-DR) interact with T cells bearing CD4.


HIV employs multiple strategies to disable T-cell responses. Targeting viral infection to the CD4+ T cells allows the virus to control and ultimately destroy this important T-cell subset. HIV destroys CD4+ T cells through direct viral killing, lowering the apoptosis threshold of infected cells, and through CD8+ T cells that recognize viral peptides on the CD4+ T-cell surface. CD8+ T cells likely contain the infection but are unable to eradicate the virus. Viral mutants produced during one of the earliest steps of viral infection may contribute to escape of virus-infected cells from CD8+ T cell killing. The error-prone reverse-transcriptase copies the RNA viral genome into DNA, making “mistakes” that lead to production of these viral variants. The presentation of peptides from HIV variants by CD4+ T cells may also interfere and downregulate the CD8+ T-cell response to the original (wild-type) virus. Finally, the HIV negative-regulation factor gene (nef) downregulates expression of MHC class II and CD4, which decreases the presentation of viral antigens on the cell surface.






Helper T Subsets


CD4+ T cells were originally classified into Th1 and Th2 subsets depending on whether their main function involved cell-mediated responses and selective production of IFN-γ (Th1) or humoral-mediated responses with production of IL-4 (Th2). The number of subsets identified continues to expand and now includes regulatory T cells, Th3, Th17, Th9, Th22, and follicular helper T cells (TFH).24 Helper T cells are also no longer thought to be committed to this function and may exhibit plasticity between some of these subsets. Description of the Th1 and Th2 subsets follows because there is evidence to suggest that they may play a role in pregnancy tolerance.


The Th1 subset is important in the control of intracellular bacterial infections such as Mycobacterium tuberculosis and Chlamydia trachomatis. Intracellular bacteria survive because the vesicles they occupy do not fuse with intracellular lysosomes, which contain a variety of enzymes and antimicrobial substances. Th1 cells activate macrophages to induce fusion of their lysosomes with vesicles containing the bacteria. Th1 cells also release cytokines and chemokines that attract macrophages to the site of infection, like IFN-γ, TNF-α, IL-12, and IL-18. Activating a Th1 immune response is a common feature of current vaccines targeting Chlamydia species.25


Th2 immune responses are mainly responsible for activating B cells by providing a critical “second signal” necessary for B-cell activation. Th2 cells produce cytokines, including IL-4, IL-5, IL-6, IL-10, IL-13, and TGF-β. The signals that trigger differentiation down these two pathways are unknown but are thought to be influenced by cytokines produced in response to the infection.


Th2-type and perhaps Th3-type activity may predominate during pregnancy, a theory based on the adverse effects of Th1 cytokines on murine pregnancy and weakened maternal immunity to intracellular infections requiring Th1 cytokine activity.26-28 IL-10 may be a critical Th2 cytokine in maintaining pregnancy because it downregulates Th1 cytokine production and prevents fetal resorption in mice genetically predisposed to abortion.29 In a study of women with a history of recurrent spontaneous abortion, maternal cytokine profiles of stimulated peripheral blood mononuclear cells were compared between women with a successful pregnancy and those with a spontaneous abortion. Increased Th2 cytokines were associated with a successful pregnancy, and elevated Th1 cytokines were associated with a spontaneous abortion.30 Whether Th1 cytokine production causes spontaneous abortion or occurs after fetal death is unknown. Recent evidence suggests that the Th1/Th2 paradigm may be an oversimplification and that cytokine signaling during pregnancy is likely to be a more complicated process.












Fetal Immune System


Descriptions of the development of the fetal immune system are relatively limited, but sufficient information exists to determine that the fetus, even very early in gestation, has innate immune capacity.31-33 Acquired immunity, particularly the capacity to produce a humoral response, develops more slowly and is not completely functional until well after birth. Many of the immune protective mechanisms that are present to protect the fetus from both pathogens and maternal immune recognition occur at the maternal-fetal interface.


Fetal hematologic development initiates in the fetal yolk sac and aortic-genital ridge. The exact contribution of these two sites to hematopoietic development is controversial, with many now favoring the initial site of hematopoietic development for the fetus initiating at the aortic-genital ridge. Hematopoietic stem cells migrate from their site of initial production in the fetal liver, and ultimately reside in the fetal bone marrow, which becomes the major site of hematopoiesis at about 28 weeks of gestation.


Fetal thymic development begins from the third and fourth brachial pouches and cleft. A primordial thymus is present at about 7 weeks’ gestation. The thymus is first colonized with cells from the fetal liver at 8.5 to 9.5 weeks’ gestation. These cells express primitive (CD34) and early T-cell surface antigen, CD7+. Shortly after this, 20% to 50% percent of cells in the fetal thymus express the common T-cell surface phenotypes (CD7, CD2). Between 12 and 13 weeks, cells within the fetal liver and spleen express the TCR. By 16 weeks’ gestation, the fetal thymus has distinct cortical and medullary regions, suggesting functional maturity, and this is confirmed by the brisk response to allogeneic and mitogen stimulation. Functionally, fetal T cells show proliferative capacity very early in gestation. In vitro stimulation by phytohemagglutinin can be demonstrated as early as 10 weeks. Allogeneic responses in mixed lymphocyte culture can be detected in cells obtained from fetal liver as early 9.5 weeks and are consistently seen at 12 weeks of gestation.34


The ontogeny of fetal B-cell development in many ways parallels the development of T cells, with early pre-B cells (CD19 and CD20) being identified by cell surface markings in the fetal liver by 7 to 8 weeks’ gestation.35 Ultimately, these cells are produced in the fetal bone marrow as the marrow becomes the primary hematopoietic organ in the second trimester. Surface expression of IgM can be noted as early as 9 to 10 weeks. Cells in the fetal circulation express the common B-cell antigens (CD20) by 14 to 16 weeks’ gestation, and secretion of IgM has been noted as early as 15 weeks. The level of IgM continues to increase and reaches normal postnatal levels by 1 year of age. The appearance of surface IgG and IgA is noted in fetal B cells at 13 weeks with secretion of IgG at 20 weeks’ gestation. Postnatal levels of immunoglobulin are not reached until about 5 years of age.


NK cells also play an important role in fetal immunity. Expressed as a percentage of the total lymphocytes, the proportion of NK cells in the fetal circulation is high (30% at 13 weeks). Based on their high number, early presence, and the ability to kill cells directly or through antibody-mediated toxicity, it is likely that NK cells play a significant role in the fetal innate immune system.


Fortunately, abnormalities of normal immune development are relatively rare. However, when they do occur, they can have profound effects on newborn and child health. Some of the more common immunodeficiencies are listed in Table 4-2.36,37




Table 4-2 Common Immune Defects
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Cord Blood Transplantation


Fetal blood contains a high frequency of hematopoietic stem cells as well as naïve T cells and NK cells. All these features make fetal blood an ideal source of cells for bone marrow transplantation. In 1988, the first bone marrow transplantation was carried out in a child with Fanconi anemia using a cord blood sample from an HLA-identical sibling.38 During the ensuing 20 years, more than 20,000 cord blood transplantations have been performed, and obstetricians are frequently requested to collect umbilical cord blood remaining in the placenta after cord clamping. Cord blood is typically collected into closed-system bags or syringes that contain anticoagulation additives. The average volume per collection is about 75 mL of cord blood, which is processed to deplete red blood cells and then cryopreserved for later use. Cord blood samples are processed at either private or public cord blood banks. Specimens banked at private cord blood banks will be reserved for the donor family, with an estimated need for use between 1 per 1000 and 1 per 200,000.39 Samples donated to public cord blood banks are processed, HLA typed, and entered into the National Marrow Donor Program, where they are made available to any individual requiring bone marrow transplantation. The major advantage of public banks is that samples are available to ethnic groups, which traditionally have difficulty finding a suitable HLA-matched donor (e.g. Native Americans, Asian/Pacific Islanders, and African Americans).40 The American Congress of Obstetricians and Gynecologists recommends that if a patient requests information regarding collection and banking of umbilical cord blood, balanced and accurate information regarding the advantages and disadvantages of public versus private banking should be provided. Private umbilical cord blood banking seems to be cost-effective only for children with a very high likelihood of needing a stem cell transplant.41 Physicians or other professionals who recruit pregnant women and their families for for-profit umbilical cord blood banking should disclose any financial interests or other potential conflicts of interest.


Cord blood specimens were initially used only in children because of the reduced number of CD34+ cells that were present in the donor specimen. As use increased, even in the setting of less than ideal HLA matching, engraftment success was accompanied by a reduction in the frequency of severe (grades 3 and 4) graft-versus-host disease (GVHD). Because of the success noted in children, cord blood specimens are now commonly used in adults. The relative immaturity of the donor cells and total number of stem cells in the donor graft often result in delayed engraftment compared with other sources of donor hematopoietic cells. In some settings, in which the donor CD34 count is considered insufficient or less than ideal, more than one donor cord blood specimen is used. After engraftment, usually only one donor source predominates, and the recipient does not develop multisource mixed chimerism. The National Marrow Donor Program estimates that by 2015, more than 10,000 cord blood transplantations will be carried out annually worldwide, suggesting that cord blood collection for public banking will become commonplace in many obstetrical units. At the present time, the need for autologous cord blood cells is limited. In 2006, the World Marrow Donor Association stated that there were, at present, no established protocols for the use of autologous cord blood. Cord blood has been cited as a potential source of stem cells that could ultimately be used for regenerative medicine and cellular therapy. Currently, the use of cord blood for regenerative cell therapy has not reached a state at which recommendations for autologous cord blood storage can be made.












Maternal Tolerance of the Fetus


Pregnancy is a unique immunologic phenomenon, in which the normal immune rejection of foreign tissues does not occur. The placenta is not a barrier between maternal and fetal cells, and these cells come into direct contact in several locations, which represent the maternal-fetal interface (Figure 4-5). Syncytiotrophoblast, the outermost layer of chorionic villi, is in direct contact with maternal blood in the intervillous space. Extravillous trophoblast in the decidua is in contact with many different maternal cells, including macrophages, u-NK cells, and T cells. Endovascular trophoblast replaces endothelial cells in the maternal spiral arteries and is in direct contact with maternal blood. Fetal and maternal macrophages are also in close contact in the chorion layer of the fetal membranes. A final interface may be considered within the periphery, where shed fetal trophoblast from the placenta and intact fetal cells come into contact with maternal immune cells.42





[image: image]

Figure 4-5 The maternal-fetal interface and mechanisms of fetal tolerance. Maternal and fetal cells are in close contact in several sites of the placenta, including the decidua and chorion layer of the fetal membranes.




Immunologic mechanisms of fetal tolerance must be acting at the maternal-fetal interface to prevent fetal rejection because the maternal immune system clearly recognizes fetal cells as foreign. About 30% of primiparous and multiparous women develop antibodies against the inherited paternal HLA of the fetus.43 Persistence of these antibodies does not appear to be harmful to the fetus.44 Persistent fetal cells in the mother may play a role in the persistence of these antibodies because in some women the antibodies persist, whereas in others they disappear. Formation of IgG antibodies against inherited paternal HLA antigens is associated with the presence of primed cytotoxic T lymphocytes specific for these HLA antigens. Maternal T lymphocytes specific for fetal antigens do exist during pregnancy but appear to be hyporesponsive.45,46 The normal growth and development of the fetus despite maternal immune recognition requires several maternal and fetal adaptations that, in most women, allow pregnancy to be carried uneventfully to term.






Tolerance Through Human Leukocyte Antigens


Fetal trophoblast and cells in the placental membranes are in direct contact with maternal blood and should be at risk for maternal immunologic rejection. The expression of MHC molecules by these fetal cells may at first appear to be an evolutionary disadvantage that could trigger a graft rejection–type immune response. Of the various forms of placental trophoblast, HLA expression is limited to class I antigens, primarily the class Ib HLA-E, HLA-F, and HLA-G, all of which have limited polymorphisms. The exception to this rule of limited genetic variability is expression of HLA-C, a class Ia molecule that is highly polymorphic and is expressed primarily by extravillous trophoblast. Owing to its unique distribution on fetal trophoblastic tissue, HLA-G is thought to be a significant component of fetal tolerance. Although the exact function of HLA-G is unknown, evidence indicates that HLA-G protects the invasive cytotrophoblast from killing by u-NK cells, as well as containment of placental infection.47 HLA-G also inhibits macrophage activation through ILT-4, an inhibitory receptor. The presence of a soluble form of HLA-G in high concentration in the amniotic fluid that declines near term suggests a possible role in the initiation of normal labor.48 HLA-G, through interactions with u-NK cells, likely contributes to maintaining immune tolerance at the maternal-fetal interface and normal pregnancy. However, other mechanisms must also contribute to this process because normal pregnancies in women and fetuses lacking a functional HLA-G gene (HLA-G null) have been described.49









Tolerance Through Regulation of Maternal T Cells


Maternal T cells acquire a transient state of tolerance for specific paternal alloantigens. This has been elegantly demonstrated in female mice that were sensitized to known paternal antigens before pregnancy.45,46 The female mice became tolerant to the same paternal antigens expressed by the fetus that were previously recognized and destroyed. Several mechanisms must therefore exist to suppress maternal T-cell responses. This tolerance induction may occur naturally through the generation of paternal-specific regulatory T cells induced after exposure to seminal fluid.50


Regulatory T cells suppress antigen-specific immune responses and are elevated in the maternal circulation of women and mice during pregnancy.51 Outside of pregnancy, regulatory T cells (CD4+, CD25+) act mainly to prevent autoimmune responses from occurring when self-reactive T cells escape from the thymus during normal T-cell development. The mechanism of regulatory T-cell suppression of T-cell responses is unknown but may involve either direct cell contact or production of anti-inflammatory cytokines, like IL-10 and TGF-β. Estrogen has been shown to increase proliferation of regulatory T cells, and the higher levels of estrogen in pregnancy may drive expansion of this cell population during pregnancy.52 In addition, spontaneous abortion could be prevented in a unique murine model by the transfer of regulatory T cells from mice with a normal pregnancy into mice destined to abort.53


Another strategy for suppressing maternal T-cell responses at the maternal-fetal interface involves tryptophan depletion by indoleamine 2,3-dioxygenase (IDO), an enzyme that catabolizes tryptophan.54 IDO normally functions as an innate antimicrobial defense mechanism by allowing cells to deplete tryptophan from intracellular pools or local microenvironments. IDO is thought to contribute to T-cell hyporesponsiveness during pregnancy because tryptophan is an essential amino acid for T-cell function. IDO-producing cells can be identified in the decidua of human and murine placenta a few days after implantation. At this interface, IDO creates a local tissue microenvironment that precludes maternal T-cell activation to fetal alloantigens. Inhibition of IDO leads to rapid rejection and abortion of murine fetuses a few days after implantation.55 By contrast, mice pregnant with a genetically identical fetus did not reject their fetuses after exposure to an IDO inhibitor. Regulatory T cells may also stimulate IDO expression, which may link these two mechanisms for downregulating T-cell responses.56


Activated maternal T cells may also be killed through interactions with Fas ligand (FasL) and TNF-related apoptosis-inducing ligand/Apo-2L (TRAIL) expressed on placental trophoblast.57,58 Both TRAIL and FasL may cooperate to control lymphocyte proliferation after activation and induce apoptotic cell death.


Recently, another mechanism for maternal tolerance of the fetus was proposed that takes into account cell trafficking, which occurs between the mother and fetus.42,59 Fetal cells escape into maternal blood, and how the mother tolerates these cells is poorly understood. The hypothesis describes how a significant impact on maternal immunity is expected as a result of continuous shedding of apoptotic syncytiotrophoblast debris throughout gestation, a process recently appreciated to result in gram quantities of apoptotic fetal debris entering the maternal circulation daily. Maternal dendritic cells are proposed to present fetal HLA derived from apoptotic syncytiotrophoblast under noninflammatory conditions, leading to tolerogenic signals and tolerance of fetal cells. This novel hypothesis was also suggested to explain the beneficial effects of pregnancy on rheumatoid arthritis, an autoimmune disease that remits or improves in nearly three fourths of women during pregnancy. Amelioration of rheumatoid arthritis may occur during pregnancy as a secondary benefit of changes in the maternal peripheral tolerance to fetal cells.









Tolerance Through Regulation of Complement and Cytokines


In the absence of certain autoimmune disorders, serum complement levels are unchanged or elevated during normal pregnancy.60,61 However, local inhibition of complement in the placenta may be important in preventing certain immunologically mediated complications of pregnancy. In a murine model of antiphospholipid antibody–induced abortion, antagonism of factor B (alternative complement component) protected against immune-mediated fetal loss.62 Defects of placental formation were also observed in a murine model associated with activation of the alternative complement pathway and maternal C3.63 Finally, several negative regulators of complement are expressed by trophoblast, including CD59 (MAC antagonist), membrane cofactor protein, and decay accelerating factor (inhibitors of C3 and C5 convertases).14,64 When a negative regulator of murine complement Crry was genetically ablated, embryo survival was compromised and placental inflammation observed.65 C3 activation plays a major role in fetal rejection in this model because the embryos survived when genetically deficient Crry mice were mated to C3-deficient mice. Therefore, complement activation at the maternal-fetal interface may contribute significantly to fetal tolerance.


Although it is speculated that uterine or placental leukocytes regulate trophoblast invasion through cytokine production, many studies in transgenic mouse models have not linked defects in cytokine production with abnormal invasion and pregnancy loss.66 Among the Th2 cytokines thought to be protective for pregnancy, there is a great deal of functional redundancy. Genetic deficiencies in four of these cytokines (IL-4, IL-5, IL-9, IL-13) did not reduce murine fetal or neonatal survival.67 Other evidence implicates IFN-γ in normal placental vascular development, which was previously thought to be detrimental for pregnancy.68 Whether Th2 cytokines play a major role in fetal tolerance and pregnancy maintenance is unknown.69












Immunity In Infection-Associated Preterm Birth


Preterm birth is a complex process with many different etiologies. A large body of evidence suggests that intra-amniotic infection and inflammation are important causes of early preterm births, particularly before 28 to 30 weeks of gestation.70,71 The immunologic response has been implicated in driving preterm labor in women with intra-amniotic infection. Bacteria recovered from the amniotic fluid usually consist of organisms colonizing the lower genital tract, which then induce production of proinflammatory cytokines like IL-1β, IL-6, IL-8, and TNF-α. Many placental tissues and immune cells in the placenta produce cytokines/chemokines in response to bacteria or bacterial products including amniotic epithelium, macrophages, decidual cells, and trophoblasts.


A role for proinflammatory cytokines and chemokines in the development of preterm labor is based on several observations. Amniotic fluid levels of IL-1, IL-6, IL-8, and TNF-α are elevated in humans and rabbits with intra-amniotic infection and preterm labor. Bacterial products stimulate the production of IL-1β, IL-6, and TNF-α by human placental tissues. These cytokines can then stimulate prostaglandin production in decidual explants and amniotic epithelial cell lines in vitro, as well as fetal membrane apoptosis. Finally, the administration of recombinant IL-1β into the amniotic fluid of pregnant nonhuman primates or systemically in mice induces preterm labor. Other cytokines, like IL-6 and IL-8, are unlikely to be required for infection-induced preterm birth based on data in a mouse and nonhuman primate model.17 Interestingly, progesterone reduces apoptosis in fetal membranes induced by TNF-α in vitro, suggesting a possible immune mechanism by which progesterone might inhibit preterm birth.


Gaps in the scientific knowledge of mechanisms leading to preterm labor and those promoting uterine quiescence are significant, particularly when one considers the many different etiologies of preterm birth.72 Of the many different factors linked to preterm labor, intrauterine infection remains one of the most important and potentially preventable causes. Several immunomodulators have been successful in inhibiting contractions or delaying infection-induced preterm birth in a nonhuman primate model. Initial studies investigated the efficacy of immunomodulators on preterm labor induced by IL-1β. Dexamethasone (corticosteroid), indomethacin (inhibitor of prostaglandin synthesis), and IL-10 (anti-inflammatory cytokine) were studied.18 All three inhibited IL-1β-induced uterine contractility but differed in their ability to suppress specific amniotic fluid cytokines and prostaglandins. When dexamethasone and indomethacin were used with antibiotics to treat a group B streptococcal infection in the nonhuman primate model, gestation was significantly longer than in controls treated with antibiotics alone.73 This evidence suggests that blockade of the immune response, in combination with antibiotics, may delay infection-induced preterm birth. Further, blockade of initial immune responses to LPS with a TLR4 antagonist prevented increases in uterine activity, cytokines, and prostaglandins in a nonhuman primate model.10 Whether immunomodulators ultimately prove to reduce preterm birth or neonatal morbidity in humans remains to be demonstrated.


Fetal systemic inflammation has been hypothesized to directly contribute to the pathogenesis of preterm birth. The fetal inflammatory response syndrome describes a condition with elevated levels of fetal plasma IL-6 and systemic inflammation, which has been documented in fetuses from women with preterm labor and preterm premature rupture of membranes.74 This syndrome is a significant predictor not only of preterm labor but also of neonatal morbidity with multiorgan involvement. How the fetal inflammatory response might trigger preterm birth is unknown, but it has been associated with elevations in fetal hormones linked to parturition. Specifically, fetal inflammation has been associated with elevations in fetal plasma cortisol and an abnormal fetal plasma cortisol–to–dehydroepiandrosterone sulfate ratio, which in turn are associated with a shorter interval to delivery. The fetal inflammatory response syndrome may play a significant role in the timing of preterm birth.









Immunity in Preeclampsia


Multiple lines of investigation implicate immune dysfunction in the pathogenesis of preeclampsia, including epidemiologic findings and evidence of abnormalities in both innate and adaptive immunity. Epidemiologic studies have found a higher risk for preeclampsia in women with new partners as well as among couples with a shorter duration of cohabitation and who previously used barrier contraception. The risk is also greater in pregnancies using assisted reproductive technologies, particularly when sperm are surgically obtained and in egg donor pregnancies. These relationships support the hypothesis that exposure to paternal antigens, either through intercourse or a prior pregnancy, decreases the risk for preeclampsia and may represent a “tolerizing” phenomenon.75 Interestingly, in the 1970s, prior blood transfusion was also found to be protective for preeclampsia,76 further supporting the idea that prior antigenic exposures influence the maternal response to the immune challenge of pregnancy. Animal studies may help to explain these findings; in mice, mucosal exposure to paternal antigens in semen induces paternal-specific regulatory T cells, which modulate the immune response to specific antigens.50 Some studies have also suggested an association with maternal HLA homozygosity and with maternal-paternal or maternal-fetal HLA sharing, although other studies have not confirmed these associations.


As a framework for understanding abnormal immune responses linked to preeclampsia, it is important to consider maternal-fetal immune interactions within the placenta and also the periphery. Preeclampsia may be considered to develop in two stages: a preclinical stage characterized by abnormal placentation and spiral artery remodeling, followed by clinically evident maternal disease associated with heightened systemic inflammation. Early in gestation, the primary maternal-fetal interface involves interactions of trophoblast with maternal immune cells within the decidua. For example, HLA-G has a crucial function in implantation and placentation; studies have associated decreased placental HLA-G expression with preeclampsia as opposed to normal pregnancy. Later in gestation, there is an additional maternal-fetal interface in the maternal circulation and tissues. Maternal immune cells in the periphery may interact with necrotic debris shed from the syncytiotrophoblast or intact fetal cells predisposing to preeclampsia through aberrant immune interactions.


Successful placentation depends on extravillous trophoblast acquisition of an invasive phenotype, which allows for remodeling of the maternal spiral arteries, lowering blood flow resistance and vasoreactivity. In preeclampsia, extravillous trophoblast does not acquire an invasive phenotype to the same degree as normal pregnancy, limiting spiral arterial remodeling and resulting in persistent hypoxia-reperfusion cycles. Spiral artery remodeling depends on the interactions of extravillous trophoblast with uterine NK cells, primarily through HLA-C and KIR receptors, respectively. Specific maternal-fetal combinations of KIR and HLA-C genotypes are strongly associated with preeclampsia.77 In addition, trophoblast interactions with maternal T cells likely play a key role in the establishment of a healthy placenta. Early in normal pregnancy, fetus-specific regulatory T cells are recruited from the maternal periphery to the decidua, and the quantity and function of decidual regulatory T cells is increased in the setting of maternal-fetal HLA-C mismatch.78


The clinically evident phase of preeclampsia is characterized by widespread inflammation and endothelial dysfunction. Although it is now understood that inflammation underlies pregnancy normally, a broad range of data show that these responses are further heightened in preeclampsia.79 This generalized response is characterized by activation of granulocytes and monocytes. Intracellular reactive oxygen species is increased in not only these populations but also lymphocytes. Cytokine abnormalities include higher concentrations of IFN-γ, TNF-α, IL-6, IL-1β, IL-8, and IL-16, and lower concentrations of IL-10 in preeclampsia compared with normal pregnancy. In addition, clotting factor and complement abnormalities are associated with preeclampsia. During this phase, the primary maternal exposure to fetoplacental material occurs through acquisition of syncytiotrophoblast microparticles, but one must also consider the maternal acquisition of intact fetal cells with a more mature HLA expression profile and the ramifications of those interactions within the maternal system.


In addition to the role of T cells in placentation, alterations in T-cell function have also been implicated in clinically evident preeclampsia. Classically, consideration of the adaptive immune response in preeclampsia focused on the paradigm of a Th1/Th2 T-cell dichotomy. Normal pregnancy has been characterized by a shift from Th1 predominance to Th2, and preeclampsia was considered to relate to an insufficient shift. More recently, the complexity of T-cell subpopulations, as well as their interconnectedness and plasticity, has become clear. Although studies vary by methodology and specific results, most data suggest that regulatory T cells are decreased in number and function in preeclampsia compared with normal pregnancy. One study has recently shown that the ratio of regulatory T cells (Foxp3+) to IL-17-expressing CD4+ T cells is higher in normal pregnancy than preeclampsia; this suggests that the normal homeostasis in pregnancy between regulatory T cells and IL-17-producing CD4+ T cells compartment was lost in preeclampsia.80 Whether the proinflammatory Th17 subpopulation is overrepresented in preeclampsia is not yet clear.


Maternal immune dysfunction underlying preeclampsia is an active area of investigation. Additional areas of ongoing study of immune dysfunction include the association of an activating autoantibody against the angiotensin II type I receptor with preeclampsia.81 The links between the preclinical and clinical stages of disease and between the innate and adaptive immune response also remain a focus, whereby γ/δ T cells have been investigated and found to have increased cytotoxic potential in preeclampsia. IDO, which inhibits proliferation of activated T cells, has been shown to have lower activity in preeclampsia. In addition, the proinflammatory potential of necrotic syncytiotrophoblast microparticles remains a subject of ongoing investigation.









Maternal-Fetal Human Leukocyte Antigen Compatibility and Recurrent Pregnancy Loss


The hypothesis that maternal-fetal HLA incompatibility is beneficial in mammalian pregnancy was first proposed in the 1960s based on observations of larger placental size with genetically incompatible murine fetuses compared with compatible fetuses.82 Incompatible murine zygotes were also more likely to implant than compatible zygotes.83 Several studies began to test the idea that maternal-fetal HLA compatibility in human pregnancy might also result in defective implantation or placentation predisposing to spontaneous abortion. The first studies to evaluate this hypothesis in humans demonstrated significantly more matching at the HLA-A and HLA-B loci among couples with a history of recurrent spontaneous abortion of unknown etiology, compared with fertile control couples.84,85 However, more than 30 studies of HLA matching in couples with recurrent miscarriage have yielded conflicting results. There is no clear relationship between HLA matching and fetal loss from these retrospective studies.86 Prospective studies in the Hutterites, one of the most inbred human populations, suggest that HLA matching is a significant risk factor for recurrent spontaneous abortion.87,88 The overall significance of these findings remains unknown. Randomized immunologically based therapeutic trials in couples with HLA compatibility and recurrent pregnancy loss have produced conflicting results likely because they preceded a thorough understanding of this phenomenon and the heterogeneity of the populations tested.89,90









Maternal-Fetal Cell Trafficking and Microchimerism


It was classically thought that the placenta served as an impenetrable barrier between mother and fetus. The application of molecular techniques to the study of human pregnancy has demonstrated that bidirectional cell trafficking occurs routinely between the mother and the fetus. Thus, in nearly every pregnancy, cells that originate from the fetus can be found in the mother, and conversely, cells that originate from the mother can be found in the fetus. The long-term persistence of fetal cells in the mother and maternal cells in her progeny leads to the coexistence of at least two cell populations in a single person and is referred to as microchimerism.


Fetal microchimerism can be detected in the maternal system as both cell-free fetal DNA and intact fetal cells. Cell-free fetal DNA is detectable throughout gestation, beginning as early as 4 to 5 weeks of gestational age; this material is cleared rapidly from the maternal plasma postpartum.91 In contrast, cellular fetal microchimerism can also be detected early in gestation but is more commonly detected quite late in pregnancy, and its acquisition may primarily be a peripartum event.92 The kinetics and prevalence of cell-free fetal DNA in maternal circulation make it an attractive source for performing noninvasive prenatal diagnosis, and active investigation in this area is underway.93 The amount of cell-free fetal DNA has been found to be greater in pregnancies complicated by obstetrical outcomes such as preeclampsia compared with normal pregnancies. Intact fetal cells, both during pregnancy and in subsequent years, have been shown to occupy many cells types, including CD34+ progenitor cells, and to inhabit many maternal organs, including lymph nodes, liver, thyroid, spleen, heart, and kidneys.91,94 From an immunologic perspective, the unique characteristics, including HLA expression, of cell-free fetal DNA compared with intact fetal cells raise intriguing questions about mechanisms of maternal tolerance of the fetus and its perturbations.


Fetal acquisition of maternal microchimerism during pregnancy has also been shown to occur physiologically. Maternal cells have been detected at an early gestational age in many fetal tissues, including liver, lung, heart, thymus, spleen, adrenal, kidney, pancreas, brain, gonads, and lymph nodes.91 Within fetal lymph nodes, maternal cells are found ubiquitously, and they appear to influence the development of fetal regulatory T cells.95


Cells exchanged in pregnancy, persisting as durable maternal or fetal microchimerism, continue to inhabit immunologically competent or pluripotent cell populations. As such, they may play a functional role in health and disease. A role in autoimmune disease has been hypothesized to occur, similar to chronic GVHD in transplantation, when an “auto”-immune response to or by the microchimeric cells becomes generalized.96 Several autoimmune diseases, including systemic sclerosis, autoimmune thyroid disease, and neonatal lupus syndrome, have been linked to microchimerism.91,97,98 On the other hand, microchimerism may also serve in a protective, immunosurveillance role. This has been supported by the association of lower levels of fetal microchimerism in women with breast cancer compared with healthy controls.99 Pregnancy history also seems to influence the type of microchimerism harbored by women because increasing parity, reflecting the acquisition of a greater number of fetal sources of microchimerism, is associated with lower levels of maternal microchimerism.100


The long-term consequences of naturally acquired microchimerism derived from pregnancy are not yet clear. It is likely that microchimerism can have an adverse, neutral, or beneficial effect on the host, depending on other factors, with HLA genes and the HLA relationship among cells probably of key importance. Elucidating the mechanisms by which naturally acquired microchimerism is permitted without detriment to the host may lead to novel strategies with application to prevention or treatment of autoimmune diseases.









Summary


During pregnancy, the immunologic adaptations, particularly at the maternal-fetal interface, are remarkable. No other condition in medicine allows foreign tissue to be so readily accepted and tolerated. Although we have gained tremendous insight into how the maternal-fetal interface adapts to the challenge of maintaining the pregnancy and protecting the fetus from immunologic attack, mechanisms that control this aspect of pregnancy are only partially understood. As we gain more knowledge of how pregnancy is maintained in the context of an otherwise normally functioning immune system, we hope to also gain insight into the development and treatment of common complications of pregnancy such as preeclampsia and preterm labor.









Key Points







♦ The innate immune system employs fast, nonspecific methods of pathogen detection to prevent and control an initial infection. Innate immunity consists of immune cells such as macrophages, dendritic cells, natural killer (NK) cells, eosinophils, and basophils.


♦ The adaptive immune system targets specific components of a pathogen and is capable of eradicating an infection that has overwhelmed the innate immune system by clonal expansion of lymphocytes (T cells and B cells) and antibodies against a specific antigen.


♦ The fetal immune system, even very early in gestation, has innate immune capacity. Acquired immunity, particularly the capacity to produce antibodies, develops more slowly and is not completely functional until well after birth.


♦ Fetal blood contains a high frequency of hematopoietic stem cells, making it an ideal source of cells for hematopoietic stem cell transplantation. The estimated need for use of privately banked cord blood is between 1/1000 and 1/200,000, which is cost-effective only for children with a very high likelihood of needing a transplant.


♦ HLA-G, through interactions with u-NK cells, likely contributes to maintaining immune tolerance at the maternal-fetal interface and normal pregnancy.


♦ Several mechanisms exist to suppress maternal T cell responses, including the generation of paternal-specific T-regulatory cells, tryptophan depletion by IDO production, and interactions with FasL and TRAIL.


♦ Serum complement levels are unchanged or elevated during normal pregnancy but are balanced by trophoblast expression of several negative regulators of complement.


♦ The proinflammatory cytokine response to an intrauterine infection is thought to drive preterm labor in most cases of early preterm births. Fetal systemic inflammation with elevated plasma IL-6 is a significant predictor of preterm labor and neonatal morbidity with multiorgan involvement.


♦ The clinically evident phase of preeclampsia is characterized by widespread inflammation and endothelial dysfunction. Specific maternal-fetal combinations of KIR and HLA-C genotypes are strongly associated with preeclampsia. Regulatory T cells are decreased in number and function in preeclampsia compared with normal pregnancy.


♦ There is no clear relationship between HLA matching and fetal loss from more than 30 retrospective studies.


♦ In nearly every pregnancy, cells that originate from the fetus can be found in the mother, and conversely, cells that originate from the mother can be found in the fetus. The long-term persistence of fetal cells in the mother and maternal cells in her progeny leads to the coexistence of at least two cell populations in a single person and is referred to as microchimerism.


♦ It is likely that microchimerism can have an adverse, neutral, or beneficial effect on the host, depending on several factors, with HLA genes and the HLA-relationship among cells probably of key importance.
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Perinatal care has progressed remarkably from an original focus on maternal mortality, which approximated 1% per pregnancy in the early 1900s. Following the tremendous strides in reducing maternal morbidity and mortality rates, obstetrical care has made great advances in regard to optimization of fetal and neonatal health, including the diagnosis, prevention, and treatment of congenital malformations, reduction in infectious disease, and improvements in sequelae of prematurity. It is now commonplace to deliver infants who would not have survived childbirth or the neonatal period in previous eras. For example, low-birth-weight (LBW) premature infants routinely survive beyond 400 to 500 g. Conversely, large-for-gestational-age (LGA) infants are often delivered by cesarean section, avoiding potential trauma of labor. As we now examine the long-term consequences associated with this improved survival, as well as effects of treatment aimed at improving outcomes (e.g., maternal glucocorticoids), we have begun to recognize long-term health effects in the adult. An understanding of the developmental origins of adult health and disease provides an appreciation of the critical role of perinatal care and may ultimately guide our treatment paradigms.


The concept of developmental origins of adult disease should not be surprising to obstetricians. Teratogenesis represents perhaps the most acute consequence of developmental effects. In the late 1950s, thalidomide was marketed as both a sedative and a morning sickness prescription for pregnant women. Although the drug was not actively marketed in the United States (due to lack of Food and Drug Administration [FDA] approval), more than 2.5 million tablets were distributed to private physicians in the United States. Thalidomide was widely used in Europe, and was included in some 50 over-the-counter products for a diversity of indications. Thalidomide-induced limb malformations are now well recognized. Notably, similar to mechanisms of developmental programming discussed later in this chapter, thalidomide may induce its teratogenic effects through epigenetic mechanisms. As described by Stephens and colleagues,1 thalidomide likely binds to promotor sites of insulin-like growth factor and fibroblast growth factor, as well as downstream signaling genes that regulate angiogenesis. The resulting inhibition of angiogenesis truncates limb development. A diversity of mechanisms may “program” the offspring phenotype via aberrations in cellular signaling or epigenetic function.


Whereas the short-term consequences of thalidomide were rapidly recognized, longer-term programming effects of diethylstilbestrol (DES) were slow to be recognized. Before FDA approval in 1947, DES was used off-label to prevent adverse pregnancy outcomes in women with a history of miscarriage. Despite a double-blind trial in the early 1950s demonstrating no benefit of taking DES during pregnancy,2 DES continued to be given to pregnant women throughout the 1960s. It was not until 1971, in response to a report demonstrating the link between DES and vaginal clear cell adenocarcinoma in girls and young women, that the FDA advised against the use of DES in pregnant women. Similar to thalidomide, it is now recognized that the oncogenic and teratogenic effects of in utero DES exposure may be mediated via epigenetic mechanisms. As reported by Bromer and colleagues,3 in utero DES exposure results in hypermethylation of the HOXA10 gene, which regulates uterine organogenesis. Thus, both the short-term anatomic defects associated with thalidomide and the delayed oncogenic effects associated with DES are examples of developmental origins of adult disease mediated via epigenetic effects.






Epigenetics and Programming


The essential concept of “gestational programming” signifies that the nutritional, hormonal, and metabolic environment provided by the mother permanently alters organ structure, cellular responses, and gene expression that ultimately affect metabolism and physiology of her offspring (Figure 5-1). Further, these effects vary depending on the developmental period, and as such, rapidly growing fetuses and neonates are more vulnerable. The programming events may have immediate effects, for example, impairment of organ growth at a critical stage, whereas other programming effects are deferred until expressed by altered organ function at a later age. In this instance, the question is how the memory of early events is stored and later expressed, despite continuous cellular replication and replacement. This may be mediated through epigenetic control of gene expression, which involves modification of the genome without altering the deoxyribonucleic acid (DNA) sequence itself.
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Figure 5-1 Impact of gestational programming on organ systems.




Epigenetic phenomena are a fundamental feature of mammalian development that cause heritable and persistent changes in gene expression without altering DNA sequence. Epigenetic regulation includes changes in the DNA methylation pattern and/or modifications of chromatin packaging via posttranslational histone changes.


DNA methylation represents a primary epigenetic mechanism. The DNA of the early embryo is hypomethylated, and with progressive increases in DNA methylation in response to environmental signals, organogenesis and tissue differentiation occur. DNA methylation typically occurs on cytosine bases that are followed by a guanine, termed CpG dinucleotides. The methylation by a DNA methyl-transferase leads to recruitment of methyl-CpG binding proteins, which induce transcriptional silencing both by blocking transcription factor binding and by recruiting transcriptional corepressors or histone-modifying complexes. Anomalous DNA methylation in normally hypomethylated CpG-rich regions of gene promoters is associated with inappropriate gene silencing (e.g., cancer). It is during embryogenesis and early postnatal life that DNA methylation patterns are fundamentally established, and are imperative for silencing of specific gene regions, such as imprinted genes and repetitive nucleic acid sequences. The epigenome is reestablished at specific stages of development and is largely maintained throughout life, making it a prime candidate as the basis for fetal programming. As such, changes in epigenetic marks are associated with multiple human diseases, including many cancers, neurologic disorders, and even inflammation. As methylation involves the supply and enzymatic transfer of methyl groups, it is plausible that in utero nutritional, hormonal, or other metabolic cues alter the timing and direction of methylation patterns during fetal development (Figure 5-2).
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Figure 5-2 DNA methylation. A, Methylation by DNA methyltransferases at CpG islands. B, DNA demethylation relaxes chromatin structure allowing histone acetylation and the binding of transcriptional complexes.




Another essential mechanism of gene expression and silencing is the packaging of chromatin into open (euchromatic) or closed (heterochromatic) states, respectively. Chromatin consists of DNA packaged around histones into a nucleo-protein complex. Posttranslational modification of histone tails through acetylation, methylation, phosphorylation, ubiquitination, and sumoylation can alter histone interaction with DNA and recruit proteins (e.g., transcriptional factors) that alter chromatin conformation. Histone tail acetylation by histone acetyl-transferases promotes active gene expression, whereas histone tail deacetylation by histone deacetylases (HDACs) is associated with gene silencing (Figure 5-3). Histone modifications and DNA methylation patterns are not exclusively independent, and thus can reciprocally regulate one another’s state.
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Figure 5-3 DNA methylation and histone modification.




Finally, microRNAs are emerging as a potential third epigenetic mediator. Although these noncoding RNAs are usually associated with regulation of gene expression at the translational level, recent work suggests they may be involved in DNA methylation as well, thereby further regulating transcription of their targets.









Fetal Nutrition and Growth


Unquestionably, nutrition is one of the cornerstones of health. More important, there is good evidence that appropriate nutritional supplementation before conception and during pregnancy may reduce the risk of some birth defects. Perhaps the most convincing argument that can be made for the need to consider maternal nutrition as a critical modulator of embryonic development is the observation that maternal iodine supplementation has eradicated the occurrence of iodine-deficiency-induced cretinism (iodine-deficiency-associated developmental defects). In addition, adverse maternal nutrition that has an immediate and visible impact on the outcome of pregnancy is seen in the case of folate deficiency and spina bifida. The functional mechanism for folate likely involves epigenetic effects because it generates the principal methyl donor (s-adenosyl methionine) that participates in methylation of DNA and histones.


Animal studies too have irrevocably shown the importance of a mother’s diet in shaping the epigenome of her offspring. A classic example is that of permanent hypomethylation of certain regions of the genome as a result of deficient folate or choline (methyl donors) during late fetal or early postnatal life. Specifically, in mice, when the agouti gene is completely unmethylated, the mouse has a yellow coat color, is obese, and is prone to diabetes and cancer. When the agouti gene is methylated (as it is in normal mice), the coat color is brown and the mouse has a low disease risk. Although both the fat yellow and skinny brown mice are genetically identical, the former exhibits an epigenetic “mutation.”4


Although teratogenesis, structural malformations, and even oncogenic risks can be linked to developmental insults, it is only recently that the epidemic of metabolic syndrome has been attributed, in part, to consequences of fetal and newborn development. Obesity now represents a major public health problem and health epidemic. As recently reported, the adverse consequences of obesity are projected to overwhelm the beneficial effects of reduced smoking in the United States,5 and have resulted in an actual decline in life expectancy. In the United States, 66% of adults are overweight (body mass index [BMI] 25 to less than 30 kg/m2) and 33% are obese (BMI ≥30 kg/m2). Of concern to obstetricians, there is a marked and continuing increase in the prevalence of obesity among pregnant women, a factor associated with both high-birth-weight newborns and a known risk factor for childhood obesity. Whereas the epidemic of obesity in the United States was originally attributed to changes in the work environment, a surplus of high calories, inexpensive food, and a lack of childhood exercise, it is now recognized that the risks of obesity in metabolic syndrome can be markedly influenced by early life events, particularly prenatal and neonatal growth and environmental exposures. Barker and Hales in the early 1990s brought attention to this field with epidemiologic studies demonstrating that nutritional insufficiency during embryonic and fetal development resulted in latent disease in adulthood. A series of studies have demonstrated a marked increase in deaths from coronary heart disease and adult hypertension in association with small-for-gestational-age (SGA) newborns. In addition to coronary heart disease, investigators observed impaired glucose tolerance or diabetes in association with LBW.


Whereas the incidence of growth restriction continues to rise in the United States, there has been an approximately 25% increase in the incidence of high-birth-weight babies during the past decade. Epidemiologic studies have confirmed that the relationship between birth weight and adult obesity, cardiovascular disease, and/or insulin resistance is in fact a U-shaped curve, with increasing risks at both the low and high ends of birth weight. Importantly, the sequelae of programming do not occur as a threshold response associated with either very low or very high birth weight, but represents a continuum of risk for adult disease in relation to variance from “an idealized newborn birth weight.”


As will be described, these studies have spawned a burst of epidemiologic and mechanistic studies of the developmental origins of adult diseases; the original focus on cardiovascular disease and metabolic syndrome has been extended to a diversity of adult diseases including those affecting kidneys, lung, immunity, learning ability, mental health, aging, cancer, and others. Thus, the field of developmental origins of adult disease has progressed from short-term toxic or teratogenic effects to long-term adult sequelae of LBW or high birth weight. In addition to these influences, additional factors, including maternal stress, preterm delivery, and maternal glucocorticoid therapy, among others, may significantly affect adult health and disease. This chapter reviews the consequences and mechanisms of these prenatal/neonatal influences on developmental programming. We will primarily focus on the associations demonstrated in human studies, using evidence from case reports, epidemiologic studies, and meta-analyses. We selectively discuss evidence from animal models that confirms the phenotype or suggest pathogenic pathways and potential mechanisms.









Energy Balance Programming


As noted, epidemiologic studies demonstrate that metabolic syndrome, a cluster of conditions including obesity, hypertension, dyslipidemia, and impaired glucose tolerance, may be a result in part of the effects of LBW. Ultimately, obesity results from an imbalance in energy intake and expenditure, as regulated by appetite, metabolism, adipogenic propensity, and energy utilization. Hales and Barker proposed the “thrifty phenotype hypothesis”6 in 1992. These authors suggested that in response to an impaired nutrient supply in utero, the growing fetus adapts in utero to maximize metabolic efficiency, which will increase survival likelihood in the postnatal environment. This adaptation would be beneficial in response to environmental cycles of famine/drought in which reduced maternal and fetal nutrient supply would likely be replicated in the subsequent extrauterine environment. Numerous studies have demonstrated the increased risk of obesity associated with LBW. In addition to obesity, LBW appears to predispose to excess central adiposity, a phenotype specifically associated with the risk for cardiovascular disease.


Although the long-term effects of LBW are linked to adult obesity, several studies have demonstrated important effects of newborn or childhood catch-up growth among the LBW infants. Those infants that are born small, and yet remain small (in comparison to peers), exhibit a lower risk of obesity and metabolic syndrome than those born small who catch up and exceed normal weights through infancy or early adolescence. These findings, replicated in animal models, have great significance for neonatal and childhood care. For example, a major goal of treatment for premature, LBW infants is the achievement of a weight satisfactory for discharge. Contrary to current practice, it may be advisable to limit the rapid weight gain in the neonatal period. Importantly, breastfeeding results in a lower obesity risk compared to formula feeding.7 Breastfeeding may have advantages to formula feeding both in nutrient and hormone composition and the natural limitation that avoids excessive feeding.


As discussed, programming effects of birth weight simulate a U-shaped curve, as LGA infants also are at an increased risk of adult cardiovascular disease and diabetes.8 Understandably, LGA infants are often born to obese women, who frequently express glucose intolerance/insulin resistance and who often consume high-fat Western diets before and throughout pregnancy. Studies demonstrate that each of these risks (obesity, glucose intolerance, high-fat diet) and outcomes (LGA) may individually contribute to programming of adult obesity. When combined with variations in maternal feeding and childhood diets, it is understandable that epidemiologic studies have not yet determined which of these factors is paramount in programming mechanisms. Animal models demonstrate programming effects independently associated with each of these risks.


Animal models of LBW, using a variety of methods, such as maternal nutrient restriction (global or specific), placental uterine ligation, or glucocorticoid exposure, among others, have effectively demonstrated increased adult adiposity. Similar to human studies, the propensity to obesity is particularly evident in LBW newborns exhibiting postnatal catch-up growth.9 Studies primarily on rodents and sheep have provided important insights into the underlying mechanisms of programmed obesity, which include lasting changes in proportions of fat and lean body mass, central nervous system appetite control, adiposity structure and function, adipokine secretion and regulation, and energy expenditure.


The hypothalamic regulation of appetite and satiety function develops in utero in precocial species in order to prepare for newborn life. In the rat and humans, although neurons that regulate appetite and satiety become detectable in the fetal hypothalamus early in gestation, the functional neuronal pathways form during the second week of postnatal life in the rat and likely during the third trimester in humans. Notably, the obesity (ob) gene product leptin, which is synthesized primarily by adipose tissue and placenta, is a critical neurotrophic factor during development. In the fetus/newborn, leptin promotes the development of satiety pathways. In contrast, in the adult, leptin acts as a satiety factor. In leptin-deficient (ob/ob) mice, satiety pathways are permanently disrupted, demonstrating axonal densities one-third to one-fourth those of controls.10 Treatment of adult ob/ob mice with leptin does not restore satiety projections, but leptin treatment of newborn ob/ob mice does rescue the neuronal development,10 indicating the critical role of leptin during the perinatal period.


Early life leptin exposure is likely a putative programming mechanism in SGA and LGA human newborns. In LBW human offspring, leptin levels are low at delivery as cord blood levels reflect neonatal fat mass. In contrast to the low serum levels of leptin in SGA newborns, LGA infants have elevated leptin levels. Obese pregnant mothers further have elevated leptin levels related to maternal adiposity, and breast milk leptin levels also reflect maternal fat mass.


Leptin binding to its receptor activates pro-opiomelanocortin neurons and anorexigenic downstream pathways. Obesity is often associated with leptin resistance, resulting in an inability to balance food intake with actual energy needs. The leptin pathway is counterregulated by the orexigenic neuropeptide-Y (NPY) (Figure 5-4). Impaired leptin signaling could result in increased expression of NPY, which would promote increased nutrient intake while decreasing overall physical activity. In LBW newborns, appetite dysregulation has been demonstrated as a key predisposing factor for the obese phenotype.11 Studies on LBW offspring specifically indicate dysfunction at several aspects of the satiety pathway, as evidenced by reduced satiety and cellular signaling responses to leptin.12 Recent studies have demonstrated an up-regulation of the hypothalamic nutrient sensor (SIRT1), a factor that epigenetically regulates gene transcription of factors critical to neural development. Importantly, neuronal stem cells from rodent SGA fetuses/newborns demonstrate reduced growth and impaired differentiation to neurons and glial cells.13 Thus, impaired neuronal development (and ultimately reduced satiety pathways) may be a consequence of a reduction in neural stem cell growth potential and reduced leptin-mediated neurotrophic stimulation during periods of axonal development.
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Figure 5-4 Leptin secreted by adipose tissue and insulin by pancreas suppress NPY and increase POMC. 3V, Third ventricle; ARC, arcuate nucleus; PVN, paraventricular nucleus; LHA, lateral hypothalamic area; nucleus of the solitary tract; orexigenic peptides—NPY, neuropeptide Y; AgRP, agouti gene-related protein; anorexigenic peptide—POMC, pro-opiomelanocortin.




In addition to appetite/satiety dysfunction, mechanisms regulating adipose tissue development and function (lipogenesis) may be a key factor in the development of programmed obesity. Increase in adipose tissue mass or adipogenesis occurs primarily during the prenatal and postnatal development, though some adipogenesis continues throughout adulthood. The process of adipogenesis requires highly organized and precisely controlled expression of a cascade of transcription factors within the preadipocyte (Figure 5-5). Of note, LBW offspring show a paradoxical increased expression of principal adipogenic transcription factor (peroxisome-proliferator-activated receptor, [PPARγ]) as a result of upregulated PPARγ co-activators. As the signaling pathways of adipogenesis and lipogenesis are up-regulated before the development of obesity, they may be among the crucial contributory factors that predispose to programmed obesity. Furthermore, cellular studies indicate that LBW adipocytes at birth have fundamental traits that are identical to those seen with thiazolidine (PPAR agonist) treatment; that is, they are more insulin sensitive and demonstrate increased glucose uptake and thereby facilitate increased lipid storage within the adipocytes. Thus, early activation of PPAR or its downstream targets could promote the storage of lipids, thereby increasing the risk of developing obesity. This concept reverberates with study on maternal exposure to PPAR agonists, which induce fetal mesenchymal stem cells along the adipocyte lineage, and a reduction in the osteogenic potential in these cells, resulting in greater fat mass in adult offspring.14 The role of stem cell precursor programming in metabolic disease pathways in response to maternal nutrient supply is an intriguing area for understanding developmental plasticity and potential preventive therapeutic strategies.
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Figure 5-5 Transcriptional regulation of adipogenesis. C/EBP, CCAAT/enhancer binding protein; SREBP, sterol regulatory element binding proteins; RXR, retinoic X receptor; PPAR, peroxisome proliferator-activated receptor.




Akin to LBW, offspring born to obese rat dams fed a high-fat diet also demonstrate increased food intake, adiposity, and circulating leptin levels.15 The underlying phenotype appears to be similar to that of LBW with altered appetite regulation, enhanced adipogenesis, and reduced energy expenditure. Nonetheless, there are salient mechanistic differences such as increased proliferation of orexigenic neurons in the fetus, inability of elevated leptin to down-regulate NPY, and decreased PPARγ corepressors.









Hepatic Programming


In conjunction with the increased incidence of childhood and adolescent obesity, children and adolescents now have an increased risk of developing nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes. Type 2 diabetes has increased tenfold in regions of the United States during the past decade and the prevalence is particularly high in adolescent North American Indians, approaching rates of 6%. NAFLD (as determined by elevated serum aminotransferase) may occur in up to 10% of obese adolescents in the United States, though studies using ultrasonographic measures of fatty liver have estimated rates of up to 25% to 50% of obese adolescents.16 As a reflection of the severity of metabolic syndrome, cases of cirrhosis associated with nonalcoholic steatohepatitis in obese children have been described recently. Further evidence suggests that obesity can potentiate additional insults to the liver such as alcohol and hepatitis C infection.


Men and women with reduced abdominal circumference at birth, potentially reflecting reduced hepatic growth during fetal life, have elevated serum cholesterol and plasma fibrinogen. Similarly, poor weight gain in infancy is associated with altered adult liver function, reflected by elevated serum total and low-density lipoprotein cholesterol and increased plasma fibrinogen concentrations.17 Although human studies have focused on the diagnosis and consequences of NAFLD in obese children and adolescents, animal studies indicate the early expression of fatty liver in fetuses exposed to maternal high-fat diet, though not expressing LGA. Consequently, there may be a heretofore undiagnosed increase in liver adiposity among normal-weight offspring of mothers exposed to Western, high-fat diets.


Animal models of maternal nutrient restriction and excess demonstrate presence of NAFLD, alteration in liver structure, and changes in key metabolic transcription factors and enzymes involved in glucose/lipid homeostasis in the offspring. Specifically, maternal protein restriction during rat pregnancy shifts the enzyme setting of the liver in favor of glucose production rather than utilization, as evident by increased phosphoenolpyruvate carboxykinase and decreased glucokinase enzyme activities in the offspring. Furthermore, these key hepatic enzymes of glucose homeostasis retained the ability to respond to the challenge of a high-fat, high-calorie diet, though with an altered “set point” of regulation. Moreover, as these enzymes are predominantly located in different metabolic zones of the liver (glucokinase in perivenous and phosphoenolpyruvate carboxykinase in periportal zone), the altered activities have been attributed to clonal expansion of periportal and contraction of perivenous cell population.18


Five potential mechanisms lead to abnormal hepatic lipid metabolism and NAFLD (Figure 5-6). On a molecular level, PPAR transcription factors are implicated in regulating lipid metabolism. PPARα in particular is predominantly expressed in the liver and regulates genes involved in fatty acid oxidation. Although PPARγ is expressed at very low levels in the liver, PPARγ agonists can ameliorate NAFLD in a rat model.19 In addition, PPARα and PPARγ modulate the inflammatory response. PPAR activators have been shown to exert anti-inflammatory activities in various cell types by inhibiting the expression of acute-phase proteins, such as C-reactive protein (CRP).20,21 CRP is produced by hepatocytes in response to tissue injury, infection, and inflammation and is moderately elevated in obesity, metabolic syndrome, diabetes, and NAFLD. Rat studies have demonstrated NAFLD and elevated hepatic CRP levels in LBW adult offspring, and this is associated with reduced expression of hepatic PPARγ and PPARα.22
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Figure 5-6 Mechanisms for nonalcoholic hepatic steatosis (NAFLD): (1) increased fatty acid uptake by the liver and increased triglyceride synthesis; (2) increased de novo lipogenesis; (3) decreased fatty acid oxidation; (4) decreased VLDL secretion, preventing release of fatty acid from the liver; (5) hepatic insulin resistance (promotes lipogenesis and gluconeogenesis and inhibits lipolysis).











Pancreas Programming


Although programmed adult obesity or diet-induced obesity may be attributed to the etiology of insulin resistance, studies in humans and animals indicate that in utero nutrition and environmental exposures directly affect the pancreas. Alterations of pancreatic β-cell mass by maternal malnutrition was demonstrated in the mid-1960s. Whereas LGA human neonates have pancreatic β-cell hyperplasia and increased vascularization, SGA infants have reduced plasma insulin concentrations and pancreatic β-cell numbers.23 Consistent with adverse effects of rapid catch-up growth, the greatest insulin resistance is observed in individuals who are LBW but develop adult obesity.24 In humans, growth in utero is directly associated with fetal insulin levels. Importantly, beyond the regulation of glucose uptake, insulin has important developmental functions, including skeletal and connective tissues and neural development.


The extremes of weight are critical, as the risk of insulin resistance in adult life is twofold greater among men who weighed less than 8.2 kg at 1 year of age and those who weighed 12.3 kg or more.25 There is further a link between reduced early growth and pro-insulin concentrations, suggesting that pancreatic tissue or function may be impaired, and other studies have suggested that fetal programming may alter the structure or function of insulin-sensitive target tissues.


Notably, depending on the prevalence of obesity, approximately 25% of individuals with normal glucose tolerance have similar insulin resistance as those with type 2 diabetes, but compensate for this with enhanced insulin secretion.26 These individuals are at increased risk of development of overt diabetes. Studies of fetal programming have focused on the finding that birth weight and newborn plasma glucose levels are directly correlated in normal as well as diabetic pregnancies. Far less focus has been paid to levels of amino acids in maternal or fetal blood, although amino acids are major determinants of fetal growth.


In addition to low and high birth weight, studies suggest that antenatal exposure to betamethasone itself may result in insulin resistance in adult offspring. A 30-year follow-up of a double-blind placebo-controlled randomized trial of antenatal betamethasone for the prevention of neonatal respiratory distress syndrome demonstrated no differences among those exposed to betamethasone or placebo in body size, blood lipids, blood pressure, or cardiovascular disease. However, offspring exposed to betamethasone demonstrated higher plasma insulin concentrations at 30 minutes of a 75 g oral glucose tolerance test and lower glucose concentrations at 120 minutes.27 The authors suggest that antenatal exposure to betamethasone may result in insulin resistance in adult offspring. A study of 20-year-old offspring demonstrated significantly reduced blood pressure in betamethasone-exposed offspring.28 In view of these findings, the authors recommend that obstetricians use a single course, rather than multiple courses, of antenatal glucocorticoids.


Various animals models of maternal diabetes, nutritional manipulation (undernutrition and overnutrition), and uterine ligation all have reported altered β-cell growth, disturbances in insulin secretion, and long-term effects on insulin sensitivity. Reduced β-cell growth and insulin secretion have been observed in LBW offspring,29 whereas accelerated β-cell mass and excess insulin secretion were observed in offspring of obese pregnancy.30 Despite differing nutrition and growth, both lead to β-cell failure, tissue-specific insulin resistance, and development of diabetes in the adult offspring. This phenomenon has been attributed to developmental epigenetic regulation. The β-cell transcription factor pancreatic duodenal homeobox-1 (Pdx-1) is critical for β-cell development, and progressive silencing of Pdx-1 expression has been observed in β-cells isolated from LBW offspring. Importantly, this silencing corresponds with persistent altered epigenetic regulation of the Pdx-1 gene. Additionally, increased circulating lipids can induce β-cell apoptosis via endoplasmic reticulum stress pathways. Interestingly, Pdx-1 is protective against pancreatic endoplasmic reticulum stress in response to high-fat feeding in rodents. Although obese pregnancy can increase pancreatic fat deposition in rodent models, whether this in turn leads to permanent changes in gene expression as observed with growth-restricted pregnancies remains unknown.


In a rat model of maternal diabetes, there is evidence of transgeneration diabetogenic effect: female offspring of diabetic mothers develop gestational diabetes and induce the effect in their fetuses and thereby in the next generation. Notably, male offspring have impaired glucose tolerance, but do not transmit the effect to their offspring.31









Cardiac Programming


In addition to the aforementioned glucocorticoid effects on insulin resistance, there is evidence that maternal betamethasone treatment of preterm infants is associated with long-term adverse cardiac outcomes, including hypertrophic cardiomyopathy.32 Animal models confirm the association of fetal cortisol exposure with increased left ventricular cardiomyocyte size. A reduction in cardiomyocyte number through either reduced cellular proliferation or increased apoptosis appears to be a central feature. As cardiomyocytes are highly differentiated and rarely replicate after birth, an inappropriate prenatal reduction of cardiomyocytes is likely to result in a permanent loss of myocardium functioning units and thereby increasing susceptibility to cardiac hypertrophy and ischemic heart disease. Confounding the direct association, left ventricular hypertrophy also has been reported in growth-restricted infants.


Similar to programming of metabolic syndrome, extensive epidemiologic data have demonstrated the association of birth weight with adult coronary heart disease. Slow growth during fetal life and infancy followed by accelerated weight gain in childhood predisposes to adult coronary heart disease in both men and women.33 The association between LBW and coronary heart disease has been replicated among men and women throughout North America, the Indian subcontinent, and Europe.


As a result of similar pathophysiologic mechanisms, there is a strong interaction of these risk factors with stroke. However, the impact of programming is again evident in the marked differences in adult phenotype depending on the fetal and childhood environment. In a study of over 2000 people within the Helsinki birth cohort, two different paths of early growth preceded the development of hypertension in adult life.34 Small body size at birth and low weight gain during infancy followed by a rapid gain in BMI during childhood was associated with an increase in coronary heart disease as adults. In contrast, LBW in utero and throughout infancy followed by a persistent small body size at adolescence resulted in an increased risk of a stroke and an atherogenic lipid profile.35 These two different paths of growth may lead to hypertension via altered biologic processes. Although restriction of rodent weight gain following LBW prevents an obese phenotype, there are significant atherogenic and pancreatic abnormalities. Notably, these offspring exhibit markedly elevated cholesterol levels and insulin deficiency.36


In addition to the effect of fetal nutrient exposure on cardiac development, there are significant vasculogenesis mechanisms underlying the programming of hypertension. These may include modifications in arterial stiffness, arterial elastin, and the size of the arterial and capillary bed.37 Although there is no direct evidence that elastin synthesis is impaired in the developing of large arteries of human fetuses whose growth is restricted, children with a single umbilical artery demonstrate striking asymmetry in the compliance of iliac arteries at 5 to 9 years of age.38


Although this chapter does not seek to review all toxic teratogenic exposures, prenatal cocaine exposure has been demonstrated to have significant effects on neonatal and offspring cardiac function. Cocaine exposure results in an increased rate of neonatal arrhythmia and transient ST elevation. Though a blinded cross-sectional study did not demonstrate any significant differences in human left ventricular cardiac function,39 prenatal cocaine exposure did result in changes in diastolic filling in neonates with the degree of change correlated to the degree of cocaine exposure. Some changes persisted to age 26 months, particularly in those infants exposed to high levels of in utero cocaine.40 The mechanisms of cocaine effects may relate to the inhibition of dopamine, serotonin, and norepinephrine reuptake. In addition to direct effects, cocaine programming of cardiac function may be mediated via effects on the autonomic nervous system. Some, though not all, studies have demonstrated an alteration in resting heart rate and heart rate variability.41 A well-performed study further demonstrated a dose-dependent effect of fetal cocaine on neonatal heart rate at 4 to 8 weeks of age, though the duration of this effect is unknown.42 Further effects on static stress, renal sympathetic activity, and heart rate variability further confirm offspring effects of cardioregulatory systems by cocaine. Taken in sum, these studies suggest that fetal cocaine has at least a short-term cardiac impact and potentially a longer-term cardiac impact in humans.


Although there is no clear epidemiologic evidence to link prenatal hypoxia and adult cardiovascular disease, animal models suggest an effect of hypoxia on adult cardiac function. Chronic hypoxia during the course of pregnancy also results in LBW newborns with altered myocardial structure and heart development. Among other effects, prolonged hypoxia in utero suppresses fetal cardiac function, alters cardiac gene expression, increases myocyte apoptosis, and results in a premature exit of the cell cycle of cardiomyocytes and myocyte hypertrophy.43









Osteoporosis Programming


Recent evidence indicates that the fetal and neonatal life may be a critical factor in the development of osteoporosis, a disease typically associated with aging. In considering the major determinants of bone mass in later life, the most critical issues are (1) peak bone mass achieved during the third decade of life and (2) the rate of bone loss following this period. Thus, bone mass in the elderly is largely determined by peak bone mass occurring much earlier in life. Several epidemiologic studies have demonstrated that LBW and weight at 1 year are directly correlated with reduced bone marrow content, as well as bone mineral density.44 Consistent with these findings, poor childhood growth is associated with an increased risk of hip fracture in elderly adults.45


The mechanisms by which the fetal and neonatal period can influence peak bone mineral content include the interaction of vitamin D and calcium, as well as additional factors including fetal and neonatal growth hormone, cortisol, and insulin-like growth factor 1. An undernourished fetus, deprived of calcium, may up-regulate vitamin D activity in an attempt to increase calcium availability.46 Although more than 60% of peak bone mass is gained during puberty, there is a growing body of evidence suggesting that a substantial proportion of peak bone mass is determined by growth earlier in life. Additional maternal factors may influence neonatal bone mineral content. Low maternal fat stores, maternal smoking or increased physical exercise in late pregnancy, and low maternal birth weight all predict lower whole body bone marrow content in the neonate.45 In rats, maternal diet modulation or uterine ligation affects offspring bone structure.47 The adult offspring has lower serum 25-OH vitamin D levels, bone mineral content, and bone area, which is also associated with changes in the growth plates. This is consistent with the nutritional programming of skeletal growth trajectory and complements the epidemiologic evidence for programming of osteoporosis in humans.









Brain Programming


As complex as is cerebral function and development during the critical fetal/neonatal window, it is understandable that a number of stressors during early life may affect a diversity of cerebral functions, including cognition, behavior, anxiety, and even addictive potential. In utero exposure to cocaine, and perhaps methamphetamine, demonstrates a diversity of cerebral effects.48 Among children exposed to prenatal cocaine, there are significant effects on behavior (aggression), attention-deficit/hyperactivity disorder (ADHD), offspring substance abuse (e.g., cigarettes), and impaired language (reviewed in reference 48). Additional studies have suggested potential impairment of intelligence quotient (IQ), cognition, motor function, and school performance. Understandably, windows of exposure and dose-dependent responses are difficult to quantify. Nevertheless, a number of studies have suggested that heavy cocaine use is related to worse outcome in regard to behavior, language, and IQ.48 Studies of neuroimaging have demonstrated significant alterations in brain-region-specific volumes among cocaine-exposed children, when assessed as children, adolescents, or adults.49 Studies of diffusion tensor imaging and functional magnetic resonance imaging (MRI) demonstrate increased creatine in the frontal white matter, potentially a sign of abnormal energy metabolism.50 Cocaine-exposed children demonstrate greater activation in the white inferior frontal cortex and the caudate nucleus during response inhibition, suggesting that prenatal cocaine may affect the development of brain systems involved in the regulation of attention and response inhibition.48


Considering other substances of abuse, among children exposed to methamphetamine, magnetic resonance spectroscopy demonstrated increases in total creatine in the basal ganglia, again indicative of possible alterations in cellular energy metabolism.51 Neuroimaging of children exposed to opiates in utero further demonstrate smaller intracranial and brain volumes, including smaller cerebral cortex, amygdala, brain stem, and cerebellum white matter, among other areas.52 This is consistent with animal studies that indicate prenatal nicotine or cocaine exposure targets specific neurotransmitter receptors in the fetal brain, eliciting abnormalities in cell proliferation and differentiation, and thus leading to reduced neurogenesis and altered synaptic activity.53 The underlying mechanism may involve increased apoptosis of neuronal cells.






Maternal Stress and Anxiety


Although the effects of maternal substance abuse may be a direct effect of the specific drug-receptor interaction, the commonality of offspring behavioral effects suggests that disruption in the fetal neuroendocrine environment, potentially associated with increased fetal ACTH/cortisol, may affect fetal/neonatal brain development. In view of these findings there has been extensive epidemiologic investigation of maternal stress and anxiety. During the second trimester, increased maternal anxiety has been associated with lower neonatal dopamine and serotonin levels, greater right frontal electroencephalograph (EEG) activation, and lower vagal tone.54 In late pregnancy, maternal anxiety has been associated with salivary cortisol levels among 10-year-old children, suggesting that maternal anxiety during pregnancy programs offspring stress responsiveness.55 In a recent study, neonates of high-anxiety mothers demonstrated altered auditory evoked responses, suggesting differences in attention allocation.56 In addition to chronic maternal anxiety, acute stress responses during pregnancy may include death of close relatives, natural disasters, and maternal neuropsychiatric conditions. Many of these stress exposures have a significant impact on offspring neurodevelopmental consequences. Children of mothers with posttraumatic stress disorder during pregnancy display altered cortisol levels that are accompanied by signs of behavioral distress during the first 9 months of life.57


The role of the maternal hypothalamic-pituitary-adrenal axis (HPA) is recognized as contributing to maternal stress-mediated effects on fetal development. Although the developing fetus is normally protected from high levels of circulating maternal cortisol by the placental enzyme 11-β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which metabolizes cortisol to inactive cortisone, down-regulation of placental 11β-HSD2 may occur in response to drug exposure, maternal diet, and obstetrical conditions, including preeclampsia, preterm birth, and intrauterine growth restriction.58 A reduction in placental 11β-HSD2 may thus increase fetal exposure to maternal cortisol levels and secondary effects on brain maturation and development. Among pregnant women undergoing amniocentesis, there is a strong correlation between maternal plasma and amniotic fluid cortisol levels (indicative of fetal levels). The correlation with maternal anxiety suggests that measures of amniotic fluid cortisol may serve as an index for fetal hormone exposure.


Offspring psychiatric disorders associated with maternal pregnancy stress may be a consequence of cortisol binding to select brain regions during development. Notably, most fetal tissues express glucocorticoid receptors from midgestation onward. It is well established that steroid hormones in the fetus are involved in organ development and maturation (brain, heart, lungs, gastrointestinal tract, kidneys). Of note, the hippocampus, which is critical for learning and memory, has extensive glucocorticoid receptors. Although not studied in humans, glucocorticoid exposure in rat dams results in a reduction in the volume and number of cells in the nucleus accumbens, a central limbic nucleus critical to reward circuitry.59 These findings may provide a mechanism by which maternal stress and/or substance abuse contributes to offspring addictive behavior, itself representing a dysfunction of the limbic system.


The effects of maternal stress may extend beyond fetal/neonatal neurologic/behavioral issues. Maternal prenatal anxiety/stress predicts a significant adverse effect on infant illness and antibiotic use,60 whereas a wide range of prenatal stressors are associated with child morbidity. Specifically, prenatal anxiety has been associated with childhood asthma, whereas stress-related maternal factors have been associated with increased eczema during early childhood.61,62


A generational effect of fetal programming and the HPA axis is suggested by findings that LBW babies have raised cortisol concentrations in umbilical cord blood and raised urinary cortisol secretion in childhood.63 Nilsson and colleagues demonstrated that there was a continuous relationship between size at birth and stress susceptibility,64 whereas other studies have demonstrated that cortisol responses to stress were significantly and inversely related to birth weight.65 Similarly, in regard to physiologic responses, LBW is associated with increased blood pressure and heart rate responses to psychological stressors in women, though not men.66


In corroboration of the human data, findings from experiments with rodent models show that prenatal stress (such as restraint) and administration of exogenous glucocorticoids not only impair cognition, increase anxiety, and increase reactivity to stress but also alter brain development.67 Furthermore, prenatal stress increases sensitivity to nicotine and other addictive drugs. Maternal nurturing affects offspring epigenome and behavior. In rats, maternal nurturing behavior altered the offspring epigenome at a glucocorticoid receptor gene promoter in the hippocampus. As a result, highly nurtured rat pups demonstrated less anxiety than those that received minimal nurturing.68


More recent studies on nonhuman primates implicate chronic consumption of a high-fat diet during pregnancy for increased anxiety-like behavior in offspring, thought to be caused by perturbations in the fetal brain serotonergic/melanocortin pathways.69









Glucocorticoids and Prematurity


Although glucocorticoid therapy for the preterm infant has made a significant contribution to the reduction of neonatal respiratory distress syndrome, intraventricular hemorrhage, and infant mortality, there has been a tendency for clinicians to use multiple courses of glucocorticoids. Studies that have examined the impact of human perinatal glucocorticoid exposure have demonstrated that children exposed to dexamethasone during preterm gestation and who were born at term have increased emotionality, general behavioral problems, and impairments in verbal working memory.60,70 Further, offspring of women given multiple doses of antenatal glucocorticoids have reduced head circumference and significantly increased aggressive violent behavior and attention deficits.71 These findings suggest that fetal exposure to pharmacologic glucocorticoid levels during critical developmental periods (before normal high level in the term neonate) may have adverse consequences, including the programming of the offspring HPA. Preterm babies exposed to antenatal betamethasone had a lower salivary cortisol response to heel stick than matched controls at 3 to 6 days after delivery.72 Additional studies demonstrate that exposure to antenatal corticosteroids is associated with suppressed cortisol responses to corticotropin-releasing factor during the immediate neonatal period.73 Salivary cortisol responses to immunization at 4 months of age are significantly correlated with the mean plasma cortisol in the first 4 weeks, independent of maternal glucocorticoid exposure. It is notable that preterm infants have a similar spectrum of developmental and behavioral problems as do babies whose mothers have experienced extreme stress or anxiety during pregnancy, with both groups demonstrating increased levels of attention deficit, hyperactivity, anxiety, and depression.


Although there are consequences of premature exogenous glucocorticoid exposure (via maternal administration), it should be recognized that if actually delivered preterm, infants are exposed to increased endogenous cortisol before that which they would normally experience at term. Several studies demonstrate that LBW is associated with increased resting heart rate and fasting plasma cortisol concentrations in adulthood. Among preterm babies born at less than 32 weeks, newborn plasma cortisol levels are 4 to 7 times higher than would be fetal levels at the same gestational age. As the elevated levels persist through 4 weeks of age, they likely result from a combination of the acute antenatal steroids and postnatal endogenous glucocorticoids. Whether a consequence of prematurity itself, or perhaps premature cortisol exposure, preterm infants (especially born before 28 weeks’ gestational age) have significant neurologic impairments, including visual-motor coordination (when measured at 8 years of age). In view of these consequences of exogenous and endogenous glucocorticoids, maternal glucocorticoid use should be directed only at those infants most likely to benefit and those most likely to deliver preterm.


Whereas the effects of glucocorticoids on programming brain development and organ maturation is well accepted, it is less well recognized that glycyrrhiza (a natural constituent of licorice) may also affect fetal programming via a cortisol mechanism. Glycyrrhiza inhibits placental 11β-HSD2, resulting in a potential increased transmission of maternal cortisol to the fetal compartment. In a study of Finnish children 8 years of age, those with high exposure to glycyrrhiza from maternal licorice ingestion had significant detriments in verbal and visual-spatial abilities and in narrative memory, and significant increases in externalizing symptoms and in aggression-related problems. These effects on cognitive performance appear to be related to the degree of licorice consumption.74 In addition to licorice, glycyrrhiza is often used as flavoring in candies, chewing gum, herbal teas, alcoholic and nonalcoholic drinks, and herbal medications. Although these results suggest that exposure to glycyrrhiza be limited during pregnancy, it more importantly indicates the diversity of foods and drugs that may affect fetal development and programming, perhaps through effects on fetal cortisol exposure.


Prematurely born infants also display abnormalities of insulin resistance, elevated blood pressure, and abnormal retinal vasculature as adults.75,76 Although much attention has been focused on the effects of LBW on the programming of metabolic syndrome, a study of 49-year-old Swedish men demonstrated that systolic and diastolic blood pressures were inversely correlated with gestational age rather than birth weight, independent of current body mass index.76 Similar results have been demonstrated in women born preterm.75 An intergenerational effect may occur, as consequences of elevated blood pressure and abnormal vascularization among women may have a subsequent impact on future pregnancies. Thus, women born before 37 weeks of age demonstrate a 2.5-fold increased risk of developing gestational hypertension.77


In a recent study from western North Carolina, boys and girls aged 9 to 16 were tested for depression in relation to birth weight and additional prenatal and perinatal factors. Low birth weight predicted depression in adolescent girls (38.1% versus 8.4% among girls with normal birth weight), though not boys. In addition, LBW was associated with an increased risk of social phobia, posttraumatic stress symptoms, and generalized anxiety disorder, all of which were far more common in girls than in boys.78 Further studies have demonstrated that LBW is associated with an increased risk of schizophrenia, ADHD, and eating disorders. These findings are consistent with those of animal studies indicating gender-specific effects of developmental programming.









Immune Function


As noted, prenatal stress may influence the developing immune system, particularly asthma and atopic diseases. Maternal nervousness during gestation correlates with elevated IgE levels in cord blood and may predict atopic diseases in early childhood.79 Importantly, pregnant women with prenatal stress have elevated pro-inflammatory cytokine levels,80 and these levels may affect the risk of allergy in childhood offspring. Although these findings suggest that enhanced immunologic responses may occur following maternal stress, LBW may be associated with reduced inflammatory responses contributing to increased morbidity. Young adults born during seasonal famine (and likely growth restricted) are more likely to die from infectious disease.81 These infants demonstrated reduced thymic size and altered patterns of T-cell subsets with a lower CD4-CD8 ratio, suggestive of lower thymic output. Postpartum maternal influences also may contribute as mothers of these infants express lower levels of maternal breast milk IL7, a putative thymic trophic factor.82 In support of the impaired inflammation response among LBW infants, antibody responses to typhoid vaccination are positively related to birth weight.83 These findings suggest that atopy-related immune function may be enhanced in either LBW offspring or offspring associated with maternal prenatal stress, though LBW may well have significant impairment in offspring infectious disease–related immune function. The consequences of LBW and reduced immune function may be a critical factor predisposing to infant mortality in the developing world.


Much as perinatal factors can influence offspring immunity, mothers who are allergic have lower interferon γ responses during pregnancy, which has been postulated to influence the cytokine milieu of the fetus.84 Similarly, maternal asthma during pregnancy is associated with fetal growth retardation and preterm birth,85 and placental expression of pro-inflammatory placental cytokines is significantly increased in pregnancies complicated by mild asthma, though only in the presence of a female fetus.86 There is significant evidence that both the maternal allergic phenotype and maternal environmental exposures during pregnancy affect the risk of subsequent infant allergic disease. Evidence indicates that maternal allergy is a recognized risk factor for infant allergic disease. In regard to maternal environmental exposure, a number of factors may influence fetal immune development and allergic outcomes. Although evidence is inconsistent and mechanisms are unclear, several studies have demonstrated that a Mediterranean diet may protect against early childhood wheezing.87 Other studies have explored the effects of folate supplementation, polyunsaturated fatty acids, antioxidants, and a range of vitamins and micronutrients, though again with a lack of consistency.


Interestingly, recent evidence suggests that maternal exposure to microbials may influence fetal immune competence. In utero exposure to a farming environment has been demonstrated to protect against the development of childhood asthma and eczema.88 Similar results have demonstrated that farming environments alter the expression of innate immune genes and modify umbilical cord IgE levels.89 In contrast to the potential beneficial effect of microbial exposure, maternal cigarette smoking increases the risk of offspring asthma. This likely occurs via an allergic sensitization, rather than classic direct pulmonary effects of cigarette smoke. Animal studies also support the premise that innate immune function can be programmed as a result of perinatal challenge to the immune system during development. In rats, neonatal bacterial endotoxin, lipopolysaccharide (LPS) administration influences the adult neuroimmune response to a second LPS challenge through the HPA axis.90 In addition, undernutrition, particularly during prenatal and postnatal periods, affects offspring immune competence by increasing basal inflammation while reducing cytokine induction to inflammatory stimuli.91


Potentially confounding the association of cigarette smoking is a finding that children with a smaller head circumference at 10 to 15 days of age had a markedly increased odds ratio for wheezing at 7 years of age.92 Thus, factors that determine fetal growth may be associated with wheezing in childhood. Children with both small and large head circumferences at birth (consistent with both undernutrition and overnutrition) have increased atopic sensitization and elevated serum IgE at age 5 to 7.93 Large head circumference at birth has previously been reported to be associated with elevated IgG in adulthood and with risk of asthma in adolescents.94 The association of developmental origins with childhood asthma is complex as there are several asthma phenotypes, including those that are associated with atopy as compared to those associated with acute childhood viral infection. Although both these diseases exhibit childhood wheezing and/or are immune modulated, they likely have significant alterations in predisposition. As asthma is associated with an exaggerated T-helper type 2 (TH2) response to both allergic and nonallergic stimuli, it has been proposed that genes involved in IgE synthesis and airway remodeling have failed to be silenced during early infancy. In utero programming of these genes may result in the predisposition to allergic responses.












Endocrine Programming


Low birth weight may also be associated with additional endocrine disorders affecting gonadal and adrenal axes. Reduced fetal growth may be associated with exaggerated adrenarche, early puberty, and small ovarian size with the subsequent development of ovarian hyperandrogenism.95 Children born SGA may have puberty at a normal age or even earlier, but appear to exhibit a more rapid progression, compromising adult ovarian function.96 SGA as compared to AGA girls displayed increased baseline estradiol, stimulated estradiol, and 17-hydroxyprogesterone at the beginning of puberty,97 whereas LBW is associated with precocious puberty in girls.95 Among LBW girls, those who demonstrate postnatal catch-up growth have greater fat mass and central fat. Whether this suggests that early puberty is a consequence of hyperandrogenism or hyperinsulinism associated with the central adiposity is uncertain. Importantly, children with precocious puberty, particularly those with a history of LBW, have an increased risk of developing ovarian hyperandrogenism and other features of polycystic ovary syndrome (PCOS) during early post menarche.95 Growth restriction may thus program adrenal function, inducing permanent changes in ovarian morphology and function in utero, contributing to PCOS in adult life.


Despite the association with PCOS, women born during famine do not appear to have differences in fertility rates as measured by age at first pregnancy, completed family size, and interpregnancy interval.98 Recent studies have suggested that the Dutch famine offspring cohort may even have an increased fertility as compared to controls.99 Furthermore, despite the impact on puberty, LBW does not appear to advance the age of menopause in women.100 There is evidence, however, of an increased prevalence of anovulation in adolescent girls born SGA as compared with controls (40% vs. 4%),101 though this may be a consequence of obesity-associated endocrine perturbations. These findings suggest that there are relatively small effects of maternal nutritional status during pregnancy on reproductive performance of offspring.


In the female rat, pubertal timing and subsequent ovarian function is influenced by the animal’s nutritional status in utero, with both maternal caloric restriction and maternal high-fat nutrition resulting in early pubertal onset. However, the former leads to a reduction in progesterone levels whereas the latter causes elevated progesterone concentrations in adult offspring.102 In sheep, reduced lifetime reproductive capacity has been demonstrated in ewes born to mothers undernourished during late pregnancy or the first months of life.103 Prenatal exposure to testosterone impairs female reproductive capacity in sheep,104 whereas prepubertal administration of estradiol disrupts ovarian cyclicity in adult rats.105 Furthermore, exposure of animals to an excess of thyroxine during the neonatal period changes the pituitary-hypothalamic responses linked to the secretion of thyroid-stimulating hormone in later life.106









Sexuality Programming


The following discussion is not meant to imply disease states or opine on issues of normalcy of sexuality, but rather to discuss the developmental processes that result in adult sexual orientation. Among males, sexual orientation is largely dichotomous (heterosexual, homosexual), though there is likely increased bisexual orientation among women. A genetic component for sexual orientation is evident from studies demonstrating increased rates of homosexuality among relatives of homosexuals.107 Twin studies report moderate hereditability of sexual orientation,108 though there have been limited advances in the identification of specific genetic loci responsible for sexual orientation. However, significant research demonstrates a major role for gonadal steroidal androgens in regulating sexual dimorphism in the brain and subsequent behavior.109 Animal studies confirm that hormonal signals operating during critical periods may have programming effects on sexuality. The classic example of such a phenomenon is the exposure of female rats at a critical period of fetal life to a single exogenous dose of testosterone, which permanently reoriented sexual behavior. A similar dose of testosterone in 20-day-old females had no effect. Thus, there is a critical time at which the animal’s sexual physiology is sensitive and can be permanently changed.110 Based on early animal models, initial studies resulted in what is likely an oversimplified theory: relative overexposure of females to androgens may contribute to female homosexuality, whereas underexposure to prenatal androgens in men may contribute to male homosexuality. Using proxy markers of prenatal hormonal androgen exposure (ratio of second to fourth finger lengths), several studies have demonstrated that homosexual women have significantly masculine measurements compared to heterosexual women,111 though one study reported no difference.112 A further proxy marker is oto-acoustic emissions (OAEs), which represent sounds emitted by the cochlea that are more numerous in females than in males. There is significant evidence that OAEs are influenced by prenatal androgen exposure, with evidence that females with male co-twins have a masculinized OAE pattern.113 Despite the tendency for homosexual women to be exposed to more prenatal androgens than heterosexual women, there is considerable overlap between the two female groups, indicating that prenatal androgens do not act in isolation.114 Reports among heterosexual and homosexual men are inconclusive in regard to proxy markers.


In contrast to the stronger correlation of female versus male homosexuality with measures of prenatal androgen exposure, birth order has a more significant effect among males. The paternal birth order effect indicates that homosexual men have a greater number of older brothers than heterosexual men do, with the estimated odds of being homosexual increasing by 33% with each older brother.114 Of note, homosexual males with older brothers have significantly lower birth weights compared to heterosexual males from older brothers.115 These findings may suggest an interaction of birth weight and additional developmental factors. Several investigators have suggested a role of immunization of mothers to male-linked androgens, resulting in maternal Y-chromosome linked antibodies that may act on male differentiating receptors within the fetal brain.114 Further studies demonstrate sexual orientation–related neuronal variation, including hypothalamic and selected cortical regions. Despite these associations, there is little conclusive understanding of specific neurodevelopmental mechanisms that produce homosexuality or heterosexuality.









Renal Programming


In humans, the total number of nephrons ranges between approximately 600,000 and slightly over 1 million, although the factors that determine an individual’s glomerular number are unknown. Nephrogenesis occurs up to approximately 36 weeks of gestation, and both genetic and environmental effects alter or regulate the number of nephrons. From a genetic perspective, select genes regulating renal signaling and transcription permutation have been associated with renal hypoplasia. Thus, most congenital renal anomalies have an inheritable component.


Environmental exposures/stresses are well demonstrated to alter nephron number. Autopsies of newborn and children have demonstrated a marked association between LBW and reduced nephron number.116 Importantly, low glomerular number and high glomerular size have been associated with the development of hypertension, cardiovascular diseases, and an increased susceptibility to renal disease in later life. Reduced nephron number as a result of developmental programming may result in single-nephron glomerular hyperfiltration. The compensatory glomerular hypertrophy that maintains normal glomerular filtration rate (GFR) ultimately may cause glomerular sclerosis, nephron loss, and contribute to later hypertension and chronic renal disease.


Reduced nephron number beginning in the fetal/neonatal period may have effects different from those of adult nephrectomy. In sheep, fetal unilateral nephrectomy at 110 days’ gestation leads to offspring hypertension.117 Similarly, unilateral nephrectomy in the neonatal rat results in adult hypertension and impaired renal function. These findings differ from those of human nephrectomy performed in adults (e.g., renal transplant donors) in which hypertension generally does not develop. The mechanisms that contribute to hypertension resulting from reduced glomerular number occurring during fetal and neonatal life are unclear, but indicate that developmental impact on nephron number may have significant impact on programmed hypertension. These include role of specific genes and growth factors involved in this process (Pax2 and GDNF), as well as apoptotic markers and signaling pathways.


In view of the contribution of renal disease to hypertension, it is notable that very LBW infants exhibit a high rate of hypertension during adolescence.118 Preterm children also exhibit a higher prevalence of hypertension, occurring in both AGA and SGA offspring.119 Among both African Americans in the southeastern United States and Australian Aboriginals, LBW is associated with adult-onset renal disease.116,120,121 As a marker of impending renal disease, microalbuminuria is more than twofold greater in SGA offspring at a young adult age than that occurring in AGA offspring, though not all studies demonstrate this effect. Nutritional insults associated with SGA, LBW, and prematurity are perhaps associated with excess glucocorticoid exposure and secondarily reduced glomerular number.


Pregnant patients are also exposed to a variety of nephrotoxic drugs, including nonsteroidal anti-inflammatories, ampicillin/penicillin, and aminoglycosides. Nonsteroidal anti-inflammatories may lead to renal hypoperfusion during critical nephrogenic periods, resulting in cystic changes in developing nephrons122 and acute or chronic renal failure in preterm newborns.123 The impairment in renal development resulting from angiotensin-converting enzyme inhibitors is well documented, likely a result of the critical role of angiotensin in nephrogenesis.


Although less is known regarding offspring of diabetic pregnancies, exposure to transiently high blood glucose concentrations may reduce nephron development in rat pups.124 In humans, increased urinary albumin excretion has been demonstrated in adult offspring of Pima Indian mothers with diabetes, suggesting an early glomerular injury.125 Notably, individuals with a history of hypertension contained only 50% as many nephrons as those without hypertension.126 Nephron number in adult kidneys is correlated to birth weight, with each kilogram increase in birth weight associated with an additional 250,000 nephrons.116 However, these studies could not differentiate age- or disease-related loss of nephrons as compared to developmental origins. Reduced nephron number has been demonstrated in the absence of hypertension, indicating that additional processes of programmed hypertension may occur independently of a reduction in nephron number. Whether a reduced nephron number is etiologic of hypertension, a consequence of hypertension, or a coincident finding may depend on the individual.









Conclusion


As we are beginning to learn of the significance and mechanisms of developmental programming of adult health and disease, the critical consequences of developmental windows are increasingly recognized. Programming effects may have an impact on development by altering organ size, structure, or function. Cellular signaling mechanisms and/or epigenetic consequences may be highly dependent on the magnitude of the exposure and the window of exposure during embryogenesis or organogenesis. Most important, we are only beginning to recognize how consequences of prophylactic treatments may alter programmed phenotypes. Certainly, it appears there is no one single mechanism, nor one single developmental window that affects each organ or system development. Consequently, the ultimate management of fetuses and newborns is likely to be individualized rather than universal. We hope to achieve a greater understanding of the relative risks and benefits of current-day obstetrical decisions, including repeated doses of maternal glucocorticoids, advantages versus disadvantages of early delivery of SGA fetuses, and use of oral hypoglycemic agents that cross the placenta, as well as many other management dilemmas.









Key Points







♦ Maternal in utero environment (nutrition, hormonal, metabolic, stress, and drugs) is a critical determinant of fetal growth and influences a wide variety of metabolic, developmental, and pathologic processes in adulthood.


♦ Both ends of growth spectrum (i.e., low and high birth weight newborns) are associated with increased risk of adult obesity, metabolic syndrome, cardiovascular disease, insulin resistance, and neuroendocrine disorders.


♦ The mechanisms linking early developmental events to later manifestation of disease states involve “programmed” changes in organ structure, cellular responses, gene expression, and epigenome.


♦ Prenatal care is evolving to reach essential goals of optimizing maternal, fetal, and neonatal health to prevent or reduce adult-onset diseases.


♦ Guiding policy regarding optimal pregnancy nutrition and weight gain, management of low and high fetal weight pregnancies, use of maternal glucocorticoids, and newborn feeding strategies, among others, has yet to comprehensively integrate long-term consequences on adult health.
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Pregnancy and childbirth are major life events. Preconception and prenatal care are not only part of the pregnancy continuum that culminates in delivery, the postpartum period, and parenthood, but they should also be considered in the context of women’s health throughout the life span.1,2 This chapter reviews pertinent considerations for prenatal care using the broader definitions espoused by the U.S. Public Health Service and the American College of Obstetrician Gynecologists.3 Specifically, prenatal care should consist of a series of interactions defined as visits and contacts with caretakers that includes three components: (1) early and continuing risk assessment; (2) health promotion; and (3) medical and psychosocial interventions and follow-up.4 The overarching objective of prenatal care is to promote the health and well-being not only of the pregnant woman, fetus, and newborn, but also the family. Hence, the breadth of prenatal care does not end with delivery but rather includes preconception care, postpartum care, and up to 1 year after the infant’s birth.3 Importantly, this introduces the concept of interconception care, and the notion that almost all health care interactions with reproductive-age women are opportunities to assess risk, promote healthy lifestyle behaviors, and identify, treat, and optimize medical and psychosocial issues that could affect pregnancy.


Prenatal care is an excellent example of preventive medicine. In 1929, the Ministry of Health of Great Britain issued a memorandum on the conduct of prenatal clinics. In 1942, vitamin tablets were provided for all British women in the last 6 months of pregnancy. United Kingdom maternal mortality rate declined from 319 per 100,000 live births in 1936 to 15 per 100,000 live births in 1985. In the United States, the maternal mortality rate was 13.2 per 100,000 live births in 1999.4 The decline in maternal mortality rate was partly attributed to prenatal care and partly to medical and public policy advances such as maternal mortality reviews with attention to preventable causes of maternal death, shift to hospital births, improvements in anesthesia, widespread availability of blood transfusions, antibiotics, and access to safe and legal abortion services. Recent guidelines addressing the content and efficacy of prenatal care have focused on the medical, psychosocial, and educational aspects of the prenatal care system. Prenatal care satisfies the definition of primary care from the Institute of Medicine as “integrated, accessible health care services by clinicians who are accountable for addressing a large majority of personal health care needs, developing a sustained partnership with patients, and practicing in the context of family and community.” In fact, prenatal care services can be used by obstetricians/gynecologists and other primary care providers as a general model for primary care. Prenatal care satisfies other criteria for primary care in that it is comprehensive and continuous, and provides coordinated health care. Preconception care—planning to ensure the healthiest possible pregnancy outcome—is consistent with this model. We will further argue that the preconception and prenatal care periods—just as labor, delivery, the puerperium, and postgestation and interconceptional periods—must be seen as episodes in a woman’s life and that they provide important opportunities to advance wellness and prevention. It must be recognized that for pregnant women all these events are part of a life continuum with birth leading to the multiple challenges of parenting. They are opportunities to introduce and reinforce habits, knowledge, and life-long skills in self-care, health education, and wellness, to inculcate principles of routine screening, immunization, and regular assessment for psychological, behavioral, and medical risk factors.1,5 Phelan argues that clinicians are not taking advantage of pregnancy as a “teachable moment”—a naturally occurring life transition that motivates people to spontaneously adopt risk-reducing behaviors.6 Pregnancy qualifies as a teachable moment because it meets the following criteria proposed by McBride and colleagues7:




• There is increased perception of personal risk and outcome expectancies.


• The perceptions are associated with strong affective or emotional responses.


• The event is associated with a redefinition of self-concept or social role.





The goal of prenatal care is to help the mother maintain her well-being and achieve a healthy outcome for herself and her infant. Education about pregnancy, childbearing, and childrearing is an important part of prenatal care, as are detection and treatment of abnormalities. This process is best realized when begun even before pregnancy. Many services provided traditionally during the intrapartum hospital stay will be provided at prenatal and postpartum outpatient visits.8 Too often, hospitalization for childbirth has been seen as an opportunity for education about self-care, child care and parenthood rather than as a time to ensure safe passage. Educational interventions have been targeted for the intrapartum stay, when they can better and more cheaply be performed in the preconceptional, antenatal, or home care environment.8-10 However, more recently, contemporary models of prenatal and childbirth education have been criticized because research has not shown a strong association between class attendance and childbirth experiences or parenting expectations. In fact, among first-time mothers, there has been a decline in childbirth class attendance from 70% in 2002 to 56% in 2005.11,12






Maternal Mortality


Maternal and neonatal mortality rates are the most widely used indicators of the health of a nation. Maternal death is the demise of any woman from any pregnancy-related cause while pregnant or within 42 days of termination of pregnancy, irrespective of the duration and the site of pregnancy. A direct maternal death is an obstetrical death resulting from obstetrical complications of the pregnancy state, labor, or puerperium. An indirect maternal death is an obstetrical death resulting from a disease previously existing or developing during the pregnancy, labor, or puerperium; death is not directly due to obstetrical causes but may be aggravated by the physiologic effects of pregnancy. A nonmaternal death is an obstetrical death resulting from accidental or incidental causes unrelated to the pregnancy or its management.


The maternal mortality rate is the number of maternal deaths (direct, indirect, or nonmaternal) per 100,000 women of reproductive age but, since this denominator is difficult to determine precisely, most clinical and research entities use the maternal mortality ratio defined as the number of maternal deaths (indirect and direct) per 100,000 live births.


Direct obstetrical deaths have six major causes: hypertensive diseases of pregnancy, hemorrhage, infections/sepsis, thromboembolism, and, in developing countries, obstructed labor and complications from illegal abortion. There are other direct causes of death, such as ectopic pregnancy, complications of anesthesia, and amniotic fluid embolism. The main causes of indirect obstetrical deaths are asthma, heart disease, type 1 diabetes, systemic lupus erythematosus, and other conditions that are aggravated by pregnancy to the point of death.


Maternal mortality has been an underrecognized issue worldwide despite an estimated 600,000 maternal deaths per year from pregnancy-related causes.13 Put in numerical perspective, this is equivalent to six jumbo jet crashes per day with the deaths of all 250 passengers on board, all of them women in the reproductive years of life. Or, put in a time perspective, every minute of every day a woman dies from pregnancy-related causes.14 There is also a marked inequity in geographic distribution, because 95% of these deaths occur in developing countries (Figure 6-1). Maternal mortality is the health indicator with the greatest disparity between wealthy and poor countries (and wealthy and poor women in developed countries). Maternal mortality is highest in Africa, Asia, Latin America, and the Caribbean.15 The World Health Organization estimates that over 80% of maternal deaths could be prevented through actions that have been proven to be effective and affordable. Specifically, providing maternal health services defined as trained birth attendants, aseptic birth environments, identification of maternal/fetal/neonatal complications, and transport to a higher level of care when indicated.14,16 Even in developed countries, the changing demographic profile of childbearing women (e.g., older women and/or women with chronic medical conditions) has contributed to an increase in maternal mortality, and many argue that these too are preventable—requiring rapid recognition and response to treatable emergency conditions.14 Worldwide, we are far from achieving the international Safe Motherhood goal of reducing maternal mortality by 50%.16 Similarly, nationwide, the Centers for Disease Control and Prevention (CDC) reported a maternal mortality rate of 12.1 per 100,000, indicating we have not achieved the Healthy People 2010 goal of 3.3 per 100,000 and emphasizing that it will take an integrated, multifaceted, multidisciplinary public health approach to achieve these goals for 2020.17,18
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Figure 6-1 Worldwide distribution of live births and maternal deaths by region.


(From WHO 861663.)





The CDC and the American Congress of Obstetricians and Gynecologists (ACOG) have introduced the concept that pregnancy-associated mortality is defined as death of a woman, from any cause, while pregnant, or within 1 year of termination of pregnancy.19 Unfortunately, the United States is seeing an increase in nonmaternal deaths of pregnant women resulting from trauma and violence, many of these related to illegal drugs (Figure 6-2).
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Figure 6-2 Distribution of deaths due to injury in the United States, 1980-1985 (N = 90).


(From MMWR Morb Mortal Wkly Rep 37[SS5]:26, 1988.)





In North Carolina from 1992 to 1994, 167 deaths of pregnant and postpartum women were identified through an enhanced surveillance system. When all deaths of pregnant women were categorized, direct and indirect obstetrical deaths (classically defined maternal deaths) accounted for only 37% of deaths of pregnant and postpartum women. Injuries accounted for 38% of deaths with homicide being the most common (36%), followed by motor vehicle accidents (32%), drug-related death (13%), other (11%), and suicide (8%). Acceptance of pregnancy-associated mortality as the appropriate measure will lead to increased recognition of these important problems. The prenatal care provider can play a role in preventing these common causes of death in women by advocating use of seat belts and screening for alcohol use, drug use, depression, and violence.


Significant disparities exist between the maternal mortality rates of white and black women. In the United States, maternal mortality occurs four times more often in black women than in white women. In a Morbidity and Mortality Weekly Report review of maternal deaths from 1991 to 1999, the pregnancy-related mortality rate for white women was 8.1; for black women it was 30. On a state-by-state basis, maternal mortality rates for black women were higher in every state.20,21 Many of the tenets espoused to bring about safe motherhood internationally could arguably be applicable to help understand and eradicate the maternal health disparities seen in poor urban and rural environments in the United States. Specifically, they are health education and promotion, identification of maternal/fetal/neonatal complications, transport to a higher level of care, and rapid responses to acute obstetrical emergencies. For example, one study demonstrated an inverse relationship between the maternal mortality rate and the state density of maternal-fetal medicine specialists after controlling for state-level measures of maternal poverty, education, race, age, and interactions.22 Similarly, regionalization of perinatal services has been a cornerstone for improved neonatal outcomes.23


Last, although much attention has been focused nationally and internationally on maternal mortality, perhaps of greater concern is the less well documented prevalence of maternal morbidity, or “near misses,” defined as “pregnant women with severe life-threatening conditions who nearly die but, with good luck or good care, survive.” Wen and colleagues found that the overall rate of severe maternal morbidity was 4.4 per 1000 deliveries, but many believe it is significantly underreported.24 Severe morbidity was defined as thromboembolism, eclampsia, pulmonary, cardiac or central nervous system complications of anesthesia, cerebrovascular disorders, uterine rupture, acute respiratory distress syndrome, pulmonary edema, myocardial infarction, acute renal failure associated with delivery, cardiac arrest, severe postpartum hemorrhage requiring hysterectomy, and assisted ventilation. Rates of venous thromboembolism, uterine rupture, acute respiratory distress syndrome, pulmonary edema, myocardial infarction, severe postpartum hemorrhage requiring hysterectomy, and assisted ventilation all appear to be increasing in incidence since 1991.24 The concept of “near misses” and rates of adverse pregnancy-related complications have taken on new significance as payers and providers look for ways to demonstrate safety and quality in health care systems.


Finally, presence of preexisting chronic conditions (e.g., systemic lupus, cystic fibrosis, chronic renal disease, hypertension, diabetes, pulmonary hypertension, and congenital, rheumatic, and ischemic heart disease) also appears to be increasing among pregnant women, and this is significant since the presence of preexisting conditions increases the risk of both maternal morbidity (sixfold increase) and mortality (158-fold increase).24-27









Neonatal Mortality and Morbidity


Historically, in developed countries, when decreased maternal mortality was achieved, attention was then turned to infant mortality, and then neonatal mortality and later fetal mortality. The stillbirth rate (fetal death rate) is the number of stillborn infants per 1000 infants born. The neonatal mortality rate is the number of neonatal deaths (deaths in the first 28 days of life) per 1000 live births. The perinatal mortality combines these two—the number of fetal deaths (stillbirths) plus neonatal deaths per 1000 total births.


In 1990, the U.S. infant mortality rate was 9.2 per 1000 live births, ranking the United States 19th internationally.13 However, there are international differences in the way live births are classified, as some countries exclude infants weighing less than 1 kg and those with fatal anomalies. Final vital statistics data for 2005 indicate that the United States met the Healthy People 2000 goal of decreasing the infant mortality rate to 7 per 1000 live births, but has not met the 2010/2020 goal of 4.5 per 1000 live births.17,28 Infant mortality varies by maternal demographic and health characteristics. Rates are higher in the extreme reproductive ages (teens and over 40 years old). Other maternal characteristics associated with increased risk for infant mortality include unmarried, poorly educated, little or no prenatal care, smoking, or illicit substance use. Pregnancy-related complications include but are not limited to multiple births and preterm delivery. There are significant racial differences in infant mortality, with African Americans having a 2.5-fold increased risk.28 Infant mortality rates in Hispanics are comparable to those of Caucasians; however, variation exists between country of origin and amount of acculturation.









Prenatal Care


Historically, the primary goal of prenatal care was to minimize maternal and neonatal mortality. During the past 40 years, new technology has been introduced to assess the fetus antepartum, including electronic fetal monitoring, sonography, amniocentesis, and other in utero interventions, with the fetus emerging as a patient in utero. Prevention of morbidity as well as mortality is now the goal. This has made the task of the prenatal care more complex, since mother and fetus now require an increasingly sophisticated level of care. At the same time, pregnancy is basically a physiologic process, and the normal pregnant patient may not benefit from application of advanced technology.


Prenatal care is provided at a variety of sites, ranging from the private office, to the public health and county hospital clinics, to the patient’s home. Obstetricians must optimize their efforts by resourceful use of other professionals and support groups, including nutritionists, childbirth educators, public health nurses, nurse practitioners, family physicians, nurse-midwives, and specialty medical consultants. Most pregnant women are healthy, with normal pregnancies, and can be followed by an obstetrical team including nurses, nurse practitioners, and nurse-midwives, with an obstetrician available for consultation. These women can be followed by practitioners who have adequate time to spend on patient education and parenting preparation, while physicians can appropriately concentrate on complicated problems requiring their medical skills. This also provides for improved continuity of care, which is recognized as extremely important for patient satisfaction.29,30


There have been no prospective controlled trials demonstrating efficacy of prenatal care overall. Two documents addressing the content and efficacy of prenatal care have suggested changes in the current prenatal care system.2,29-34 Since publication of these recommendations, several well-designed randomized clinical trials and cost-benefit analyses have been reported using alternative visit schedules33,34 (Table 6-1). There was no difference in outcomes for patients undergoing reduced frequency of visits as measured by rates of preterm birth and low birth weight, and the reduced frequency model has been shown to be cost-effective. However, fewer visits have been associated with decreased maternal satisfaction with care, as well as increased maternal anxiety.33,34 Some studies support the concept of reduced antenatal visits for selected women.10,33,34




Table 6-1 Comparison of Different Recommendations Regarding Visit Frequency and Proposed Clinical Interventions for Prenatal Care for Low-Risk Women
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Efficacy of prenatal care also depends on the quality of care provided by the caretaker. If a blood pressure is recorded as elevated and no therapeutic maneuvers are recommended, this will not change the outcome. Recommendations must be made and must be carried out by the patient, whose compliance is essential to alter outcome. Kogan and colleagues,35 using national survey data, reported that women received only 56% of the procedures and 32% of the advice recommended as part of prenatal care content, and that poor women and African American women received fewer of the recommended interventions. Site of care was also an important determinant, suggesting that infrastructure must be geared to address population-specific needs.35









Risk Assessment


The concept of risk in obstetrics can be examined at many levels. All the problems that arise in pregnancy, whether common complaints or more hazardous diseases, convey some risk to the pregnancy, depending on how they are managed by the patient and her care provider. Risk assessment has received detailed attention in the past. It has been shown that most women and infants suffering morbidity and mortality will come from a small segment of women with high-risk factors; by reassessing risk factors before pregnancy, during pregnancy, and again in labor, our ability to identify those at highest risk increases. Most of the emphasis for screening, risk assessment, and associated trials for therapeutic interventions have focused primarily on preeclampsia and preterm birth prevention; Table 6-2 lists representative examples of other clinical conditions that have been proposed to be included as part of routine screening and/or risk assessment during the antepartum period since 1989. Many of these conditions are part of current routine screening programs, but few were implemented as routine care as a result of evidence-based criteria. Most have been implemented as a result of expert or consensus opinion, cost/benefit, and/or risk management decisions. Still others have yet to be commonly accepted and await definitive research trials demonstrating efficacy as a screening test, or more importantly, effective treatment options. For example, cervical length assessment and fetal fibronectin evaluation have been proposed to assess risk of prematurity (see Chapter 28), yet definitive trials proving effectiveness of screening and efficacy of treatment have yet to be done.


Table 6-2 Examples of Clinical Conditions Amenable to Antenatal Screening and/or Risk Assessment






	Clinical Condition






	SCREENING/DIAGNOSTIC TEST

	COMMENT

	REFERENCE






	Postdates/Multiple Gestation/IUGR






	Early ultrasound

	Increased precision of dating; “routine” use unclear benefit yet widely used over 80% of pregnancies

	85, 87, 89






	IUGR






	Fundal height

	Increased identification of small and large infants; fewer ultrasounds, economic benefit

	84, 86






	Smoking history

	Smoking has demonstrated dose-response association with poor fetal growth; smoking cessation/ reduction reverses growth disturbance; likelihood of cessation increased during pregnancy

	
29,31, 32, 100-103







	Fetal Structural Malformation






	Ultrasound
Maternal serum AFP
Drug exposure

	Ultrasound, MSAFP standard of care for screening for neural tube defects. See text re: prenatal genetic test

	104






	Fetal Chromosomal Aberrations






	Multiple marker screening

	Combination of specific maternal serum analytes used to screen for Down syndrome, trisomies 13 and 18, with potential detection rate of 60%-90% when used with targeted ultrasound, see text

	
23, 105






	Genetic Conditions






	Cystic fibrosis

	Recommended by ACOG

	24






	Canavan’s disease, “Jewish panel”

	Recommended by ACOG

	106






	Preterm Birth (PTB)






	Cervical length

	No benefit from routine screening; unclear “best practice” and/or benefit of treatment once identified “at risk”

	
17, 18, 107, 108







	Fetal fibronectin

	No clear benefit as screening test to predict PTB (poor sensitivity and specificity); potential benefit from high negative predictive value

	
107, 109







	Periodontal disease

	May be independent risk factor for PTB; treatment reduced risk

	19






	Bacterial vaginosis

	Independent risk factor for PTB; inconclusive if treatment alters risk but shown to be beneficial in selected populations

	
110-116







	Preeclampsia






	Uterine Doppler

	No effective prevention

	
15, 85






	Serum markers

	Nonspecific; no effective prevention

	
16, 94, 117






	Thromboembolic Disease






	Pregnancy history
Clinical history
Laboratory evaluation for hereditary thrombophilias

	Clinically relevant topic due to association with adverse pregnancy outcome; potential for life-threatening thromboembolic event; disseminating into practice; inconclusive data re: treatment efficacy

	78






	Infections






	Group B streptococcus

	Screening and treatment prevents neonatal disease

	118






	HIV

	Routine screening and treatment recommended by ACOG; treatment significantly decreases rate of perinatal transmission

	
119, 120







	Bacterial vaginosis

	See PTB

	121






	Psychosocial Risk






	Demographics

	Socioeconomic status, race/ethnicity related to PTB, adverse pregnancy outcomes; not mutable

	
122-124







	Cocaine use

	Associated with structural malformations, PTB, abruptions, preeclampsia; comprehensive care deters use

	30






	Depression






	Screening instruments

	Risk/benefit decision re: treatment—not contraindicated; increased likelihood of relapse in postpartum period; related to infection, child development

	125






	Domestic Abuse






	Screening instruments

	Increased likelihood of abuse during pregnancy in women in abusive environment

	126







It is important to individualize patient care and to be thorough. The initial visit will include a detailed history and physical and laboratory examinations. The initial history requires that the patient be seen in an office setting. Ideally, she should not be first seen undressed sitting on an examining table.









Preconceptional Education


We have reached a level of awareness about prenatal care at which the optimal time to assess, manage, and treat many pregnancy conditions and complications is before pregnancy occurs.36,37 Recognizing that half of pregnancies are unplanned, all reproductive-age women should be asked about their plans for pregnancy at routine gynecologic visits or health maintenance examinations. At that time, much of the risk assessment described later in this chapter can be performed, as well as the basic physical and laboratory evaluations. If there are questions about the history, such as family history of fetal anomaly, or previous cesarean delivery, further details can be obtained from family members or the appropriate medical facility. This is the time to draw a rubella titer and immunize the susceptible patient. Hepatitis B immunization can be given to appropriate patients and human immunodeficiency virus (HIV) testing offered. Varicella titers or immunization is recommended in women with no history of chickenpox. Patients need to use contraception for up to 3 months following immunizations (see Chapter 50). Toxoplasmosis screening based on risk factors may be indicated at this time because approximately one fourth of the U.S. population is infected.37 Patients who have negative screens are at risk for congenital toxoplasmosis and should be counseled to avoid risks such as contact with wild felines and ingestion of raw or undercooked meat. Immunocompetent patients who screen positive can be reassured of lack of risk with regard to fetal loss or stillbirth, although rare reports of congenital infection after previous infection have been described. A prospective analysis of the population risks and benefits to substantiate routine screening for and/or education about toxoplasmosis has not been done in the United States. However, proponents argue a theoretical benefit based on treatment availability, extrapolated epidemiologic data from European countries where screening is widespread, and the prevalence of congenital infection that is comparable to other congenital diseases that we currently screen for by mandate (e.g., phenylketonuria, congenital hypothyroidism).


Before pregnancy is the time to screen appropriate populations for genetic disease carrier states such as Tay-Sachs disease, Canavan’s disease, cystic fibrosis, or hemoglobinopathies. Resolution of these issues is much easier and less hurried without the time limits placed by an advancing pregnancy. Medical conditions such as anemia, hypothyroidism, hypertension, and diabetes can be fully evaluated and medical treatment can be optimized before pregnancy. If the patient is obese, weight reduction should be attempted before pregnancy. The value of prepregnancy counseling needs to be emphasized to all those who treat women at significant risk for pregnancy problems. Women who are followed by other physicians (family physicians, pediatricians, general internists) for such problems as diabetes, hypertension, or systemic lupus erythematosus should be seen, evaluated, and counseled before pregnancy. Patients in whom risks are very serious are potentially at risk for progressive disease, end-organ damage, or death and should be so counseled, and every attempt should be made to let them make a fully informed decision about pregnancy. Often, significant risk factors can be treated or managed so as to reduce risk during pregnancy.


There is evidence that for some conditions, such as diabetes mellitus and phenylketonuria, medical disease management before conception can positively influence pregnancy outcome. Medical management to normalize the biochemical environment should be discussed with the patient and appropriate management plans outlined before conception. This is also the time to review drug usage and other practices such as alcohol ingestion and smoking (see Chapter 8). Advice can be given about avoiding specific medications in the first trimester (e.g., isotretinoin), and general advice can be given concerning diet, exercise, and occupational exposures.


Periconceptional supplements with folic acid can reduce the incidence of neural tube defects (NTDs) and the use of therapeutic doses to decrease the risk of recurrence has been repeatedly demonstrated. This has resulted in national regulatory mandates for food supplements and national media campaigns to increase public awareness about the importance of this practice. The CDC recommends that all women of childbearing age who are capable of becoming pregnant should consume 0.4 mg of folic acid daily, which is most easily achieved by taking a supplement. For women with a previously affected child, the recommendation is that the patient take 4 mg daily from 4 weeks before conception through the first 3 months of pregnancy. The benefits of folic acid supplementation are being investigated with regard to the prevention of other complications of pregnancy, as well as chronic maternal disease states (e.g., preterm birth, cardiac disease), further emphasizing the appropriateness of prenatal care as both a model for primary care and a model for the provision of care in the context of a life span approach. Care provided at each visit affects not only pregnancy outcome, but ultimately long-term health outcomes for the woman and her family.


The importance of seeking care early for confirmation of pregnancy and gestational age dating can be discussed with the patient. Great precision can be achieved with an accurate menstrual calendar predating pregnancy and provide an opportunity for access to first trimester screening for aneuploidy and to prevent ambiguity about postdatism.









The Initial Preconceptional or Prenatal Visit






Social and Demographic Risks


Extremes of age are obstetrical risk factors. The pregnant teenager has particular nutritional and emotional needs. She is at special risk for sexually transmitted diseases; it has been shown that she benefits particularly from education in areas of childbearing and contraception. The pregnant woman over age 35 is at increased risk for a chromosomally abnormal child. Patients should be asked about family histories of Down syndrome, NTDs, hemophilia, hemoglobinopathies, and other birth defects, as well as mental retardation (see Chapter 10). Consultation for genetic counseling and genetic testing, if desired, may be appropriate. Women over 35 are at increased risk for almost all pregnancy-related morbidities, maternal mortality, and neonatal complications, including miscarriage, stillbirth, preterm birth, and neonatal mortality. The age of the father is also important, as there may be genetic risks to the fetus when the father is older than 55 years. Certain diseases may be related to race/ethnicity or geographic origin. Patients of African, Asian, or Mediterranean descent should be screened for the various heritable hemoglobinopathies (sickle cell disease, alpha and beta thalassemia). Patients of Jewish and French Canadian heritage should be screened for Tay-Sachs disease, Canavan’s disease, and cystic fibrosis. More recently, it has been suggested that cystic fibrosis screening be offered to all couples planning a pregnancy or seeking prenatal testing.


Low socioeconomic status should be identified and attempts to improve nutritional and hygienic measures undertaken. Appropriate referral to federal programs, such as that for women, infants, and children (WIC), and to public health nurses can have real benefits. If a patient has a history of previous neonatal death, stillbirth, or preterm birth, records should be carefully reviewed so that the correct diagnosis is made and recurrence risk appropriately assessed. A history of drug abuse or recent blood transfusion should be elicited. The history of medical illnesses should be detailed and records obtained if possible. A rapid procedure for diagnosing mental disorders in primary care may be useful in pregnancy.38 If appropriate, patients should be screened and treated for depression.


Occupational hazards should be identified. If a patient works in a laboratory with chemicals, for example, she should be advised to identify potential reproductive toxins and limit her exposure. This is an active area of research and there are several online resources for information about potential environmental and occupational teratogens.39 Patients whose occupations require heavy physical exercise or excess stress should be informed that they may need to decrease such activity later in pregnancy as both have been associated with increased risk of preterm birth and reduced fetal growth in observational studies.40


Tobacco, alcohol, and recreational drug use can all adversely affect pregnancy and questions regarding information about their use are a critical part of the history. Specific questions concerning smoking, alcohol, and drugs (prescriptive, over-the-counter, and illicit) should be asked. Regular screening for alcohol and substance use should be carried out using such tools as the T-ACE questionnaire (see Chapter 8) or other simple screening tools, and appropriate directed therapy should be made available to those women who screen positive. Women should be urged to stop smoking before pregnancy and to drink not at all or minimally once they are pregnant. Studies show that smoking cessation counseling by the health care provider works. Pregnancy is an ideal time to initiate this intervention.41 Drug addiction confers a particularly high risk, and addicted mothers require specialized care throughout pregnancy (see Chapter 8). Discussions about caffeine use should also be addressed, as caffeine is addictive, associated with withdrawal symptoms, and relatively ubiquitous. It is present in coffee, tea, cocoa, cola drinks and other carbonated sodas, chocolate, “energy drinks,” and many over-the-counter headache, cold, and flu treatments, as well as diet pills and prescription medications. The average cup of instant or brewed coffee contains 90 to 130 mg of caffeine. High-end coffee from select coffee houses can approach 250 mg.42 A recent study sponsored by the ACOG suggests that there is considerable variation in assessment and advice related to caffeine consumption in pregnant or reproductive-age women. In a self-reported survey, Anderson and colleagues42 found that most clinicians did not know the caffeine content of common beverages and were not familiar with scientific data suggesting adverse reproductive consequence. Due to hormonal influences, caffeine metabolism slows during second and third trimester of pregnancy. It crosses the placenta and is distributed to all fetal tissues. Due to immature liver systems, caffeine metabolism is slow in fetuses and neonates, with an extremely long reported half-life ranging from 80 to 100 hours.43 ACOG44 concluded that moderate caffeine consumption (less than 200 mg/day) does not appear to be a major contributing factor in miscarriage or preterm birth although a conclusion cannot be made regarding a correlation between higher caffeine intake and miscarriage. The relationship of caffeine to growth restriction is undetermined. Hence, practice guidelines suggest that pregnant women should be advised to limit their caffeine consumption to 200 mg/day (2 cups of coffee or cola drinks per day)43-46 (see Chapter 8).


Violence against women is increasingly recognized as a problem that should be addressed, with reports suggesting that abuse occurs during 3% to 8% of pregnancies. Questions addressing personal safety and violence should be included during the prenatal period, and such tools as the Abuse Assessment Score are recommended.47 It consists of five questions that assess the pregnant woman’s history of abuse (emotional, physical, and sexual). It asks if a woman has ever experienced abuse in her lifetime by a partner or someone close to her and then focuses on questions regarding abuse during the current pregnancy. For example, in cases in which women did experience abuse during their pregnancy, they are asked to “score” each incident according to a scale provided, ranging from mild threats to the dangerous use of a weapon or wound from a weapon.









Medical Risk


Family history of diabetes, hypertension, tuberculosis, seizures, hematologic disorders, multiple pregnancies, congenital abnormalities, and reproductive wastage should be elicited. Often, a family history of mental retardation, birth defect, or genetic trait is difficult to elicit without formal genetic counseling or questionnaires; nonetheless, these areas should be emphasized at the initial history. A better history may be obtained if patients are asked to fill out a preinterview questionnaire or history form. Any significant maternal cardiovascular, renal, or metabolic disease should be defined. Infectious diseases such as urinary tract disease, syphilis, tuberculosis, or herpes genitalis should be identified. Surgical history with special attention to any abdominal or pelvic operations should be noted. A history of previous cesarean birth should include indication, type of uterine incision, and any complications. A copy of the surgical report may be informative. Allergies, particularly drug allergies, should be prominent on the problem list.









Hyperthyroidism


Neonatal hyperthyroidism is rare, with an incidence of 1 : 4000 to 1 : 40,000 live births. Fetal thyrotoxic goiter is usually secondary to maternal autoimmune disease, most commonly Graves disease or Hashimoto’s thyroiditis (see Chapter 40). As many as 12% of infants of mothers with a known history of Graves disease are affected with neonatal thyrotoxicosis. This can occur even if the mother is euthyroid. The underlying mechanism is transplacental passage of maternal IgG antibodies. These antibodies, known as thyroid-stimulating antibody or thyroid-stimulating immunoglobulin, are predominantly directed against the thyroid-stimulating hormone (TSH) receptor. Often fetal goiter is diagnosed on ultrasound in pregnancies in which the mother has elevated thyroid-stimulating antibodies. In some cases, fetal goiters are incidentally detected on routine ultrasonography. In still others, detection follows scan for polyhydramnios. Untreated fetal hyperthyroidism may be associated with a mortality rate of 12% to 25% owing to high-output cardiac failure.









Hypothyroidism


Congenital hypothyroidism is relatively rare, affecting about 1 : 3000 to 1 : 4000 infants. About 85% of the cases are the result of thyroid dysgenesis, a heterogenous group of developmental defects characterized by inadequate thyroid tissue. Congenital hypothyroidism is only rarely associated with errors of thyroid hormone synthesis, TSH insensitivity, or absence of the pituitary gland. Congenital hypothyroidism presenting with a goiter is observed in only about 10% to 15% of cases.


Fetal goiterous hypothyroidism also follows maternal exposure to thyrostatic agents such as propylthiouracil and radioactive iodine-131 used to treat maternal hyperthyroidism. Maternal ingestion of amiodarone or lithium may also cause hypothyroidism in the fetus. Fetal hypothyroidism may also follow transplacental passage of maternal blocking antibodies (known as TBIAb or TBII). Rarely, defects in fetal thyroid hormone biosynthesis may exist.


An enlarged fetal goiter may cause esophageal obstruction and polyhydramnios, leading to preterm delivery or premature rupture of membranes. A goiter may even lead to high-output fetal heart failure. A large fetal goiter can also cause extension of the fetal neck, leading to dystocia. Fetal hypothyroidism itself may be devastating, and without treatment, postnatal growth delay and severe mental retardation ensue. Even with immediate diagnosis and treatment at birth, children with congenital hypothyroidism demonstrate lower scores on long-term perceptual-motor, visuospatial, and language tests.









Obstetrical Risk


Previous obstetrical and reproductive history is essential to optimizing care in subsequent pregnancies. The gravidity and parity should be noted and the outcome for each prior pregnancy recorded in detail. Previous miscarriages (and documentation about the gestational age at the time of the loss) not only confer risk and anxiety for another pregnancy loss but can be associated with an increased risk for genetic disease, as well as preterm delivery.


Previous preterm delivery is strongly associated with recurrence; it is important to delineate the events surrounding the preterm birth. Did the membranes rupture before labor? Were there painful uterine contractions? Was there bleeding? Were there fetal abnormalities? What was the neonatal outcome? All these questions are vital in determining the etiology and prognosis of the condition, although specific recommendations will vary and the efficacy of routine prevention programs is not clear. In patients with a previous premature delivery, after preterm labor or premature rupture of membranes, progesterone administration reduces the recurrence risk.48,49 Diethylstilbestrol (DES) exposure, incompetent cervix, and uterine anomalies are all conditions that may be known from a previous pregnancy. Previous fetal macrosomia makes glucose screening essential.


After all the specific questions, it is recommended to ask the patient a few simple questions: What important items haven’t I asked? What else about you and your pregnancy do I need to know? What problems and questions do you have? Leaving time for open-ended questions is the best way to complete the initial visit.









Physical and Laboratory Evaluation


Physical examination should include a general physical examination, as well as a pelvic examination. Baseline height and weight and prepregnancy weight are recorded. Special attention should be given to the initial vital signs and cardiac examination, because many healthy young women have not had a physical examination immediately before becoming pregnant. Any physical finding that might have an impact on pregnancy or that might be affected by pregnancy should be defined. It is particularly important to perform and record a complete physical examination at this initial visit, because less emphasis will be placed on nonobstetrical portions of the examination as pregnancy progresses in the absence of specific problems or complaints.


The pelvic examination should focus on the uterine size. Before 12 to 14 weeks, size can give a fairly accurate estimate of gestational age in a thin patient. Papanicolaou smear and culture for gonorrhea and chlamydia are done. Bacterial vaginosis should be recognized. The cervix should be carefully palpated, and any deviation from normal should be noted. Clinical pelvimetry should be performed and the clinical impression of adequacy noted. The pelvic examination is limited by examiner and patient variation, as well as by obesity. If there is difficulty in examining the uterus, an ultrasound study is indicated.


Basic laboratory studies are routinely performed (see Table 6-2). Some studies need not be repeated if recent normal values have been obtained, such as at a preconceptional visit or a recent gynecologic or infertility examination. Blood studies should include Rh type and screening for irregular antibodies, hemoglobin level, or hematocrit and serologic tests for syphilis and rubella. A urine sample should be obtained and tested for abnormal protein and glucose levels. Screening for asymptomatic bacteriuria has been traditionally done by urine culture, but screening may be simplified by testing for nitrites and leukocyte esterase.50 Tuberculosis screening should also be performed in areas of disease prevalence.


First trimester screening, a multiple marker screen, uses sonographic evaluation of nuchal translucency and biochemical markers (PAPP-A and free βhCG) to allow earlier screening for chromosomal aberrations. It is offered between 11 and 14 weeks.51 The QUAD test (α-fetoprotein, human chorionic gonadotropin [hCG], estriol, and inhibin A) or maternal serum α-fetoprotein screening is offered from 15 to 20 weeks’ gestation to screen for NTDs and aneuploidy52 (see Chapter 10). Patients who undergo first trimester screening require a maternal serum α-fetoprotein level after 15 weeks for NTDs screening. The integrated screen combines first and second trimester screening and gives the result only after the second trimester evaluation is completed.


The laboratory evaluations outlined above are the minimum standard tests. Specific conditions will require further evaluation. A history of thyroid disease will lead to thyroid function testing. Anticonvulsant therapy requires blood level studies to determine adequacy of medication. The importance of compliance with dosing and serial evaluation of serum blood levels should be emphasized as both thyroid medications and anticonvulsant levels are sensitive to the physiologic changes in blood volume that occur during pregnancy. Adequacy of replacement and/or blood levels will need to be monitored throughout pregnancy. Identification of problems on screening (e.g., anemia, abnormal glucose screen) will mandate further testing. Screening for varicella has been suggested for women with no known history of chickenpox. The ACOG has recommended routine screening of all pregnant women for hepatitis B.53 HIV screening should also be offered, because maternal therapy with antiretroviral agents can reduce vertical transmission (see Chapter 50).53 Hepatitis C and CMV screening should be considered for at-risk populations. Recommendations for the content of prenatal care are summarized in Table 6-3. Note that these recommendations are drawn from various sources, most are based on expert opinion, and although similar are not entirely in agreement with regard to all recommendations.54-58




Table 6-3 Recommendations for All Women for Prenatal Care
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Assessment of Gestational Age


During the course of the prenatal interview, assessment of gestational age begins with the question, “What was the first day of the last menstrual period?” From that point, the establishment of an estimated date of delivery and confirmation of that date by accumulation of supportive information remains one of the most important tasks of good prenatal care.


Human pregnancy has a duration of 280 days, measured from the first day of the last menstrual period (LMP) until delivery. The standard deviation is 14 days. It is important to remember that clinicians are measuring menstrual weeks (not conceptional weeks) with an assumption of ovulation and conception based on day 14 of a 28-day cycle. This gives pregnancy the 40-week gestational period in common clinical use. Much confusion exists among patients who try to measure pregnancy in terms of 9 months, when in fact, it is 10 (40/4 = 10), or who try to measure in conceptional weeks. Another problem exists in women whose menstrual cycles do not follow a 28-day cycle and who therefore do not conceive on day 14 of the menstrual cycle. The commonly used term “4 months’ pregnant” has no meaning (one does not know whether this is 16 or 20 weeks) and has no place on a contemporary prenatal record. It is often helpful to explain to patients and their families that their pregnancy will be described in terms of weeks, rather than months, and that the pregnancy can be broken into three trimesters lasting 1 to 14 weeks, 14 to 28 weeks, and 28 weeks to delivery. Every effort should be made to be consistent in usage to prevent confusion among patients and among clinicians who may assume care of the pregnancy.


Knowledge of gestational age is critical for obstetrical decision making. Generally, in a normal pregnancy, we can extrapolate from gestational age to estimate fetal weight. Throughout pregnancy, these are the two most important determinants of fetal viability and survival. Without accurate knowledge of gestational age, diagnosis of such conditions as postterm pregnancy and intrauterine growth restriction is often impossible. Multiple gestation is most often detected early when the size of the uterine fundus is greater than expected for gestation. Appropriate management of preterm labor or a medically complicated pregnancy depends on an accurate estimate of fetal age and weight. Within regional perinatal systems, records of gestational age are important for flow of information, and rapid access to consistent, clear data is vital. In such situations, and during prolonged hospitalization, it is sometimes helpful to define gestational age further by using the notation of fractional weeks (274/7 weeks). It must be remembered, however, that we are describing a biologic system and that such precision is being used more for ease of communication and organization than for any ability to date the pregnancy with such a degree of accuracy.






Clinical Dating


Historically, the most reliable clinical estimator of gestational age is an accurate LMP. Using Naegele’s rule, the estimated date of delivery is calculated by subtracting 3 months and adding 1 week from the first day of the LMP. A careful history must be taken from the patient verifying that the date given is the first day of the period, as well as whether the period was normal, heavy, or light. The date of the previous menstrual period will help ascertain the length of the cycle. History should also be taken about previous use of oral contraceptives, which might influence ovulation.


Other clinical tools can be used to confirm and support LMP data and, in cases in which the LMP is inaccurate or unknown, it has been shown that accumulated clinical information from early pregnancy can predict gestational age with an accuracy approaching that of menstrual dating.


The size of the uterus on early pelvic examination, or by direct measurement of the abdomen from the pubic symphysis to the top of the uterine fundus (over the curve), provides useful information. Experienced practitioners can assess the early pregnancy with reproducibility before 12 to 14 weeks. Fundal height measurement in centimeters using the over-the-curve technique approximates the gestational age from 16 to 38 weeks within 3 cm in non-obese patients.


The uterus also tends to reach the umbilicus at about 20 weeks, and this too can be assessed when uterine fundal measurements are made. The uterus may be elevated in early pregnancy in a patient with a previous cesarean delivery or with uterine myomas, making the fundal height appear abnormally high. Considerable variations in the level of the umbilicus and in the height of patients make this clinical marker variable. Quickening, the first perception of fetal movement by the mother, occurs at predictable times in gestation. In the first pregnancy, quickening is usually noted at about 19 weeks; in subsequent pregnancies, probably because of the experience of the observer, it tends to occur about 2 weeks earlier. It is helpful to ask the woman to mark on a calendar the first time she feels the baby move and to report this date.


Audible fetal heart tones, in addition to being absolute evidence of pregnancy, are another marker of gestational age. Using an unamplified Hillis-DeLee fetoscope, they are generally audible at 19 to 20 weeks. Observer experience, acuity, and the time spent listening can all affect this number, so this guideline may need to be adapted individually.


Use of the electronic Doppler device is widespread and permits detection of the fetal heart by 11 to 12 weeks. Practitioners can set a standard individualized to their own equipment, which can be used as a gestational age marker. If fetal heart tones are not heard at the expected time, a sonogram is appropriate to look for date/examination discrepancy, fetal viability, twins, or polyhydramnios.


The conversion of a negative urinary pregnancy test to a positive one may be helpful in assessing gestational age, but the sensitivity of the test used must be known in order to interpret the data accurately. These tests may be negative if they are performed too early.


Comparison of the various clinical estimators shows a known LMP date to be the most precise predictor. The clinical estimators can be ranked according to decreasing order of accuracy as follows: (1) last menstrual period; (2) the uterus reaching umbilicus; and (3) fetal heart tone documentation, fundal height measurements, and quickening. Because of inherent biologic variability and differences in the examiner acuity, the estimated date of confinement can be predicted with 90% certainty only within ±3 weeks by even the best single estimator.









Ultrasound


Ultrasound plays a major role in assessment of size and duration of pregnancy. The National Institutes of Health (NIH) consensus conference in 1984 concluded that in a low-risk pregnancy followed from the first trimester, routine ultrasound examination was not justified for determining gestational age. However, a long list of indications justify an ultrasound examination and studies on resource utilization indicate that at least 70% of women receive an ultrasound at some point in their pregnancy, and, importantly, women have come to expect an ultrasound as part of standard prenatal care. With the advent of first trimester screening including nuchal translucency measurement, many women are receiving first trimester ultrasounds, and ultrasound is an accurate means of estimating gestational age in the first half of pregnancy. The crown-rump length, biparietal diameter, and femur length in the first half of pregnancy correlate closely with age. As pregnancy progresses, fetal size varies considerably, and measurement of the fetus is a less reliable tool for estimation of gestational age, especially in the third trimester.


Recognizing that most women are receiving ultrasounds at some time in their pregnancy, the following question arises: What should be done if there is a discrepancy in the clinical dates (based on LMP) and the ultrasound dates? If ultrasound differs more than 7 days from LMP during the first trimester, or more than 10 days between 12 and 20 weeks’ gestation, change the estimated due date to the ultrasound date.59 Issues arise when the patient is late to care and there is a size/date discrepancy. In general, one can assume an 8% margin of error in the ultrasound (measured in days).60 Hunter61 advocates using the “rule of 8’s” in this special circumstance. Calculate the difference in dates using days based on LMP and ultrasound. Then multiply the LMP days by 0.08 (margin of error). If the difference is greater than 0.08, use the ultrasound date; if it is less than 0.08, use the LMP dates.61 It would be prudent to follow up with an interval growth scan to evaluate for growth abnormalities.


Although the benefits of routine ultrasound are widely debated, a randomized trial has shown that the risk of being called overdue was reduced from 8% to 2% for patients who received early ultrasound.62 Also, twins were detected more often and perinatal mortality was reduced in the ultrasound group. The Routine Antenatal Diagnostic Imaging with Ultrasound (RADIUS) study reported no improvement in perinatal outcome with use of routine ultrasound in normal, low-risk women.63 However, 61% of women were excluded for many reasons such as an uncertain menstrual history, and only 35% of anomalies were detected in the ultrasound-screened group (only 17% before 24 weeks). The meta-analysis by Bucher and Schmidt indicated that routine scanning can detect many more anomalies. The authors’ practice is to perform ultrasound in the first trimester for women requesting integrated serum marker screening or if heart tones are not heard by Doppler by 11 weeks. We screen for fetal abnormality or multiple gestation at 18 to 20 weeks. If ultrasound is not done routinely, the caregiver must be vigilant in detecting problems that are indications for a scan.












Repeat Prenatal Visits


A plan of visits is outlined to the patient. Traditionally, this has been every 4 weeks for the first 28 weeks of pregnancy, every 2 to 3 weeks until 36 weeks, and weekly thereafter, if the pregnancy progresses normally. The Public Health Service suggested that this number of visits can be decreased, especially in parous, healthy women, and studies suggest that this can be done safely64 (see Table 6-1). If there are any complications, the intervals can be increased appropriately. For example, patients with hypertensive disease or at risk for preterm delivery may require weekly visits. Fetal heart tones can be documented before the 12th week by Doppler devices, and this information can be used for gestational dating purposes.


At regular visits, the patient is weighed, the blood pressure is recorded, and the presence of edema is evaluated (see Intercurrent Problems, following). Fundal height is regularly measured with a tape measure, fetal heart tones are recorded, and fetal position is noted. The goal of subsequent pregnancy visits is to assess fetal growth and maternal well-being. In addition, at each prenatal visit, time should be allowed for the following questions: Do you have any problems? Do you have any questions? Family members should be encouraged to come to prenatal visits, ask questions, and participate to the degree that the patient wishes.


A pelvic examination is usually only performed on the first visit. In patients at risk of prematurity or in those with a history of DES exposure, however, frequent cervical checks or sonographic evaluation of cervical length may reveal premature dilation or effacement.


Further laboratory evaluations are routinely performed at 28 weeks, when the hemoglobin or hematocrit and Rh type and the screen for antibodies, as well as the serologic test for syphilis and possibly HIV testing, can be repeated. If the patient is Rh negative and unsensitized, she should receive Rhesus immune globulin (RhIG) prophylaxis at this time. A glucose screening test for diabetes is also appropriately performed at this time (see Chapter 39), and routine fetal movement counting can begin using an organized system. At 36 weeks, a repeat hematocrit, especially in those women with anemia or at risk for peripartum hemorrhage (multipara, repeat cesarean), may be performed. GBS screening should be done at 35 to 37 weeks and results made available for possible intrapartum prophylaxis. Also, appropriate cultures for sexually transmitted disease (gonorrhea, chlamydia) should be obtained as indicated in the third trimester based on geographic prevalence rates and demographic risk factors.


After 41 weeks from the last menstrual period, the patient should be entered into a screening program for fetal well-being, including electronic monitoring tests and ultrasound evaluation, or offered induction of labor if the dating is accurate (see Chapter 34).









Intercurrent Problems


It is the practice in prenatal care to evaluate the pregnant patient for the development of certain complications. Inherent in these checks is surveillance for intervening problems, an important one being preeclampsia. If a patient shows a blood pressure elevation at 28 weeks, for example, she should be seen again in a week, not a month. Blood pressure will change physiologically in response to pregnancy, but development of hypertension must be recognized and evaluation and hospitalization appropriately instituted.


Weight gain and obesity in pregnancy have been shown to be important predictors of pregnancy outcome. Weight gain is an important correlate of fetal weight gain and is therefore closely monitored. Too little weight gain should lead to an evaluation of nutritional factors and an assessment of associated fetal growth. Excess weight gain is one of the first signs of fluid retention, but it may also reflect increased dietary intake or decreased activity. Sixty-five percent of Americans are overweight (body mass index [BMI] ≥25 kg/m2) or obese (BMI ≥30 kg/m2).65 Compared to women with normal weight, pregnant obese women are at increased risk of miscarriage, gestational diabetes, preeclampsia, venous thromboembolism, induced labor, cesarean delivery, anesthetic complication, and wound infections. Obese women are less likely to initiate or maintain breastfeeding. Babies of obese mothers are at increased risk of stillbirth, congenital anomalies, prematurity, macrosomia, and neonatal death.66 Furthermore, weight gain, and weight retention after pregnancy, is a risk factor for subsequent obesity.6,67 Thus, postpartum weight loss should be encouraged. A study by Rooney and Schauberger68 demonstrated that women who resumed their prepregnancy weight by 6 months postpartum gained only 2.4 kg over the next 10 years as compared 8.3 kg for women who retained weight after delivery. Whereas clinicians have been inundated with teaching women that appropriate weight gain is important for pregnancy, the concomitant importance of postpartum weight loss has not been given equal attention.6,12,69 Likewise, interventions and public education based on this knowledge have been poorly addressed. In fact, studies suggest that prenatal care providers are not addressing diet, weight gain, or physical activity, or are giving incorrect advice.70 Factors that contribute to excessive weight gain during pregnancy include high fat, low fiber intake, high carbohydrate or sugar intake, and decreased physical activity during pregnancy.71 Several small studies suggest that monitoring weight gain, quantity of food intake, and physical activity, combined with behavioral counseling, can limit weight gain during pregnancy and promote postpartum weight loss. However, larger randomized trials are needed to demonstrate long-term effectiveness.66,67


Dependent edema is physiologic in pregnancy, but generalized or facial edema can be a first sign of disease. It is critical here, as in all areas, for the practitioner to understand the normal changes associated with pregnancy not only to accept and explain the normal changes, but also to manage aggressively any abnormal changes.


Proteinuria reflects urinary tract disease, generally either infection or glomerular dysfunction, possibly the result of preeclampsia. Urinary tract infection should be looked for, and the degree of protein quantitated in a 24-hour urine collection.


Glycosuria is common because of increased glucose filtered through the kidney in pregnancy, but warrants evaluation for diabetes with a measurement of capillary glucose when clinical suspicion exists.


Fetal abnormalities are often first detected by deviation from the clinical expectation. In some conditions, risk of fetal anomaly will be so high as to prompt some kind of baseline screening or testing (e.g., amniocentesis, sonography, fetal echocardiography). At other times, risk only becomes evident during the course of prenatal care. Growth restriction and macrosomia can often be suspected clinically, usually on the basis of an abnormality in fundal growth. For the patient who has a history of these conditions or other predisposing factors, such as hypertension, renal disease, or diabetes, particular vigilance is in order. Excess amniotic fluid is another condition that can be clinically detected, and an etiology for the hydramnios should be sought. In addition to maternal conditions, hydramnios may be caused by fetal disease that can also be defined using sonography and that may alter management of the pregnancy.









The Prenatal Record


The prenatal care record describes in a consistent fashion the comprehensive care that is provided and allows for documentation of coordinated services. Prenatal care should be documented by a prenatal record of good quality designed to systematically capture important clinical and psychosocial information over time. One such example is the antepartum record designed by ACOG. Many of the advances in risk assessment and in regionalization result directly from an improvement in this record and electronic medical records (EMRs) are being developed.72 Technology allows sophisticated recording, display, and retrieval (often computer-based) of prenatal care records, but quality relies on accurate, consistent compiling and concurrent recording of the information. The record must be complete, yet simple; directive, but flexible; and transmittable, legible, and able to display necessary data rapidly. European nations often have one record for uniform care; many states and regions have adopted records to permit internal consistency.


The commonly used records accurately reflect the following:




1. Demographic data, obstetrical history


2. Medical and family history, including genetic screening


3. Baseline physical examination, with emphasis on gynecologic examination


4. Menstrual history, especially last normal menstrual period with documentation of established due date and reference criteria for dating if other than LMP


5. Record of individual visits


6. Routine laboratory data (e.g., Rh, GBS, rapid plasma reagin (RPR), rubella, hepatitis, and HIV)


7. Problem list


8. Space for special notations and plans (e.g., planned VBAC or repeat cesarean, tubal ligation)





These records must be made available to consultants, and they should be available at the facility where delivery is planned. If transfer is expected, a copy of the prenatal record should accompany the patient.









Prenatal Education


Patient education leads to better self-care. As maternal and neonatal outcomes improve, efforts become more sophisticated to improve understanding, involvement, and satisfaction with pregnancy and the perinatal period. In this area, more than any other, the options for paramedical support have expanded. Practitioners and patients have access to a vast array of support persons and groups to assist and advise in the pregnancy and subsequent parenthood. Group prenatal care has recently been proposed and evaluated. The wise practitioner stays abreast of these advances and integrates them into practice. Patients should be educated about care options and participate in decision making. Although not exhaustive, the following section includes common issues or concerns that practitioners should address at some point during successive prenatal visits as part of their health education, promotion, and prevention goals with each patient.






Informed Consent and VBAC


During the educational components of prenatal care there is significant opportunity to accomplish most if not all the informed consent required for the delivery process. There are also advantages to securing documentation of appropriate informed consent for management of labor and associated obstetrical procedures, possible interventions, and risks and benefits when they can be thoroughly reviewed and discussed rather than in the throes of labor. It is our practice to obtain consent, whenever possible, in the third trimester for “delivery and related procedures including IV fluids, fetal monitoring, labor augmentation, episiotomy, operative vaginal delivery including forceps and vacuum, and cesarean delivery,” and this is documented on institutional consent forms and signed by the patient. Consent for anesthesia can also be obtained before admission. Risks such as third- and fourth-degree lacerations with episiotomy and operative delivery are appropriate to discuss, as well as the benefits of birth spacing and contraceptive options. Maternal, newborn, and familial benefits have been associated with optimal birth spacing—estimated to be approximately 2 to 5 years. Short pregnancy intervals are associated with increased low birth weight, preterm birth, and other adverse pregnancy outcomes attributed to decreased maternal reserves, whereas prolonged birth spacing has been associated with increased risk of breast cancer, preeclampsia, and stillbirths. The benefits of intermediate birth spacing needs to be emphasized by health care practitioners and more widely disseminated. It is associated with improved maternal health (decreased risk of uterine rupture, endometritis, antepartum bleeding, anemia, depression), improved child health (decreased childhood illnesses, injuries, death, improved education), and improved family health, functioning, and socioeconomic status.73,74 Although contraceptive options are numerous, tubal ligation is the most common method in the United States. If tubal ligation is offered, the risks, benefits, and alternatives of postpartum versus interval ligation should be discussed.
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E-FIGURE 6-1 Example of prenatal education and consent form.


(Courtesy Dr. Frank Zlatnik.)





The special benefits and risks of vaginal birth after cesarean section are particularly important to discuss before labor, and it is common to document both the components of the informed consent process and the patient’s choice with respect to route of delivery.
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E-FIGURE 6-2 Consent form for trial of labor/repeat cesarean section.











Smoking Cessation


Smoking has a demonstrated dose-response relationship to impaired fetal growth. Smoking cessation or reduction can reverse this growth disturbance. The likelihood of interventions to stop or reduce smoking are increased during pregnancy. Every effort should be made to identify prepregnancy and pregnant smokers and provide both pharmacologic and psychosocial interventions and programs to maximize likelihood of smoking cessation (see Chapter 8).









Drugs and Teratogens


At the preconceptional or first prenatal visit, recommendations for nonpharmacologic remedies for common ailments can be given. This can often be integrated into a discussion of the common side effects of pregnancy. Because of widespread use of over-the-counter drugs, the patient should be warned to take only those drugs specifically approved or prescribed by her practitioner (see Chapter 8). Likewise, the patient should be advised to inform her practitioner about all natural or herbal supplements that are being used. Practitioners should be aware of current studies estimating that roughly 40% to 87% of women have used complementary and alternative medicines (including herbal therapy).75









Radiologic Studies


Elective radiologic studies can safely be delayed until completion of the pregnancy; however, dental and radiologic diagnostic procedures should be performed during pregnancy when they are indicated with proper shielding of the abdomen. Tests to evaluate life-threatening events such as thromboembolic phenomenon, or as needed for trauma evaluation, particularly should not be deferred as this could put the mother’s health at undue risk. Judicious use of pulmonary perfusion scans, spiral computed tomography (CT), and magnetic resonance imaging (MRI) have been life-saving for pregnant women with minimal radiation exposure risks. Dental restorative work especially should be performed to allow optimal maternal nutrition (see Chapter 8).









Nutrition


One of the earliest purposes of prenatal care was to counsel and ensure that women received adequate nutrition for pregnancy. The health care provider may be influential in correcting inappropriate dietary habits. Strict vegetarians may need supplemental vitamin B12. Occasionally, consultation with a registered dietitian may be necessary when there is poor compliance or a special medical need such as diabetes mellitus.


Dietary allowances for most substances increase during pregnancy. According to the 1989 recommended dietary allowances (RDAs), only the recommendations for iron, folic acid, and vitamin D double during gestation.76 The RDA for calcium and phosphorus increase by half; the RDA for pyridoxine and thiamine increase by about one third. The RDA for protein, zinc, and riboflavin increase by about one fourth. The RDA for all other nutrients except vitamin A increase by less than 20% (Tables 6-4 and 6-5) and vitamin A not at all, as that is believed to be stored adequately. All of these nutrients, with the exception of iron, are supplied by a well-balanced diet.




Table 6-4 Recommended Dietary Allowances


[image: image]






Table 6-5 Summary of Recommended Dietary Allowances for Women Aged ≥25-50 Years, Changes from Nonpregnant To Pregnant, and Food Sources


[image: image]




The National Academy of Sciences currently recommends that 30 mg of ferrous iron supplements be given to pregnant women daily, because the iron content of the habitual American diet and the iron stores of many women are not sufficient to provide the increased iron required during pregnancy. For those at high nutritional risk, such as some adolescents, those with multiple gestation, heavy cigarette smokers, and drug and alcohol abusers, a vitamin/mineral supplement should be given. Increased iron is needed both for the fetal needs and for the increased maternal blood volume. Thus, iron-containing foods should also be encouraged. Iron is found in liver, red meats, eggs, dried beans, leafy green vegetables, whole-grain enriched bread and cereal, and dried fruits. The 30-mg iron supplement is contained in approximately 150 mg of ferrous sulfate, 300 mg of ferrous gluconate, or 100 mg of ferrous fumarate. Taking iron between meals on an empty stomach will facilitate its absorption.


Because women of higher socioeconomic status have better reproductive performance and fewer low-birth-weight babies than do women of lower socioeconomic status, and because they also consume more protein, it is probably prudent to continue to recommend a generous amount of dietary protein. However, protein supplementation does not improve pregnancy outcome. Acute caloric restriction in a well-nourished population such as occurred during the Dutch famine of 1944 to 1945 caused the average birth weight to drop about 250 g, yet no adverse effect on long-term outcome was observed. These mothers ate a calorie-restricted, balanced diet in their second and third trimesters.









Weight Gain


The total weight gain recommended in pregnancy is 25 to 35 lb for normal women.77 Underweight women may gain up to 40 lb, and overweight women should limit weight gain to 15 lb, although they do not need to gain any weight if they are morbidly obese.78 About 2 to 3 lb are from increased fluid volume, 3 to 4 lb from increased blood volume, 1 to 2 lb from breast enlargement, 2 lb from enlargement of the uterus, and 2 lb from amniotic fluid. At term, the infant weighs approximately 6 to 8 lb and the placenta 1 to 2 lb. A 4- to 6-lb increase in maternal stores of fat and protein is important for lactation. Usually, 3 to 6 lb are gained in the first trimester and [image: image] to 1 lb per week in the last two trimesters of pregnancy.


If the patient does not show a 10-lb weight gain by midpregnancy, her nutritional status should be reviewed, unless she is obese. Inadequate weight gain is associated with an increased risk of a low-birth-weight infant (Figure 6-3). Inadequate weight gain seems to have its greatest effect in women who are low or normal weight before pregnancy. Underweight mothers must gain more weight during pregnancy to produce infants of normal weight. Patients should be cautioned against weight loss during pregnancy.
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Figure 6-3 Percentage of live-born infants of low birth weight by maternal weight gain during pregnancy according to the mother’s prepregnancy weight. Low birth weight is defined as birth weight of less than 2500 g or 5 lb, 8 oz.


(From the National Natality Survey—United States. DHHS Pub No. [PHS] 86-1922, 1980.)





When excess weight gain is noted, patients should be counseled to avoid high fat, high carbohydrate, or sugar intake, and to increase their physical activity. Rapid weight gain requires an assessment for fluid retention. In the assessment of edema, some dependent edema in the legs is normal as pregnancy advances because of venous compression by the weight of the uterus. Elevation of the feet and bedrest on the left side will help correct this problem. Turning the patient from her back to her left side increases venous return from the legs as the pressure on the vena cava is relieved. This maneuver increases the effective circulating blood volume, cardiac output, and thus the blood flow to the kidney. A diuresis will follow, as well as increased blood flow to the uterus.


Limitation of fluids will neither prevent nor correct fluid retention. Salt is not restricted, although patients with hypertension may be advised to decrease salt load.









Activity and Employment


Most patients are able to maintain their normal activity levels in pregnancy. Mothers tolerate pregnancy with considerable physical activity, such as looking after small children, but heavy lifting and excessive physical activity should be avoided. Modification of activity level as the pregnancy progresses is seldom needed, except if the job involves physical danger. Recreational exercises should be encouraged, such as those available in prenatal exercise classes. Unfortunately, many women are routinely told to decrease their physical activity, but research on moderate aerobic activity shows no negative impact on pregnancy outcomes. In the absence of medical or obstetrical complications, current ACOG recommendations advocate for 30 minutes (or more) of moderate exercise daily.79 A Cochrane review of aerobic exercise in pregnancy indicated improved maternal fitness, but insufficient evidence to determine if there are maternal or neonatal risks or benefits.40


Previously sedentary women with no medical contraindications can start with 15 minutes of continuous exercise three times per week and work toward a goal of 30 minutes four times per week. With regard to exercise intensity, a good rule of thumb is the “talk test.” If a pregnant, exercising woman cannot maintain a conversation (perceived moderate intensity), she is probably overexercising. Studies suggest that women who engage in regular recreational activity have less gestational diabetes, less preeclampsia, and less low back pain/pelvic pain.79 The patient should be counseled to discontinue activity whenever she experiences discomfort.


Healthy pregnant women may work until their delivery, if the job presents hazards no greater than those encountered in daily life. Strenuous physical exercise, standing for prolonged periods, and work on industrial machines, as well as other adverse environmental factors, may be associated with increased risk of poor pregnancy outcome, and these should be modified as necessary.79









Travel


A pregnant woman should be advised against prolonged sitting during car or airplane travel because of the risk of venous stasis and possible thromboembolism. The usual recommendation is a maximum of 6 hours per day driving, stopping at least every 2 hours for 10 minutes to allow the patient to walk around and increase venous return from the legs. Hydration and support stockings are also recommended.


The patient should be instructed to wear her seat belt during car travel, but under the abdomen as pregnancy advances. It may also be helpful to take pillows along in a car to increase comfort. If the patient is traveling a significant distance, it might be helpful for her to carry a copy of her medical record with her in case an emergency arises in a strange environment. She should also become familiar with the medical facilities in the area or perhaps obtain the name of an obstetrician in the event of a problem.









Immunizations


Because of a theoretical risk to the fetus, pregnant women or women likely to become pregnant should not be given live, attenuated-virus vaccines. Influenza vaccination should be given during flu season.80 Yellow fever and oral polio may be given to women exposed to these infections. Despite theoretical risks, no evidence of congenital rubella syndrome in infants born to mothers inadvertently given rubella vaccine has been reported. Measles, mumps, and rubella viruses are not transmitted by those immunized and can be given to children of pregnant women. There is no evidence of fetal risk from inactivated virus vaccines, bacterial vaccines, toxoids, or tetanus immunoglobulin, which should be administered if appropriate. Postdelivery rubella and varicella vaccinations should be encouraged as this remains a substantial missed opportunity. Tdap is given postpartum if the patient has not received it previously, regardless of the interval since the last Td (see Chapter 22).









Nausea and Vomiting in Pregnancy


Nausea and vomiting is a common symptom of pregnancy affecting approximately 75% of pregnancies.81,82 Hyperemesis gravidarum is an extreme form characterized by unexplained vomiting, dehydration, and weight loss and frequently results in hospitalization.81 The exact etiology of hyperemesis gravidarum is unknown, but is believed to be related to a product of the placenta, and its occurrence is correlated with human chorionic gonadotropin (hCG) and estradiol concentration. Twin and sibling studies suggest there may be a genetic component.81 Epidemiologic risk factors include younger age, low prepregnancy body mass, female fetus, and a history of motion sickness or migraines.81,82 Smoking and obesity are associated with decreased risk of hyperemesis.81,83 If hyperemesis gravidarum occurs in a first pregnancy, the recurrence risk is approximately 15%, although this can be reduced by a change in paternity.81,82


Women with hyperemesis gravidarum can have transient laboratory abnormalities including suppressed TSH or elevated free thyroxine. They can also have elevated liver enzymes, bilirubin, amylase, lipase, and altered electrolytes (loss of sodium, potassium, and chloride).84 Women with severe hyperemesis can develop rare, severe complications such as Wernicke’s encephalopathy, beriberi, central pontine myelinolysis, peripheral neuropathy, hepatic failure, or renal failure. Similarly, severe retching has been associated with Mallory-Weiss tears, esophageal rupture, pneumomediastinum, and retinal detachment.81


Fetal effects of hyperemesis gravidarum are unclear. In general, if the problem is corrected or resolves and the patient is able to gain weight, there are no consequences. However, if the woman has poor weight gain (fewer than 15 lb), the fetus is at increased risk for low birth weight and preterm birth.85


Treatment of hyperemesis gravidarum is primarily symptomatic. There is no evidence to support an ideal diet in these cases, but women are frequently advised to eat small meals that favor protein over carbohydrates and liquids over solids.86 Women admitted to the hospital typically require IV hydration, and most recommend initial supplementation with thiamine (100 mg) for 3 days to prevent the possibility of Wernicke’s encephalopathy.81,82 Three randomized controlled trials suggest a benefit of vitamin B6 in reducing nausea.87 If symptoms persist, adding an antihistamine may be beneficial.88 In additional to antihistamines, benzamides, phenothiazines, butyrophenones, type 3 serotonin receptor antagonists, and corticosteroids have all been used in the treatment of hyperemesis. Although anecdotally successful, the evidence of efficacy from randomized trials is inconclusive.81,82 This is important to consider given that some of the agents can cause adverse reactions including but not limited to extrapyramidal symptoms, anxiety, and depression. Alternative therapies that have been described with variable success include acupuncture and acupressure.81,82 Ginger has been shown in two randomized placebo-controlled trials to be effective.89,90


In rare instances, patients do not respond to treatment, are unable to tolerate oral intake, and are unable to maintain or continue to lose weight. These patients may benefit from enteral or parenteral nutrition although significant complications have been described with parenteral nutrition, including infection, thrombophlebitis, and death from infection or pericardial tamponade.81 A recent study by Holmgren and colleagues91 described maternal and neonatal outcomes from 94 patients admitted with hyperemesis gravidarum and treated with medication only as compared to nasogastric tube or peripherally inserted central catheter (PICC). They found no difference in neonatal gestational age, mean birth weight, or Apgar scores, but found an increased risk of NICU admission in the PICC line group (9.1% vs. 4.1% or 0%). Of patients managed with medication, 7% (3/42) had an adverse reaction from the medication that resolved after treatment, whereas 11% (2/19) of patients had the nasogastric tube dislodged, and 66% (21/33) of patients with a PICC line required treatment for infection, thromboembolism, or both. Based on their findings, and those of others, the authors suggested that PICC lines should be avoided.91


Finally, there are patients who fail treatment and opt to terminate pregnancy. The exact incidence is unknown. However, a Web-based survey of over 800 women who agreed to be part of a hyperemesis gravidarum registry noted that 15% had at least one termination and 6% had more than one termination as a direct or indirect result of severe hyperemesis gravidarum. These women felt they were too sick to care for their family or themselves or they were concerned about the potential adverse consequences of hyperemesis gravidarum on their baby. Further, these women indicated that health care providers were uncaring or did not appear to understand or acknowledge how sick they were, suggesting that further education within the medical community about the physical and psychological burden of hyperemesis gravidarum is needed.92









Heartburn


Heartburn is a common complaint in pregnancy because of relaxation of the esophageal sphincter. Overeating contributes to this problem. The patient should be advised to save part of her meal for later if she is experiencing postprandial heartburn and also not to eat immediately before lying down. Pillows at bedtime may help. If necessary, antacids may be prescribed. Liquid antacids coat the esophageal lining more effectively than do tablets. In a subset of patients, H-2 blockers may be helpful (see Chapter 8).









Restless Legs Syndrome


About 1 in 10 women will develop restless legs syndrome (RLS) during the second half of pregnancy. RLS usually occurs as women fall asleep and is characterized by tingling or other uncomfortable sensations in the lower legs, resulting in the overwhelming urge to move the legs. Unfortunately, movement, walking around, or other measures do not relieve RLS. Iron deficiency anemia has been associated with an increased chance of RLS, and in anemic women, iron supplementation may reduce leg restlessness. Avoiding caffeine-containing drinks such as coffee, tea, or sodas in the last half of the day should also be recommended, as caffeine may increase symptoms.









Sciatica


Sciatica refers to nerve pain that shoots rapidly down from the buttocks and unilaterally down one leg, usually ending in the foot. True sciatica is rare in pregnancy, affecting only about 1% of pregnancies. True sciatica is caused either by a herniated disc or, less commonly, by uterine pressure on the sciatic nerve. In addition to pain, other signs of nerve compression include numbness in the affected leg. True sciatica should prompt referral to a neurologist or an orthopedic surgeon for further evaluation.









Carpal Tunnel Syndrome


The extra fluid retention of pregnancy can exacerbate carpal tunnel syndrome; higher weight gain during pregnancy is also a risk factor. The most common symptoms of carpal tunnel syndrome are pain and numbness in the thumb, index, and middle fingers and weakness in the muscle that moves the thumb. Between 25% and 50% of pregnant women will notice some symptoms of carpal tunnel syndrome. Treatment during pregnancy is usually limited to supportive measures such as nighttime splinting that may help reduce increased pressure on the nerve that occurs when the wrist is bent; about 80% of women will notice reduction in symptoms with splinting alone. Severe cases of carpal tunnel syndrome can be treated with steroid injections into the area around the carpal tunnel to reduce swelling and inflammation. After delivery, symptoms generally resolve within 4 weeks (see Chapter 46).









Hemorrhoids


Hemorrhoids are varicose veins of the rectum. Because straining during bowel movements contributes to their aggravation, avoidance of constipation is preventive, and prolonged sitting should also be avoided. Hemorrhoids will often regress after delivery but usually will not disappear completely.









Constipation


Constipation is physiologic during pregnancy with decreased bowel transit time, and the stool may be hardened. Dietary modification with increased bulk such as with fresh fruit and vegetables and plenty of water can usually help this problem. Constipation is aggravated by the addition of iron supplementation; if dietary measures are inadequate, patients may require stool softeners. Additional dietary fibers such as Metamucil (psyllium hydrophilic muciloid) or surface-active agents such as Colace (docusate) can be used, if indicated. Laxatives are rarely necessary.









Urinary Frequency and Incontinence


Often during the first 3 months of pregnancy, the growing uterus places increased pressure on the bladder. Urinary frequency usually will improve as the uterus rises out of the pelvis by the second trimester. However, as the head engages near the time of delivery, urinary frequency may return as the head presses against the bladder. About 40% to 50% of women will experience urinary incontinence during their pregnancy. The risk of incontinence of urine is highest in the third trimester. The chances of experiencing incontinence are increased in multiparous women, especially those with a history of incontinence. Incontinence during pregnancy is a risk factor for persistent incontinence. If the patient experiences pain with urination or new-onset incontinence, it is appropriate to check for infection.









Round Ligament Pain


Frequently, patients will notice sharp groin pains caused by spasm of the round ligaments associated with movement. This is more frequently felt on the right side as a result of the usual dextrorotation of the uterus. The pain may be helped by application of local heat such as with hot soaks or a heating pad. Patients may awaken at night with this pain after having suddenly rolled over in their sleep without realizing it. During the daytime, however, modification of activity with gradual rising and sitting down, as well as avoidance of sudden movement, will decrease problems with this type of pain. An elastic four-way stretch can minimize movement of the uterus. Analgesics are rarely necessary.









Syncope


Compression of the veins in the legs from the advancing size of the uterus places patients at risk of venous pooling associated with prolonged standing. This may lead to syncope. Measures to avoid this possibility include wearing support stockings and exercising the calves to increase venous return. In later pregnancy, patients may have problems with supine hypotension, a distinct problem when undergoing a medical evaluation or an ultrasound examination. A left lateral tilt position with wedging below the right hip will help keep the weight of the uterus and fetus off the inferior vena cava.









Backache


Back pain is a common complaint in pregnancy affecting over 50% of women. Numerous physiologic changes of pregnancy likely contribute to the development of back pain, including ligament laxity related to relaxin and estrogen, weight gain, hyperlordosis, and anterior tilt of the pelvis. These altered biomechanics lead to mechanical strain on the lower back. Backache can be prevented to a large degree by avoidance of excessive weight gain, and a regular exercise program before pregnancy. Exercises to strengthen back muscles can also be helpful. Posture is important, and sensible shoes, not high heels, should be worn. Scheduled rest periods with elevation of the feet to flex the hips may be helpful. Other successful treatment modalities that have been described include nonelastic maternity support binders, acupuncture, aquatic exercises, and pharmacologic regimens incorporating acetaminophen, narcotics, prednisone, and rarely antiprostaglandins (if remote from term).









Sexual Activity


No restriction need generally be placed on sexual intercourse. However, the patient should be advised that pregnancy may cause changes in comfort and sexual desire. Frequently, increased uterine activity is noted after sexual intercourse; it is unclear whether this is due to breast stimulation, female orgasm, or prostaglandins in male ejaculate. Fox and colleagues,93 in a survey of 425 primiparous women, reported that over 60% of women reported sexual activity in the third trimester and up to one third engaged in sexual activity within 2 days of delivery. Studies suggest that sexual activity during pregnancy is rarely discussed, although most women feel the need to receive more information.94 For women at risk for preterm labor or with a history of previous pregnancy loss and who note increased uterine activity after sex, use of a condom or avoidance of sexual activity may be recommended.









Circumcision


Newborn circumcision is a widely practiced elective procedure with significant variation by race/ethnicity, geographic region, education level, and religious belief. Although the medical benefits have been widely debated, recent studies suggest that circumcision offers protection against urinary tract infections, some sexually transmitted diseases, HIV transmission, cervical cancer, penile cancer, and phimosis. Despite these findings, the American Academy of Pediatrics (AAP) does not recommend routine neonatal circumcision.95 Education in good personal foreskin hygiene offers many of the advantages of circumcision without the risks.


Circumcision in the newborn is an elective procedure and should be performed only if the infant is stable and healthy. If performed, the AAP recommends a multifaceted approach to pain management in order to reduce the observed physiologic response to the newborn’s pain.95









Breastfeeding


Breastfeeding as a public policy has been widely endorsed and supported by the Department of Health and Human Services. Healthy People 2000 and 2010 called for 50% of mothers to breastfeed for at least 6 months. Hence, during prenatal visits, the patient should be encouraged to breastfeed her infant (see Chapter 23). Human milk is the most appropriate nutrient for human infants and also provides significant immunologic protection against infection. Infants who are breastfed have a lower incidence of infection and require fewer sick child office visits and hospitalizations than do infants who are fed formula exclusively. A myriad of other infant benefits have been reported, including but not limited to decreased incidence of sudden infant death syndrome, diabetes, otitis media, respiratory tract disease, tonsillitis, dental caries, and a host of immunologic-mediated conditions such as rheumatoid arthritis, Crohn’s disease, multiple sclerosis, eczema, and allergic reactions. These benefits are greatest if the infant is exclusively breastfed for 6 months and the protection decreases in proportion to the amount of supplementation.


Maternal advantages of lactation include economy, convenience, more rapid involution of the uterus, and natural child spacing. Breastfeeding protects the mother from infections, cancer (breast, endometrial, and ovarian), osteoporosis, diabetes, and rheumatoid arthritis. The reasons a woman decides to bottle-feed should be explored, as they may be based on a misconception. For example, preterm birth and medical problems are usually not contraindications for breastfeeding. Practitioner encouragement, liberal use of lactation consultants, and spouse and peer support will sometimes convince a hesitant mother who may then be able to nurse successfully. The American Dietetic Association recommends exclusive breastfeeding for the first 6 months and breastfeeding with complementary foods for at least 12 months as the ideal feeding pattern for infants. Studies on incidence and duration of breastfeeding indicate that U.S. women fall far short of that. Based on survey data, the United States cites initiation rates ranging from 27% to 70% and only 19% to 33% of women reporting duration of breastfeeding for at least 6 months. Initiation and duration of breastfeeding are widely influenced by age, race/ethnicity, cultural, and peer influences.


Working outside the home need not be a contraindication to breastfeeding. Many women who previously would not have considered nursing an option, such as those with careers, are now finding time to breastfeed their infants. Employer-based lactation support programs have demonstrated prolonged breastfeeding duration, as well as specific employer benefits—mothers of breastfed infants were more productive at work, missed fewer days, and used fewer health care benefits because of child care issues. Women should be aware that alternative ways of breastfeeding can be used to correspond with their work schedules. They can decrease the frequency of lactation to a few times a day in most cases and still continue to nurse. Other women may pump their breasts at work, leaving milk for the child’s caretaker during the day and thus providing breast milk to the infant even more frequently. The milk may be collected in containers and, if refrigerated, is safe to use for 24 hours. For a longer duration, the milk should be frozen. Because freezing and thawing destroy the cellular content, fresh milk is preferred.


There is no need for specific nipple preparation during pregnancy. In one study, women prepared one nipple and not the other with a variety of techniques, including massage and breast creams, and found no difference in the two. Soap and drying agents should not be used on the nipples, which should be washed only with water.









Preparation for Childbirth


The introduction of childbirth education and consumerism has had significant impact on the practice of obstetrics. Studies have shown that prepared childbirth education can have a beneficial effect on labor and delivery. Although the education can be transmitted by the obstetrician at the initial visit or over a series of shorter return visits, patients have come to expect more personal involvement than to be given a book or handout to read. The appropriate place for such education has evolved to be a series of planned, structured prenatal education classes taught by informed, qualified individuals. These classes can be given in the physician’s office, at the hospital, or in free-standing classes. National organizations such as the Childbirth Education Association and the American Society for Psychoprophylaxis in Obstetrics have recognized the need for such instruction and teach prepared childbirth. There are also advantages to office- and hospital-based programs, if the patient volume permits it, since specifics of management and alternatives offered by that practice or hospital can be discussed in these programs. On the other hand, free-standing classes offer the advantage of open-endedness and of presenting many options to the patient, who can then discuss them with her care provider. Group prenatal care also can apparently serve an important education function. However, attendance at traditional childbirth classes has been waning.11,12 This has been attributed to various factors such as a growing preference for medicated birth including scheduled inductions and epidurals, increased elective cesareans, and a perception that the content and philosophy of childbirth education classes are not consistent with the changing needs of childbearing women.11,96 Many advances in family-centered practice (e.g., allowing fathers in the delivery room and operating room) have come from consumer requests and demands. Additional research is needed to understand how clinicians and educators might help inform women and their partners in the current childbirth climate. The prenatal period should be one in which the patient is exposed to information about pregnancy, normal labor and delivery, anesthesia and analgesia, obstetrical complications, and obstetrical operations (e.g., episiotomy, cesarean delivery, and forceps or vacuum delivery). Although the physician, midwife, or childbirth educator is the ideal person to transmit this information, patients have ready access to Internet, media, and peers, all of which can propagate both information and misinformation. Of concern is that many younger women enter pregnancy believing that all technology and medical interventions increase the safety and outcome for both mother and baby.11


The primary purpose of childbirth education is to provide the mother with information regarding the range of interventions that could be encountered during childbirth and to empower the patient to participate in shared decision making. Late third trimester is an ideal time to obtain informed consent from the patient for her intrapartum care and management, and to discuss her concerns and preferences about childbirth. A pregnant patient often makes a list of what she would like to discuss with her practitioner in the peripartum period. Thus, the care provider can understand her needs and desires, better address these needs and desires if labor and delivery do not proceed normally or as planned, and explain why certain requests are not possible or reasonable.









Signs of Labor


It is important to instruct the patient about certain warning signs that should trigger a call to her care provider or a visit to the hospital. All women should be informed of what to do if contractions become regular, if rupture of membranes is suspected, or if vaginal bleeding occurs. Patients should be given a number to call where assistance is available 24 hours a day.









Prepared Parenthood and Support Groups


Routine classes on newborn child care and parenting should be part of the prenatal care program. Many parents are completely unprepared for the myriad of changes in their lives, and some idea of what to expect is beneficial. As pregnancy progresses, special needs can arise. Support groups for families with genetic or medical conditions such as Down syndrome, skeletal dysplasias, preterm infants, or maternal support groups for mothers of twins or triplets, and for women who have had cesarean delivery, have all shown that they can meet the special needs of these parents. Unsuccessful pregnancies lead to special problems and needs, for which social workers, clergy, and specialized support groups can be invaluable. Miscarriage, stillbirth, and infant death are particularly devastating events, best managed by a team approach, with special attention to the grieving process. Referral to such groups as Compassionate Friends of Miscarriage, Infant Death, and Stillbirth is recommended. Careful evaluation and follow-up for depression should be part of the routine pregnancy postpartum care.









Postpartum Visit


Most patients should be seen approximately 6 weeks postpartum, sooner for complicated deliveries and/or cesarean deliveries. The goal of this visit is to evaluate the physical and psychosocial and mental well-being of the mother, provide support and referral for breastfeeding, initiate or encourage compliance with the preferred family planning option, and to initiate preconception care for the next pregnancy. Current estimates suggest that 82% and 58.5% of commercial and Medicaid enrollees, respectively, obtain a postpartum visit. Data suggest that maternal health after pregnancy is associated with improved child health, and so increasing compliance with postpartum visits has been identified as both a national and an international public health priority.97-99 Specific attention should be directed toward counseling about weight loss and follow-up for medical complications including heart disease, hypertension, and diabetes (conditions that may have been exacerbated by pregnancy), as well as thyroid disease and epilepsy (conditions in which medication adjustments may be required).












Summary


Prenatal care is effective, if incompletely understood and studied. It provides a model for primary care services for both obstetricians/gynecologists and other primary care providers. It satisfies the Institute of Medicine criteria for primary care, as it is comprehensive and continuous, and provides coordinated services. Preconceptional care has the potential to improve pregnancy outcome if key conditions are recognized and treatment is optimal. Risk assessment, with subsequent elimination or management of risks, health education, advocacy, and disease prevention, as well as appropriate medical management of complications, remain the core of the process. Changes in number of visits and improved understanding of the successful components of prenatal care will improve services and efficiency without altering the substance of what has been developed and achieved. Prenatal care should reinforce the importance of lifelong disease surveillance and prevention, as well as active participation in personal wellness behavior for women and their families. Care providers and patients should embrace pregnancy as a teachable moment and capitalize on the potential to directly improve the health and well-being of the mother, and indirectly improve the health and well-being of the child and family.









Key Points







♦ Preconception and prenatal care are not only part of the pregnancy continuum that culminates in delivery, the postpartum period, and parenthood, but they should also be considered in the context of women’s health throughout the life span. Importantly, this introduces the concept of interconception care—almost all health care interactions with reproductive-age women are opportunities to assess risk, promote healthy lifestyle behaviors, and identify, treat, and optimize medical and psychosocial issues that could affect pregnancy.


♦ Maternal mortality is the demise of any woman from any pregnancy-related cause while pregnant or within 42 days of termination of a pregnancy. The United States has not met its Healthy People 2010 goal of 3.3 per 100,000. The current maternal mortality rate is 12.1 per 100,000 and appears to be rising, with significant ethnic disparity.


♦ Preconception evaluation should include rubella, hepatitis B, and HIV testing. In selected situations, screening should be extended to varicella, toxoplasmosis, tuberculosis, and hepatitis C. Further tests may be indicated depending on historical genetic risk factors identified.


♦ Preconception supplementation with folic acid can reduce the incidence of NTDs and other defects. All women of childbearing age should consume 0.4 mg of folic acid daily. Women who have had a child previously affected by an NTD should take 4 mg daily from 4 weeks before conception through the first 3 months of pregnancy.


♦ Tobacco, alcohol, recreational drugs, and even caffeine have been associated with adverse pregnancy outcomes. Women should be urged to stop smoking, avoid alcohol, and limit caffeine to 2 cups of coffee or cola drinks per day (200 mg/day)


♦ Accurate dating of pregnancy is essential to optimize screening and to minimize unnecessary interventions for management of postdate pregnancies. Ultrasound evaluation between 16 and 20 weeks allows accurate assessment of gestational age and survey for fetal abnormality and multiple gestation.


♦ A number of multiple marker tests are available for screening for aneuploidy in the first trimester and/or second trimester. Practitioners should be familiar with the various options and offer them to their patients irrespective of maternal age.


♦ The total weight gain recommended for healthy women is 25 to 35 lb. Underweight women may gain up to 40 lb, and overweight women should limit weight gain to 15 lb. Women should be monitored on overall weight gain and actively encouraged to return to prepregnancy weight during the postpartum period to minimize long-term risk of subsequent obesity.


♦ Most patients are able to maintain their normal activity levels in pregnancy. Mothers tolerate pregnancy with considerable physical activity, but heavy lifting and excessive physical activity should be avoided.


♦ The pregnant woman should be advised against prolonged sitting during car or airplane travel because of the risk of venous stasis and possible thromboembolism.


♦ Women with hyperemesis gravidarum can have transient laboratory abnormalities including suppressed TSH, elevated liver enzymes, bilirubin, amylase, lipase, and altered electrolytes. Treatment of hyperemesis gravidarum is primarily symptomatic. Recent studies suggest increased risks associated with rare cases requiring parenteral treatment.


♦ Prenatal care should include information on labor, delivery, possible operative procedures, obstetrical analgesia, breastfeeding, postpartum recovery, and contraception.


♦ For infant nutrition, “breast is best.” The Department of Health and Human Services and Healthy People 2000 and 2010 called for 50% of mothers to breastfeed for at least 6 months. Human milk is the most appropriate nutrient for human infants, providing significant immunologic protection. Infants who are breastfed have a lower incidence of infection and require fewer office visits and hospitalizations than do infants who are fed formula exclusively. Other reported infant benefits include decreased incidence of sudden infant death syndrome, diabetes, otitis media, respiratory tract disease, tonsillitis, dental caries, rheumatoid arthritis, Crohn’s disease, multiple sclerosis, eczema, and allergic reactions. Maternal advantages include economy, convenience, more rapid involution of the uterus, and natural child spacing. Breastfeeding protects the mother from infections, cancer (breast, endometrial, and ovarian), osteoporosis, diabetes, and rheumatoid arthritis.


♦ Postpartum visits and interconception visits are valuable times for ongoing risk assessment, health promotion, and screening about factors likely to affect the health of women and their families (e.g., diet, exercise, breastfeeding, family planning, substance use, depression, violence and injury prevention). Practitioners should develop the infrastructure within their practices to provide opportunities for patient education about these issues and referral as appropriate.


♦ Pregnancy is a “teachable moment” (naturally occurring life transition) that motivates people to adopt risk-reducing behaviors. Health care providers should capitalize on this opportunity to educate and facilitate healthy lifestyle changes and primary prevention strategies that may benefit women and their families.
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The concept of eating for two when pregnant, along with many other myths of pregnancy, has come under greater scrutiny in the past decade. This is because of the changes in population demographics, as well as alterations in women’s lifestyles. In the past 50 years, the number of women of reproductive age who are overweight (body mass index [BMI] greater than 25.0 [kg/m2] to 29.9) has remained stable at approximately 30%.1 More concerning is the twofold increase in obesity (BMI ≥30) from 13% to 35% (Figure 7-1).2 This increase in obesity has occurred disproportionately in minority populations such as Hispanics and African Americans.1 The increase in obesity in the population has been ascribed to our increased consumption of non-nutritious foods and decreased physical activity. Obstetricians need to assume an important role in preventing the progression of obesity in women.
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Figure 7-1 Adult obesity in the United States 2007, by county.


(Modified from CDC Division of Diabetes Translation, National Diabetes Surveillance System. www.cdc.gov/diabetes/statistics)





Excessive weight gain in pregnancy significantly increases the risk of postpartum weight retention3 and contributes to the accretion of excess adipose tissue in the fetus.4 Weight management, however, is not the only issue. The importance of specific nutrients is also a critical issue which needs to be considered during gestation, as deficiencies and/or excess of various nutrients can have both short- and long-term consequences in the mother and her fetus. In this chapter, we address the specific nutrient requirements in pregnancy, energy requirements, recommendations for weight gain, and special conditions such as bariatric surgery.






Integrating Nutrition Into the Obstetrical History


Every woman should have the opportunity to meet with a health care provider for a prepregnancy history and physical examination that includes a nutrition assessment. The purpose of a nutrition assessment is to identify a woman’s nutritional risk factors that could jeopardize her health or the health of her fetus and to determine the quality and quantity of nutrients in the mother’s diet. Adequate intake of nutrients positively influences the quality of nutritional support for the developing fetus and may reduce fetal risk and improve pregnancy outcome.5 A thorough evaluation of a woman’s nutritional status before and during pregnancy encompasses medical history and weight status, dietary intake, and laboratory data. Pertinent dietary information includes appetite, meal patterns, dieting regimens, cultural or religious dietary practices, vegetarianism, food allergies, and cravings and/or aversions. Information about abnormal eating practices, such as following fad diets, bingeing, purging, laxative or diuretic use, or pica (eating nonfood items, e.g., ice, detergent, starch, chalk, clay, or rocks), should be ascertained.


Other relevant information includes the habitual use of caffeine-containing beverages, tobacco, alcohol, recreational drug consumption, and any vitamin or herbal supplementation or alternative pharmacologic therapies the woman may be consuming. Dietary supplements may not be volunteered and their use may be inappropriate or dangerous during pregnancy, such as high levels of vitamin A. A woman’s current dietary intake can be assessed using the 24-hour recall method, asking her to describe what she ate and drank the day before, or she could complete a diet history questionnaire.


Obtaining a history of previous weight gain patterns during pregnancy; prior history of nausea, vomiting, or hyperemesis during pregnancy; gestational diabetes; eclampsia; anemia; pica; and weight status (BMI) should be determined. The medical history also identifies maternal risk factors for nutritional deficiencies and chronic diseases with nutritional implications (e.g., absorption disorders, cystic fibrosis, eating disorders, metabolic disorders, infections, diabetes mellitus, phenylketonuria, sickle cell trait, or renal disease). Women who have had closely spaced pregnancies (i.e., less than a year between pregnancies) are at increased risk of having depleted nutrient reserves. Maternal nutrient depletion may be associated with an increased incidence of preterm birth, intrauterine growth restriction (IUGR), and maternal mortality/morbidity.


In addition to the medical history, questions regarding professional, social, economic, and emotional stresses and specific religious practices (including dietary restrictions and fasting) that may affect a woman’s nutritional status should be asked. Some work environments adversely affect dietary intake, as they may not provide adequate time during the day to eat proper meals or allow access to only nutritionally marginal food. For this reason, it is important to ask pregnant woman about the conditions of their employment, and identify limitations and potential solutions. Women with lower socioeconomic status often need support to obtain nutritious food, and referral to food assistance programs may be appropriate (e.g., Women, Infants and Children Program [WIC]).


Many women are receptive to nutrition counseling just before or during pregnancy, making this an opportune time to encourage the development of good nutritional and physical activity practices aimed at preventing future medical problems such as obesity, diabetes, hypertension, and osteoporosis.5 Pregnant women with nutritional risk factors may benefit from a referral to a registered dietitian as shown in the accompanying box, Medical Conditions in Which Consultation with a Registered Dietitian Is Advisable.





Medical Conditions Where Consultation with A Registered Dietitian Is Advisable







• Multiple gestation (twins, triplets)


• Frequent gestations (less than a 3-month interpregnancy interval)


• Tobacco, alcohol, or chronic medicinal or illicit drug use


• Severe nausea and vomiting (hyperemesis gravidarum)


• Eating disorders (anorexia, bulimia, and compulsive eating)


• Inadequate weight gain during pregnancy


• Adolescence


• Restricted eating (vegetarianism, macrobiotic, raw food, vegan)


• Food allergies or food intolerances


• Gestational diabetes mellitus (GDM) or prior history of GDM


• Prior history of low-birth-weight babies or other obstetrical complications


• Social factors that may limit appropriate intake (e.g., religion, poverty)





Source: Lisa Hark, PhD, RD. Used with permission.












Maternal Weight Gain Recommendations


In 1990 the Institute of Medicine (IOM) published weight gain recommendations during pregnancy.6 The guidelines were first proposed to address many issues regarding the role of nutrition in pregnancy, including the prevention of small-for-gestational-age (SGA) and growth-restricted neonates. In view of the recent obesity epidemic, the IOM convened a workshop conference in 2006 to evaluate the available data and reexamine the 1990 IOM guidelines. Shortly thereafter the IOM, at the behest of various federal agencies, organized a committee to evaluate the currently available information regarding weight gain recommendations in pregnancy. These guidelines considered both the short- and long-term outcome for the pregnant woman, as well as her child. Additionally, because of the great importance of achieving appropriate pregravid weight, the 2009 guidelines recommend that women begin pregnancy at a healthy weight. Last, the guidelines call for individualized preconceptual, prenatal, and postpartum care to help women attain a healthy weight gain, within the guidelines, and return to a healthy pregravid weight after delivery. The interested reader is encouraged to access the online report at www.iom.edu/Reports/2009/Weight-Gain-During-Pregnancy-Reexamining-the-Guidelines.aspx in order to understand the complexity of these issues and ensuing recommendations.7






Low or Underweight Preconception BMI


The 2009 IOM guidelines use the World Health Organization (WHO) criteria established in 1995 and subsequently adopted by the National Heart, Lung and Blood Institute to characterize pregravid BMI. An underweight BMI is classified as a BMI less than 18.5 kg/m2. Based on the available data women with low pregnancy BMI and low weight gain during pregnancy appear to be at increased risk for having a small-for-gestational-age infant (less than 10th percentile), preterm birth, and perinatal mortality.7 In contrast, excessive weight gain in low pregravid BMI women is associated with increased risk for large-for-gestational-age neonates,7 as well as increased maternal weight retention postpartum3 (Figure 7-2). The recommended weight gain guidelines and rate of weight gain in the second and third trimesters are provided in Table 7-1.





[image: image]

Figure 7-2 Adjusted absolute risks for small-for-gestational-age (red circle), large-for-gestational-age (blue circle), emergency cesarean section (red triangle), and postpartum weight retention of ≥5 kg (blue triangle) according to prepregnancy BMI (in kg/m2) and gestational weight gain categories of the World Health Organization.


(Modified from Nohr EA, Vaeth M, Baker JL, et al: Combined associations of prepregnancy body mass index and gestational weight gain with the outcome of pregnancy. Am J Clin Nutr 87:1750, 2008.)





Table 7-2 Obligatory Components of Weight Gain






	PROTEIN

	GRAMS






	Fetus

	420






	Uterus

	170






	Blood

	140






	Placenta

	100






	Breast

	80






	Total

	900-1000











	WATER

	 






	Fetus

	2400






	Placenta

	500






	Amniotic fluid

	500






	Uterus

	800






	Breast

	300






	Maternal blood

	1300






	Extracellular fluid

	1500






	Total

	7000-8000 g






	Variable Components of Weight Gain











	OTHER

	 






	CHO

	NIL






	Lipids

	0-6 kg







From Rasmussin KM, Yaktin AL (eds): Weight Gain during Pregnancy: Reexamining the Guidelines. Institute of Medicine of the National Academies. Washington, DC, National Academy Press, 2009, Chapter 3, Composition and compound of gestational weight gain: physiology and metabolism, pp 77-83.









Overweight and Obese Preconception BMI


Approximately 60% of women of reproductive age are overweight (BMI >25 kg/m2) and of these, 50% are obese (BMI >30 kg/m2). Additionally, 8% meet the criteria for class III obesity, or a BMI greater than 40 kg/m2. Women who are overweight or obese generally have lower gestational weight gain as compared with a normal-weight population.8 Data from the Centers for Disease Control and Prevention (CDC) found that 30% of obese women gained within, 46% exceeded, and 24% gained less than the 1990 IOM gestational weight gain guidelines.6 In obese women, high gestational weight gain during pregnancy was associated with an increased risk for cesarean delivery. High gestational weight gain was also weakly associated with preterm birth, but this may have been related to a possible increased risk of hypertensive disorders such as preeclampsia; however, the evidence again was not sufficient to make definitive conclusions. There was moderate evidence for low gestational weight gain to be associated with failure to initiate breastfeeding. Weight gain in excess of 15 kg was associated with increased postpartum weight retention.7,9


The 2009 IOM guidelines recommend a gestational weight gain of between 11 and 20 lb. These recommendations were based primarily on Class 1 obesity. There was a paucity of data regarding the weight gain recommendations for all of the specific classes of obesity. The 11 to 20 lb gestational weight gain primarily represents the obligatory weight gain of pregnancy. This includes approximately 1.0 kg of protein, 7 to 8 kg of water, and a variable amount of adipose tissue (Table 7-2). The potential effects of lack of gestational weight gain or weight loss during pregnancy on maternal metabolism, physiologic function, and long-term effects on the developing fetus were insufficient for the committee to make any recommendations on less gestational weight gain. Epidemiologic data suggest that less weight gain in pregnancy is associated with a decreased risk of preeclampsia.10,11 Finally, it is recognized that a healthy pregnancy outcome is often achieved by obese women gaining less than the recommended minimal gestational weight gain. However, arbitrary minimal weight gain recommendations in obese women should not be advised. Rather, focus should be on ensuring adequate nutrient intake, avoidance of urinary ketones, and appropriate fetal growth. Further research is needed regarding these issues.




Table 7-1 New Recommendations for Total and Rate of Weight Gain during Pregnancy, by Prepregnancy BMI *
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Maternal Weight Gain Recommendations for Special Populations






Multiple Gestation


There is limited evidence-based literature to make specific recommendations regarding weight gain in women who are pregnant with multiple fetuses. However, similar to what is observed in singleton pregnancies, neonatal outcome appears to vary with gestational weight gain as a function of pregravid BMI.7 The committee offered provisional gestational weight gain guidelines for women with twin pregnancies based on the work of Luke and others (Table 7-3).12 These data are based on women delivering beyond 37 weeks and having fetuses greater than 2500 g. There was insufficient data to make recommendations for underweight women with twins or women carrying triplet or higher-order multiples.


Table 7-3 Provisional Guidelines for Weight Gain for Women with Twin Pregnancies






	PREPREGNANCY BMI

	BMI (kg/m2)

	TOTAL WEIGHT GAIN (lb)






	Normal weight

	18.5-24.9

	37-54






	Overweight

	25.0-29.9

	31-50






	Obese

	≥30.0

	25-42







From Rasmussin KM, Yaktin AL (eds): Weight Gain during Pregnancy: Reexamining the Guidelines. Institute of Medicine of the National Academies. Washington, DC, National Academy Press, 2009, Chapter 3, Composition and compound of gestational weight gain: physiology and metabolism, pp 77-83.









Adolescents


Pregnancy in adolescents is associated with an increased risk of preterm delivery and low birth weight,13 and hence the 1990 IOM report recommended that adolescents gain at the upper end of the gestational weight gain guidelines according to their prepregnancy BMI.6 The rationale for these recommendations was based on the fact that these young women themselves were growing and there would be a potential competition between the mother and her fetus for nutrients. However, a study by Howie and colleagues reported that adolescents have an increased likelihood of excessive gestational weight gain compared with older women.14 In addition, adolescents who exceeded the 1990 IOM weight gain recommendations were more likely to become obese 9 years after delivery as compared to those who gained within the guidelines.15 Based on these data, the 2009 IOM report recommends adolescents gain within the guidelines based on their pregravid BMI.7









Other Groups


Based on the available evidence, there were no specific recommendations for gestational weight gain guidelines in women of short stature, various racial or ethnic groups, parity, or smoking status. The IOM report recognized that each of these special groups might possibly benefit from specific gestational weight gain guidelines, but the available evidence was again insufficient to make recommendations.7















Laboratory Evaluation of Nutritional Status


The evaluation of nutritional status during pregnancy requires an understanding of the physiologic changes during pregnancy. In particular, the alterations in plasma volume in early gestation may result in hemodilution of various measures but not reflect the total body concentration. Furthermore, the effect of estrogen on hepatic production of certain proteins requires careful interpretation of plasma concentrations. Circulating concentrations of albumin are an example of the potential effects of these physiologic processes on assessment of nutrient status. Reference values for most laboratory measures in pregnancy should be assessed relative to normative pregnancy values and, if available, gestational age or trimester, and are available in a review by Abbassi-Ghanavati and colleagues.16









Maternal Nutrient Needs: Current Recommendations






Energy


Energy expenditure consists of four basic components: resting metabolic rate (RMR), the thermic effect of food (TEF) or dietary-induced thermogenesis, the thermic effect of exercise (TEE), and adaptive or facultative thermogenesis. RMR is the amount of energy or calories used at rest and accounts for approximately 60% of total energy expenditure in normal healthy people. TEF is the caloric cost of eating, digesting, absorbing, resynthesizing, and storing food. The TEF accounts for 5% to 10% of total energy expenditure. TEE is quite variable and in sedentary individuals may account for only 15% to 20% of total energy expenditure. Adaptive or facultative thermogenesis refers to adaptations by an organism to adjust to environmental changes, such as overfeeding, underfeeding, and alterations in ambient temperature. Adaptive thermogenesis accounts for no more that 10% of RMR and varies in individuals (Figure 7-3).17
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Figure 7-3 Components of energy expenditure.


(Modified from Catalano PM, Hollenbeck C: Energy requirements in pregnancy. Obstet Gynecol Surv 47:368, 1992.)





The classic teaching is that the total maternal energy requirement for a full-term pregnancy is estimated at 80,000 kilocalories (kcal). This accounts for the increased metabolic activity of the maternal and fetal tissues, as well as the growth of the fetus and placenta. Maternal energy needs to be increased to move a heavier body and thus provide extra work on the maternal cardiovascular, renal, and respiratory systems. Basal requirements can be determined based on maternal age, stature, activity level, preconception weight, BMI, and gestational weight gain goals.18 Daily caloric requirements have been estimated by the WHO by dividing the gross energy cost (80,000 kcal) by the approximate duration of pregnancy (250 days after the first month), producing an average additional 300 kcal/day for the entire pregnancy. During the first trimester, total energy expenditure does not change greatly and weight gain is minimal assuming the woman began her pregnancy without depleted body reserves. Therefore, additional energy intake is recommended primarily in the second and third trimesters. Current recommendations are an additional 340 kcal/day above the nonpregnant energy requirements during the second trimester and 452 kcal/day during the third trimester.19


A series of prospective studies were conducted in the late 1980s and 1990s in various countries to assess energy expenditure in pregnancy. Many of these studies obtained baseline data before a planned pregnancy and incorporated measurements such as estimates of body composition, energy intake in the diet, RMR, standard measures of exercise, and activity diaries. The conclusion of this research was that the energy cost of pregnancy was much lower than previously estimated (Table 7-4).20-24


Table 7-4 Estimate of Total Energy Expenditure during Pregnancy






	INVESTIGATOR

	COUNTRY

	CALORIC EQUIVALENTS (MEAN CALORIES)






	Lawrence

	Gambia

	24,000 (unsupplemented)
10,000 (supplemented)






	Durnin

	Scotland

	67,000






	Van Raaij

	Holland

	68,300






	Forsum

	Sweden

	50,300






	Goldberg

	England

	variable







Data from references 20 through 24.


The introduction of the doubly labeled water method made it possible to estimate total energy expenditure in the free living state. In well-nourished women, RMR usually begins to rise soon after conception and continues to rise until delivery. However, there is considerable interindividual variation and cumulative increases in RMR are positively correlated with prepregnancy weight and the percent body fat.25 In healthy well-nourished women the average increases in RMR above prepregnancy values were 4.5%, 10.8%, and 24.0% for the first, second, and third trimesters, respectively. Using a room calorimeter, 24-hour energy expenditure averaged 1%, 4%, and 20% above prepregnancy values for the first, second, and third trimesters, respectively. Estimates of total energy expenditure using doubly labeled water increased by 1%, 6%, and 9% and weight increased by 2%, 8%, and 18% over baseline measures in the first, second, and third trimesters, respectively. The TEE averaged −2%, 3%, and 6% relative to baseline. Because of the larger increments in RMR and changes in behavior, physical activity level declined from the time before conception to later in gestation.


Pregnancy also induces changes in fuel utilization. Butte and colleagues reported an increased contribution of carbohydrate to oxidative metabolism in later pregnancy.26 Using respiratory calorimetry, the 24-hour nonprotein respiratory quotient (NPRQ) was significantly higher in late pregnancy compared with postpartum measures, such that carbohydrate oxidation as a percentage of nonprotein energy expenditure decreased from 66% to 58%. As a consequence the NPRQ was also higher during pregnancy. In summary, there is a large interindividual variability in the energy requirements of pregnancy. These are related to an individual’s pregravid metabolic status, her diet, and physical activity. Therefore, these factors should be considered as well as the growth of the fetus when counseling pregnant women about their individualized dietary and nutritional needs.









Protein


Additional protein is required during pregnancy for fetal, placental, and maternal tissue development. Maternal protein synthesis increases in order to support expansion of the blood volume, uterus, and breasts. Fetal and placental proteins are also synthesized from amino acids supplied by the mother. The amount of protein deposited during pregnancy for the fetus, placenta, and maternal tissues has been used to determine the increased requirements.19 Protein retention increases fivefold from the first to the second trimester and about 80% from the second to the third trimester; a total of approximately 925 g of protein are retained during pregnancy.19 Protein recommendations are therefore increased from 46 g/day for an adult, nonpregnant woman to 71 g/day during pregnancy.19 This represents a change in protein recommendation from 0.8 g/kg/day for nonpregnant women to 1.1 g/kg/day during pregnancy.









Omega-3 Fatty Acids


The structural and metabolic functions of the body require utilization of polyunsaturated fatty acids (PUFAs). The human body cannot synthesize fatty acids with double bonds three (n-3) or six (n-6) from the n terminus and must be obtained from the diet as either linoleic (18 : 2 n-6) or alpha linolenic (18 : 3 n-3). The long-chain PUFA derivatives (LCPUFA) eicosapentaenoic acid (20 : 6 n-3, EPA) and docosahexaenoic acid (22 : 6 n-3, DHA) are the most important. Because n-3 PUFAs are essential fatty acids, they can only be obtained through the diet as alpha linoleic acid and converted to DHA and EPA at a rate of between 1% and 4%. The availability of the PUFA/LCPUFA to the fetus depends on maternal dietary intake, as well as placental function.


Although the U.S. expert panel recommends that pregnant women consume at least 300 mg/day of DHA, the mean intake of DHA for pregnant and lactating women was only 52 mg/day and 20 mg/day for EPA.27 This may in part be explained by the decrease in fish consumption after the Food and Drug Administration (FDA) issued an advisory aimed at pregnant women to avoid consuming fish due to its high levels of mercury, and raw fish, which may contain food-borne illness.28 With n-3 PUFA supplementation, there is a positive relationship between maternal intake and maternal plasma concentration,29 as well as between maternal plasma and cord concentrations.30 Two human studies reported increased plasma levels of DHA in maternal31 as well as maternal/cord samples in randomized placebo-controlled trials.32


There are numerous studies reporting that n-3 PUFA supplementation, especially those derived from fish oils, have beneficial effects on lipid levels, cardiovascular function, and immune function. For example, in rats fed a high-sucrose diet, fish oil protects against visceral fat hypertrophy, hypertriglyceridemia, and hyperglycemia.27 In another rodent study, n-3 PUFAs have a protective effect against a high-fat diet inducing insulin resistance. In human studies, Meydani and colleagues reported that 2.4 g of n-3 PUFA supplementation reduced IL-6 and TNF-alpha synthesis between 30% and 58% in young women.33 In a longitudinal observational study, intake of n-3 PUFA was associated with a reduced risk of islet cell autoimmunity in children at risk for type 1 diabetes.34


During pregnancy, Dunstan and colleagues reported that in a randomized controlled trial n-3 PUFA supplementation from the midtrimester resulted in a significant decrease in IL-10 and IL-13.35,36 Dietary supplementation with n-3 PUFA has been promoted as a means to prolong gestation and prevent prematurity. However, a Maternal Fetal Medicine Network trial did not find any evidence that PUFA supplementation (fish oil) had any beneficial effect in decreasing the risk of preterm delivery in women at risk.37 Although older trials of n-3 PUFA supplementation purported an increase in birth weight because of a prolongation of gestational age,38 more recent trials have reported a decrease in birth weight, after adjusting for gestational age.39,40 Similarly, Groh-Wargo and colleagues reported decreased fat but not lean body mass in infants at 1 year of age whose formulas were supplemented with n-3 PUFA.41 In summary, although there appears to be a decrease in n-3 PUFA concentrations in pregnant women, the information available regarding the beneficial metabolic effects of supplementation in pregnancy require further evaluation in controlled trials.












Vitamin and Mineral Supplementation Guidelines






Dietary Reference Intake


To address the changing nutritional needs of the American population, the Food and Nutrition Board of the IOM established the first Dietary Reference Intakes (DRIs) in 1997. The DRIs moved beyond the traditional Recommended Daily Allowances (RDAs) to focus on the prevention of chronic disease. The DRIs provide a range of safe and appropriate intakes, as well as tolerable upper limits, based on the available research. DRI is a collective term that includes four nutrient-based dietary reference values for every life-stage and gender group. These include estimated average requirement, recommended dietary allowance, adequate intake, and tolerable upper intake level. The tolerable upper intake level is the highest level of daily nutrient intake that is unlikely to pose risks of adverse health effects to the majority (97% to 98%) of individuals in a specified life-stage and gender group. At present, DRIs have been established for vitamin A, carotenoids, the B vitamins, vitamin C, vitamin D, vitamin K, folate, calcium, choline, chromium, copper, fluoride, iodine, iron, magnesium, manganese, molybdenum, phosphorus, biotin, pantothenic acid, selenium, and zinc (Table 7-5).19,42-45 Recommendations regarding the intake of other nutrients will be available over the next decade as the scientific evidence is evaluated.




Table 7-5 Dietary Reference Intake (DRI): Recommended Intakes for Individuals


[image: image]




Routine vitamin/mineral supplementation for women reporting appropriate dietary intake and demonstrating adequate weight gain (without edema) is not mandatory. However, most health care providers prescribe a prenatal vitamin and mineral supplement because many women do not consume an adequate diet to meet their increased nutritional requirements during the first trimester of pregnancy, especially with regard to folic acid and iron.









Vitamins






Vitamin A


Vitamin A is a fat-soluble vitamin and refers to compounds or mixtures of compounds having vitamin A activity. In animals, vitamin A usually exists as a retinal, retinyl esters, retinol, and retinoic acid. Retinoic acid is the most active form of vitamin A. Retinol is referred to as preformed vitamin A. In plants, vitamin A exists in its precursor form, provitamin A, carotinoids (e.g., beta-carotene), and cryptoxanthin. Vitamin A is required for cell differentiation and proliferation for the development of the vertebrae, spinal cord, limbs, heart, eyes, and ears, as well as regulation of gene expression.


Severe vitamin A deficiency is rare in the United States and an adequate intake of vitamin A is readily available in a healthy diet. Women with lower socioeconomic status, however, may consume diets with inadequate amounts of vitamin A. Vitamin A deficiency during pregnancy weakens the immune system, increases risk of infections, and has been linked with night blindness. However, increasing dietary intake of vitamin A, rather than supplements, is advised because excess retinal intake in the first trimester is teratogenic and causes abnormalities of the cranial neural crest cells such as craniofacial and cardiac defects. The DRI for vitamin A during pregnancy is 770 mcg/day, and the tolerable upper intake has been established at 3000 mcg/day.45 Over-the-counter multivitamin supplements may contain excessive doses of vitamin A and therefore should be discontinued during pregnancy.









Vitamin D


Vitamin D intake is essential for proper absorption of calcium and normal bone health. During pregnancy, vitamin D is also critically important for fetal growth and development, as well as regulation of genes associated with normal implantation and angiogenesis. Low maternal vitamin D status has been associated with reduced intrauterine long bone growth, shorter gestation, reduced childhood bone-mineral accrual, and decreased birth weight. Low maternal vitamin D status may also have consequences for fetal “imprinting” that may affect neurodevelopment, immune function, and chronic disease susceptibility later in life, as well as soon after birth.


Maternal vitamin D status may also be an independent risk factor for preeclampsia; supplementation may be helpful in promoting neonatal well-being and preventing preeclampsia.46 Vitamin D deficiency is also associated with increased odds of having a primary cesarean section. One study showed that women who were severely vitamin D deficient (25[OH]D ≤37.5 nmol/L) at the time of delivery had almost four times the odds of cesarean birth compared to women who were not deficient.47 One large study showed an inverse relationship between vitamin D supplementation and spontaneous preterm birth. Higher doses of vitamin D supplementation were associated with decrease in spontaneous preterm birth.


The DRI for vitamin D for nonpregnant, pregnant, and, lactating women is 5 mcg/day, and the tolerable upper intake has been established at 50 mcg/day.42 Recent studies, in the United States and other countries, have shown that low maternal vitamin D status is common during pregnancy. Lee and colleagues found that 50% of mothers and 65% of newborns were significantly vitamin D deficient at the time of birth despite mothers taking a prenatal vitamin containing 400 IU of vitamin D and drinking two glasses of vitamin D–fortified milk.48 In addition, poor vitamin D status has been shown to be significantly more common among African American pregnant women.49,50


Vitamin D supplementation is advised for women who are strict vegetarians or for those who avoid sunlight or dairy foods. To evaluate vitamin D levels before and during pregnancy, check serum 25(OH)D levels and aim for vitamin D levels greater than 20 nmol/L and prescribe 1000 to 5000 mg/day of vitamin D3 depending on the level of deficiency.









Vitamin C


Vitamin C, also known as ascorbic acid, is a water-soluble vitamin with numerous functions, including reducing free radicals and assisting in procollagen formation. Adequate vitamin C is also needed for iron uptake. Women who smoke have an increased need for vitamin C. Current recommendations indicate that pregnant women should consume 85 mg/day, rather than the 75 mg/day recommended for nonpregnant adult women, in order to protect against depleted plasma vitamin C levels and to ensure that adequate vitamin C is transported to the developing fetus. The tolerable upper intake for vitamin C has been established at 2000 mg/day. However, because vitamin C is actively transported from the maternal to the fetal circulation, and no human studies have examined the effects of large doses of vitamin C on fetal growth and development, a tolerable upper intake has been set at 1800 to 2000 mg/day.44









Vitamin B6



Vitamin B6, also known as pyridoxine, is a water-soluble B-complex vitamin required for protein, carbohydrate, and lipid metabolism. Vitamin B6 is involved in the synthesis of heme compounds and helps form maternal and fetal red blood cells, antibodies, and neurotransmitters. Research shows that extra vitamin B6 may be effective at relieving nausea or vomiting for some women during pregnancy.51 The DRI during pregnancy is 1.9 mg/day. The dose commonly recommended to reduce nausea and vomiting is 10 to 25 mg, three times a day. Because excessive amounts of vitamin B6 can cause numbness and nerve damage, the tolerable upper intake level for vitamin B6 is set at 100 mg/day for pregnant women.43









Vitamin K


Vitamin K, a fat-soluble vitamin, is required for synthesis of clotting factors VII, IX, and X. Transportation of vitamin K from mother to fetus is limited; nevertheless, significant bleeding problems in the fetus are rare. However, newborn infants are often functionally deficient in vitamin K and receive parenteral supplementation at birth. The DRI for vitamin K is 90 mg for pregnant and nonpregnant women, and the tolerable upper intake has not been established.45









Folate


Folate and its metabolically active form tetrahydrofolate function as coenzymes involved in one-carbon transfer reactions that include the synthesis of nucleic acids and several amino acids. Adequate levels of dietary folate are important during pregnancy to support rapid cell growth, replication, cell division, and nucleotide synthesis for fetal and placental development.52 Therefore, it is crucial that pregnant women consume adequate folate before and during the first 4 weeks of pregnancy.43,52 The increased demand for folate during pregnancy is also needed for maternal erythropoiesis, mainly during the second and third trimesters.


Unfortunately, folate deficiency is the most prevalent vitamin deficiency during pregnancy, with well-known associations with birth defects, in particular, neural tube defects (NTDs).53,54 Folate deficiency in humans is attributed to suboptimal dietary intake, behavioral and environmental factors, and genetic defects. Humans cannot synthesize folate from other sources and are therefore entirely dependent on dietary sources or supplements to meet their requirements. In 1992, the U.S. CDC recommended that all women of childbearing age take 400 mcg/day of supplemental folate, in order to ensure adequate folate levels are present when pregnancy occurs, whether intended or not.55 The DRI for folate in women of childbearing age is currently 400 mcg/day, and for pregnant women is 600 mcg/day. The tolerable upper intake for folate has been established at 1000 mcg/day.43 Additionally, evidence suggests that the long-term use of oral contraceptives inhibits folate absorption and enhances folate degradation in the liver.56 Therefore, folate stores may be more rapidly depleted in women who have used oral contraceptives, which may lead to a higher incidence of folate deficiency in such women if they become pregnant.43






Folate and Neural Tube Defects


Spina bifida and anencephaly, the two most common types of NTDs, occur in approximately 3000 pregnancies each year in the United States (0.76 per 1000 births).55 Prevalence varies according to race and ethnicity, with Hispanic women having the highest rates, while the lowest rates are found among African American and Asian women.57 Women who have had a previous pregnancy with an NTD or who are personally affected by an NTD are at a higher risk (2% to 3%) for having an offspring with an NTD in a subsequent pregnancy. Other risk factors include a sibling with an NTD, maternal diabetes, and antiseizure medications such as valproic acid or carbamazepine. A higher risk of NTDs is also associated with increased maternal weight.54 However, 95% of children with NTDs are born to couples without any family history of NTDs.


The etiology of NTDs has been associated with an increased folate demand during pregnancy, combined with a decreased dietary intake of folate. A genetic defect in the production of enzymes involved in folate metabolism has also been linked to NTDs.53 The neural tube is formed very early in pregnancy, between 18 and 30 days after conception; defects in the formation of the neural tube can include the absence of formation of most of the brain (anencephaly) and defects in the closure of the lower tube (spina bifida, meningomyeloceles). The early formation and detrimental effects of folate deficiency on neural tube formation form the basis for the recommendation that folate supplementation should be begun before conception and continued at least through the first trimester of pregnancy.52









Folate Supplementation


In women with a history of a previous pregnancy with an NTD, it has been shown that supplementation with 4000 mcg/day (4 mg/day) of folate per day, initiated 1 month before attempting to conceive and continued throughout the first trimester of pregnancy, reduced the risk of a repeat NTD by 72%.52 Although there is not yet definitive evidence that other high-risk groups (i.e., women with diabetes, women on antiseizure medications) will benefit from higher levels of supplementation, many experts recommend a higher dose of folate, at least 1000 mcg/day, before conception and in early pregnancy.53,55 For these women, separate folate supplementation should be prescribed; additional doses of multivitamins should not be used. Additional daily multivitamin consumption could lead to toxicity of other vitamins, particularly vitamin A, which is teratogenic to the developing fetus.5


Several controlled and observational trials have shown that periconceptional and early pregnancy consumption of folate supplements can reduce a woman’s risk for having an infant with an NTD by as much as 50% to 70%.53 Since the U.S. government began the Folate Fortification Program in 1998, whereby cereals, pastas, rice, and breads are fortified with folate, NTD rates have declined.55,57 Using data from eight population-based birth-defect surveillance systems with prenatal diagnosis of NTDs, the CDC reported that the prevalence of NTDs in the United States declined by an estimated 1000 cases from 4000 cases (1995-1996) to 3000 cases (1999-2000).58 This 26% decrease in pregnancies with NTDs highlights the success of this public health policy. A Canadian study, where the level of folate fortification is similar, showed a 46% reduction in the prevalence of NTDs.59 The higher baseline rate of NTDs compared to the United States might explain the greater risk reduction.















Minerals






Iron


Iron is an essential component of hemoglobin production and requirements increase significantly during pregnancy. Additional iron is needed to expand maternal red cell mass by 20% to 30%, as well as for fetal and placental tissue production. Throughout pregnancy, an additional 450 mg of iron is delivered to the maternal marrow and 250 mg is lost in blood during delivery. Therefore, approximately 1000 mg is required during pregnancy and the DRI has been established at 27 g/day compared to 18 mg/day for nonpregnant women. The tolerable upper intake for iron has been established at 45 mg/day.45 Maintaining adequate iron stores is important, but difficult for many women during pregnancy.


According to the CDC, screening for anemia should take place before pregnancy, as well as during the first, second, and third trimesters in high-risk individuals. Iron deficiency anemia increases the risk of maternal and infant death, preterm delivery, and low neonatal birth weight, and has negative consequences for normal infant brain development and function.60 The prevalence of iron deficiency in pregnancy is higher in African American women, low-income women, teenagers, women with less than a high school education, and women with multiple parity.61


As shown in Table 7-6, hemoglobin less than 11 g/dL or hematocrit below 33% in the first or third trimester indicates anemia. Hemoglobin less than 10.5 g/dL or hematocrit below 33% in the second trimester also indicates anemia. As the significant increase in maternal blood volume during pregnancy typically reduces hemoglobin levels, serum ferritin and mean corpuscular volume should also be used as a diagnostic criteria because these measures are not affected by the increased blood volume. Serum ferritin is also useful in the assessment of the post–gastric bypass pregnant patient. A serum ferritin level of less than 15 ng/mL warrants aggressive treatment and may require intramuscular injection rather than oral supplementation.




Table 7-6 Diagnosis Of Anemia In Pregnancy


[image: image]




Prenatal care providers generally recommend iron supplementation in the form of a daily supplement of 30 mg of elemental iron in the form of simple salts, beginning around the twelfth week of pregnancy for women who have normal preconception hemoglobin measurements. For women who are pregnant with multiple fetuses or have low preconception hemoglobin measurements, a supplement of between 60 and 100 mg/day of elemental iron is recommended until hemoglobin levels are normal. Once hemoglobin levels become normal, they may decrease their supplemental iron intake to 27 mg/day. Iron supplementation can have gastrointestinal side effects specific to pregnancy, which should be taken into account when prescribing the course of treatment. During the first trimester, nausea is a common problem and can be exacerbated by oral iron supplements. Deferring supplementation until the second trimester, when iron requirements increase and nausea has waned, may be necessary. Nausea resulting from iron supplements can be minimized by taking the supplement following a meal; however, iron absorption may be inhibited if the supplement is ingested immediately following a meal. Oral iron supplements can also cause constipation, which can be effectively treated with bulk laxatives, stool softeners, and increased fiber.


Antacids impair iron absorption and should not be taken concurrently; this is of particular importance during the third trimester, when gastroesophageal reflux is common. Iron is better absorbed if the maternal diet contains adequate amounts of vitamin C. Occasionally, pregnant women develop pica, a craving for nonfood substances such as clay, dirt, or ice. Iron deficiency has been postulated to cause pica but there are also cultural beliefs that lead to these practices. Pregnant women with iron deficiency should be questioned about pica (the ingestion of nonfood substances), and women experiencing pica should be tested for iron deficiency. Pica is mostly of concern if it prevents the mother from consuming nutrient-rich foods.62









Calcium


Large quantities of calcium are essential for the development of the fetal skeleton, fetal tissues, and hormonal adaptations during pregnancy. These include changes in calcium regulatory hormones affecting intestinal absorption, renal reabsorption of calcium, and bone turnover of calcium.42 The presence of 1,25(OH)2D3 stimulates increased intestinal absorption of calcium during the second and third trimesters, protecting maternal bone, while meeting fetal calcium requirements. In contrast to maternal iron and folate stores, which are relatively small and easily depleted, maternal calcium stores are large and are mostly stored skeletally, allowing for easy mobilization. Fetal calcium needs are highest during the third trimester, when the fetus absorbs an average of 300 mg/day in response to the increased maternal 1,25(OH)2D3.2 Studies suggest that inadequate calcium during pregnancy is associated with gestational hypertension, preterm delivery, and preeclampsia.63,64


The DRI for calcium in women 19 to 50 years old is 1000 mg/day; it is 1300 mg/day for females age 9 to 19.42 Adolescents may need additional calcium during pregnancy since their own bones still require calcium deposition to ensure adequate bone density as an adult.65 The tolerable upper intake for calcium during pregnancy is 2500 mg/day.42 Obtaining adequate dietary calcium is difficult for many women before and during pregnancy and supplementations may be needed, especially for African Americans, Hispanics, and American Indians.42 Consuming at least three servings of dairy foods every day, including calcium-fortified juices and soy beverages, can help meet these requirements.5 Women who limit their intake of dairy foods because of lactose intolerance seem to be able to tolerate yogurt and cheese on a daily basis, but may also require a supplement. Calcium carbonate, gluconate, lactate, or citrate may provide 500 to 600 mg/day of calcium to account for the difference between the amount of calcium required and that consumed. The standard prenatal vitamin typically contains 150 to 300 mg/serving. Multivitamins marketed to the nonpregnant population generally have less than 200 mg/serving. Calcium is thought to be absorbed in doses of 600 mg at one time, making it unlikely that pregnant women would reach the tolerable upper intake level.


The data concerning the role of calcium in controlling pregnancy-induced hypertension or preeclampsia remain controversial. Although calcium supplementation has been shown to decrease blood pressure and preeclampsia in smaller studies, larger trials have failed to show an effect.64,66 Evidence has shown that calcium supplementation reduces the risk of developing hypertension during pregnancy, but only in women who did not have adequate calcium intake before supplementation.63,64 It is prudent to make sure women are meeting their calcium requirements for their age and to stress the importance of adequate calcium intake before and during pregnancy.









Zinc


Zinc is involved in catalytic, structural, and regulatory functions for nucleic acid and protein metabolism and requirements increase during pregnancy. More than 100 enzymes require zinc and maternal zinc deficiency can lead to prolonged labor, intrauterine growth retardation, teratogenesis, and embryonic or fetal death.45 The DRI for pregnant women is 11 mg/day and may be higher for vegetarians or vegans because phytates from whole grains and beans bind with zinc and may reduce absorption. The tolerable upper intake for zinc has been established at 40 mg/day for both pregnant and nonpregnant women. Pregnant women eating well-balanced diets do not typically require zinc supplementation. However, if a woman is prescribed elemental iron greater than 60 mg/day, zinc supplementation is recommended, because both iron and copper compete with zinc for absorption. In addition, zinc supplementation should be combined with copper supplement to prevent deficiency.45 Prenatal vitamin formulations vary and usually include copper and zinc.
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Pregnancy Information

Both the obstetric patient and her physicians and nurses want the same things for every pregrancy. They
are: @ comortabe pregnancy free of compications, an easy labor and delivery, and a heaithy mother and
baby when ail i over. In our practce, 1 a greater or lesser extent, most patents achieve such outcomes.
| Compications can occur, however, and bad things at times do happen t0 good people

The rationale for prenatal care i to prevent complications i possibe,to enty compiications ifthey
occur, and to manage identiied compications 5o as to minimze their adverse effects. Much of this 1s our
b, but it s your ob to keep your appointments, 0 avoid exposures 1o chemicals and drugs of abuse.
nclucing cigareties, and o use your seatbelts.

[Mother Athough pregnancy is a stress on you, most women tolerate pregnancy well. Depending on your
situaton, we may recommend a modificaton of your acttes. Death of the mother during pregnancy s
very unusual, but can oceur ether in mothers with serious underlying ilnesses or from e, but extremely
serous obstetric problems. Other isks o the mother nclude organ injuries for example, rectum or
lacder), infectons and hemarthage. You may requie biood transfusions fyou have heavy bieeding
Blood is very safe, and the donors are tested for AIDS and hepats, but the risk of acquiring infectons
from blood transfusions i ot zero. This is why we are conservative in our use of bood producs.

Baby Babies are healthiestf they are fullterm and appropriately grown. This is why we il instruct you
about warning signs of premature labor (cramping,intermiient back pain, vaginalspotting or change i
ischarge, and pressure in the pelvi), and why we measure the uterus (o get an dea of the size of the.
baby) at the ime of your prenatal vists.

I thelater part of pregnancy. i you are worried about a decreass or lack of the baby's movements, cal
o our attenton prompty. Do not watfor your next appontment.

Al parents fear mallormatons or birth defects. Atough often these can be identiied b testing, ths s not
‘aways so. For example, ust because an ultasound examination does not indicate a particular proble,

this does not mean wih certainty that s o there. One in 25 babies is bor with a mafformaton. Many.
of these are minor o can be successuly corrected.

‘Cesarean Birth Fiftoen to twenty percent o patents n our hosptal e deliered by tis operation. Ths is
 very safe operation, but s @ major operation nonetheless. Cesareans are done for compications n the
mother o baby, and are only done with your permission. Risks inciude injuy to normal sructures,
hemorthage, infection, and anesthetic compications. Mostof hese can be managed without asting harm,
butoccasionally are associated withthe need for addiional surgery, inciuding hysterectomy, or with
Gontiuing dificulties. Rarel, death or severe, permanent problems, incucing brain damage, may resul.

'VBAC Most women with previous cesarean births are candidates fo atiempted vaginal bith after
esarean, or VBAC. Most women successfully complete VBAC tial. If 5o, the discomforts and isks of
esarean bih are avoided. Approximately one-quarter 1o one-thd of the ime, the VBAC attempt wil be:
unsuccessful. and repeat cesarean birth wil be required. The most serious compiicaton specifically
attibutable to VBAC is rupture of the uterus. This occurs less than 15 of the tme, but is serous for both
‘mother and baby and emergency surgery i required.

“The purpose of the preceding paragraphs is not o fighten you, but to make certain you understand that
compications can occur. We wil be hagpy fo answer your Questons fegarding this pregnancy information|
today orn the future

1have read the above information and have had opportunity to have my questions answered. |
realize that the practice of obsttrics is not an exact science and that no guarantees have been
made.

PATIENT:

PHYSICIAN:
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Large studes have found a success ratoofvagial dofveries in 70%-80% forwormen who have a il of abox. The
atormatie 0. il o labo i 10 have a ropeat cesarean secton, wihoutlabo. Mostcbstericians ecommend  repeat cesarean
Socion i baby s expecied 1o o vry lage.  he baby s a broach or ansvarse posion, o for .

Thoro are bonotts and riss of i o labo. The bonlts of vagealdekvor afer cesarean secton incdo @ shortor
hosptalsay and recovery perod foryou. A vaginalGekver s considered safer than cesarean socton for he molher, wif lss
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