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Foreword


The 5 years since the publication of the sixth edition of this excellent book have been a time of incredible advances in understanding several previously unknown physiologic and behavioral processes directly linked or associated with breastfeeding and beautifully described in this new volume.


These findings change our view of the mother-infant relationship and signal an urgent need to completely review present perinatal care procedures. These new research results include the observation that, when an infant suckles from the breast, there is a large outpouring of 19 different gastrointestinal hormones, including cholecystokinin, gastrin, and insulin, in both mother and infant. Several of these hormones stimulate the growth of the baby's and the mother's intestinal villi, thus increasing the surface area for the absorption of additional calories with each feeding. The stimulus for these changes is touching the nipple of the mother or the inside of the infant's mouth. The stimulus in both infant and mother results in the release of oxytocin in the periventricular area of the brain, which leads to production of these hormones via the vagus nerve. These pathways were essential for survival thousands of years ago, when periods of famine were common, before the development of modern agriculture and the storage of grain.


The discovery of the additional significance of a mother's breast and chest to the infant comes from the studies of Swedish researchers who have shown that a normal infant, when dried, placed on the mother's chest, and covered with a light blanket, will warm or maintain body temperature as well as an infant warmed with elaborate, high-tech heating devices. The same researchers found that, when infants are skin-to-skin with their mothers for the first 90 minutes after birth, they hardly cry at all compared with infants who are dried, wrapped in a towel, and placed in a bassinet. In addition, the researchers demonstrated that if a newborn is left quietly on the mother's abdomen after birth he or she will, after about 30 minutes, gradually crawl up to the mother's breast, find the nipple, self-attach, and start to suckle on his or her own.


It would appear that each of these features—the crawling ability of the infant, the absence of crying when skin-to-skin with the mother, and the warming capabilities of the mother's chest—evolved genetically more than 400,000 years ago to help preserve the infant's life.


Research findings related to the 1991 Baby Friendly Hospital Initiative (BFHI) of WHO and UNICEF provided insight into an additional basic process. After the introduction of the BFHI, which emphasized mother-infant contact with an opportunity for suckling in the first 30 minutes after birth and mother-infant rooming-in throughout the hospital stay, there has been a significant drop in neonatal abandonment reported in maternity hospitals in Thailand, Costa Rica, the Philippines, and St. Petersburg, Russia.


A key to understanding this behavior is the observation that, if the lips of an infant touch the mother's nipple in the first half hour of life, the mother will decide to keep the infant in her room 100 minutes longer on the second and third days of hospitalization than a mother whose infant does not touch her nipple in the first 30 minutes. It appears that these remarkable changes in maternal behavior are probably related to increased brain oxytocin levels shortly after birth. These changes, in conjunction with known sensory, physiologic, immunologic, and behavioral mechanisms, attract the mother and infant to each other and start their attachment. As pointed out in the fifth edition, a strong, affectionate bond is most likely to develop successfully with breastfeeding, in which close contact and interaction occur repeatedly when an infant wishes and at a pace that fits the needs and wishes of the mother and the infant, resulting in gratification for both. Thus breastfeeding plays a central role in the development of a strong mother-infant attachment when begun with contact immediately after birth, which in turn has been shown to be a simple maneuver to significantly increase the success of breastfeeding. All of these exciting findings provide further evidence of why breastfeeding has been so crucial in the past and deserves strong support now.


In addition, the past few years have been associated with fundamental biochemical findings, including the importance of docosahexaenoic acid (DHA) in optimal brain development. All in all, the many new observations described in this seventh edition place milk and the process of breastfeeding in a key position in the development of many critical functions in human infants and their mothers. We salute the author for her special skill in bringing together these many unique and original observations in this new and most valuable book.




John H. Kennell







Marshall J. Klaus
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Preface


Almost four decades ago, work began on the first edition of this text. Much has changed in the field of human lactation and in the world at large. The trickle of scientific work on the subject has swollen into a river overflowing its banks. The Lactation Study Center at the University of Rochester has more than 40,000 documents on file that describe peer-reviewed scientific studies and reports, and there are thousands more unfiled documents that recount individual experience and anecdotal reports of events. The field has abandoned the dogma of rules about breastfeeding that demanded rigid scheduling and specific management to a period in which thoughtful contemplation and recognition of the variability of the human condition are key. Well-trained, skilled clinicians recognize the value of flexibility and the individualization of care. The Baby Friendly approach, which was conceived to set women free from rigid dicta, requires protocols and policies. Mothers tell their doctors that they cannot breastfeed because there are too many rules, an impression created by overzealous teaching of too much detail. Medicine, in the era of managed care, has come forth with care guidelines for one disease or circumstance after another. Will breastfeeding be next?


In 1994, the Academy of Breastfeeding Medicine was founded for the promotion and support of breastfeeding. It is designed to provide physicians around the world and from every discipline a forum for scientific learning and discussion about breastfeeding and human lactation. Its members form a nucleus of medical professionals dedicated to the advancement of breastfeeding. In December 1997, the American Academy of Pediatrics proclaimed with renewed energy that mothers should breastfeed for 6 months exclusively and then continue breastfeeding while introducing weaning foods through the first year and for as long thereafter as desired by mother and infant. The Section on Breastfeeding of the American Academy of Pediatrics reaffirmed that position in 2005 and again in 2010. The health care provider can promote these goals most effectively when armed with sufficient information.


The intent of this volume is to provide the basic tools of knowledge and experience that will enable a clinician to provide the thoughtful counseling and guidance to the breastfeeding family that is most applicable to that particular breastfeeding dyad and its circumstances, problems, and lifestyle. No protocol should ever replace thinking, however.


As the field has become more complex, it is clear that one of the most difficult issues centers on infection in the mother or infant and sometimes both. Robert Michael Lawrence, MD, Clinical Associate Professor of Pediatrics and Immunology at the University of Florida College of Medicine, has again produced the chapters on immunology and infectious disease, as well as Appendix F, to bring the most accurate information in these areas to these pages. He has also assisted in the editing of many other chapters. The drug database and Appendix D, Drugs in Breast Milk and the Effect on the Infant, has been thoroughly revamped. Dr. Miriam Labbok MD, MPH, Professor of the Practice of Public Health, University of North Carolina, provided careful review of the chapter on contraceptive issues. The thousands of queries to the Lactation Study Center at the University of Rochester have served as a basis for new topics and new clinical discussions.


The seventh edition has stepped into cyberspace. Gone are the days when cut and paste meant cut with scissors and paste with glue. A process that used to be simple is much more complicated, now requiring the expertise of computer wizards. David Lawrence (my son, Rob's brother) entered every chapter onto disc. Felicia Fernandez Lawrence, his talented wife, created the extensive tables and charts, keyboarding with the speed of sound from raw, handwritten manuscript. In my office, Eyvonne printed out copy after copy, and the undergraduate students Alex Lounsbury and Brittany Lewis searched out the many bibliographies and elusive details.


I continue to be grateful to Rosemary Disney for the creation of the enduring breastfeeding symbol on the cover.




Ruth A. Lawrence













Chapter 1 Breastfeeding in Modern Medicine





“There is a reason behind everything in nature.”


ARISTOTLE





As we move through the third millennium, breastfeeding has taken a critical role in public health, child health, child nutrition, child survival, maternal health, and national and international strategies. Breastfeeding initiation rates have increased substantially, and duration rates have begun to improve. Discrepancies among cultures continue.


Scientists have provided the evidence-based data for clinicians to take an aggressive stand in promoting, protecting, and supporting breastfeeding. Women have heard the message and are making informed decisions to breastfeed their children. Peer support is becoming an important element of success in all socioeconomic groups. Programs continue to target high-risk groups who have not been breastfeeding in recent decades.


This movement is not without obstacles. The fear of inducing guilt in those who do not choose to breastfeed is still a major defense some health care providers use for not mentioning it. There is no scientific evidence to support this position, and there is evidence that women do not feel guilty when they have made an informed decision. Other barriers are presented by formula manufacturers that have been hastily developing additives for formula in an effort to advertise cow milk and soy milk formulas as similar to human milk, even though more specific benefits of mother’s milk are demonstrated.


Scientists and clinicians confronted with questions of infant nutrition are also being challenged in the popular press by reporters and freelance writers, some of whom may even represent mothers with personal arguments or vendettas. Decades have been spent in the laboratory deciphering the nutritional requirements of the growing neonate. A considerably greater investment in time, talent, and money has been put toward the development of an ideal substitute for human milk. At the same time, artificial feeding has been described as the world’s largest experiment without controls.102 In veterinary medicine, careful studies of the science of lactation in other species, especially bovine, have been performed because of the commercial significance of a productive herd.


Advances in technology have allowed the gathering of a lot of data about human milk, which unarguably is best for human infants. More of the world’s finest scientists have turned their attention to human lactation. Time and talent are providing a wealth of resource information about this remarkable fluid—human milk. Old dogmas are being reviewed in the light of new data, and previous data are being reworked with newer methods and technology. A worldwide interface for the exchange of scientific information about issues of human lactation, breastfeeding, and human milk is developing. The more detail that is obtained about the specific macro- and micronutrients in human milk, the clearer it becomes that human milk is precisely engineered for the human infant.50 A clinician should not have to justify a recommendation for breastfeeding; instead, a pediatrician should have to justify replacement with a cow milk substitute. Harnessing the expanding stream of scientific information into a clinically applicable resource has been challenged by the need to identify reproducible, peer-reviewed scientific information and to cull the uncontrolled, poorly designed studies and reports even though they have appeared in print. Many scientists were unable to publish credible work because the best journals had no space for the increasing numbers. The journal Breastfeeding Medicine was created to fill this need in 2006.


The Healthy People 2010 goals,∗ first published in 1978 and restated in 1989 and in 1999, are that the nation will increase the proportion of mothers who exclusively or partially breastfeed their babies in the early postpartum period to at least 75% and the proportion who continue breastfeeding until their babies are 5 to 6 months old to at least 50% (Table 1-1). Furthermore, at least 25% will be breastfed at a year postpartum (Figure 1-1). A midcourse correction was developed by the Centers for Disease Control and Prevention (CDC) and the National Institutes of Health (NIH) in 2005 to add a 3-month goal of 50% breastfeeding. The health goals for 2020 are being developed for publication in 2010. Focus groups, town meetings, and professional think tanks have been working for several years to develop the new goals. The final draft can be found at http://www.healthypeople.gov/hp2020/Objectives/TopicArea.aspx?id=35&TopicArea=Nutrition+and+Weight+Status.


TABLE 1-1 National Health Promotion and Disease Prevention Objectives






	Mothers Breastfeeding Their Babies (special population targets)

	1998 Baseline (%)

	2010 Target (%)






	During early postpartum period






	Low-income mothers (WIC mothers)

	56.8

	75.0






	Black mothers

	45.0

	75.0






	Hispanic mothers

	66.0

	75.0






	American Indian/Alaska Native mothers

	1998 data not collected

	75.0






	 

	1988 baseline: 47

	 






	At age 5-6 months






	Low-income mothers (WIC mothers)

	18.9

	50.0






	Black mothers

	19.0

	50.0






	Hispanic mothers

	28.0

	50.0






	American Indian/Alaska Native mothers

	1998 data not collected

	50.0






	 

	1988 baseline: 28

	 






	At age 12 months






	Low-income mothers (WIC mothers)

	12.1 (in 1999)

	25.0






	Black mothers

	9.0

	25.0






	Hispanic mothers

	19.0

	25.0






	American Indian/Alaska Native mothers

	1998 data not collected

	25.0







Healthy People 2010 is a statement of national opportunities. Although the federal government facilitated its development, it is not intended as a statement of federal standards or requirements. It is the product of a national effort involving 22 expert working groups, a consortium that has grown to include almost 300 national organizations and all the state health departments and the Institute of Medicine of the National Academy of Sciences, which helped the U.S. Public Health Service to manage the consortium, convene regional and national hearings, and receive testimony from more than 750 individuals and organizations. After extensive public review and comment involving more than 10,000 people, the objectives were revised and refined to produce this report.


(From U.S. Department of Health and Human Services. Healthy People 2010 [Conference Edition in Two Volumes.] Washington, DC, January 2000.)
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Figure 1-1 National trends in rate of breastfeeding. Data source: pre-1999, Ross Mothers Survey2-4; 1999-present, CDC, NIS.


(Modified from Grummer-Strawn LM, Shealy KR: Progress in protecting, promoting, and supporting breastfeeding, Breastfeeding Med 4(Suppl 1):533, 2009.)





The report further states that special populations should be targeted (Table 1-1) because breastfeeding is the optimal way of nurturing infants and simultaneously benefiting the lactating mother, and minority populations have continued to lag behind the majority in every category. Former Surgeon General of the United States C. Everett Koop agreed, noting, “We must identify and reduce the barriers which keep women from beginning or continuing to breastfeed their infants.”74 Former Surgeon General David Satcher developed the Health and Human Services Blueprint for Action on Breastfeeding in 2000, saying, “Breastfeeding is one of the most important contributions to infant health … in addition, breastfeeding improves maternal health and contributes economic benefits to the family, health care system, and work place.”21


In 2009, the CDC and Office of Women’s Health convened a small group to rethink the issues. In 1984 the surgeon general convened the first workshop to address barriers and devise a plan to reach the breastfeeding goals.74 One identified barrier was the lack of training and education of health care professionals in human milk and the physiology of lactation. The American Academy of Pediatrics (AAP), American Academy of Family Practice (AAFP), American College of Nurse Midwives (ACNM), American College of Obstetricians and Gynecologists (ACOG), American Dietetic Association (ADA), National Association of Pediatric Nurse Practitioners (NAPNP), and Association of Women’s Obstetric Neonatal Nurses have policy statements and initial education protocols with the education and accreditation of their respective members. The AAP devised a plan to ensure appropriate education for their members and the inclusion of the material in the certifying examination for their respective specialties (see Appendix ∗∗∗ for model curriculum).


Another targeted need for the nation was public education about the subject.104 To put breastfeeding in the mainstream and to classify it as normal behavior, education has to start with preschoolers and continue through the educational system. Courses in biology, nutrition, health, and human sexuality should include the breast and its functions.


New York State has taken a leadership position for education of its youth. In 1994, a curriculum from kindergarten through twelfth grade was jointly developed by the Department of Education and the Department of Health∗ and reviewed by teachers and school districts. The curriculum is not a separate course but provides recommendations about how to include age-appropriate information on breastfeeding and human lactation throughout the school years. The senior high school materials are more detailed and are designed to be included in subject matter regarding reproduction and family life.


The media should include breastfeeding, not always bottle-feeding, in reference to young infants. Dolls should not come with bottles. Public policy should facilitate breastfeeding and provide space to breastfeed in public buildings and at the workplace. Of interest are the results of a national survey conducted by professional poll takers for the Surgeon General’s office to explore ideas and feelings about breastfeeding.74 The pollsters obtained a statistically representative sample of all age-groups from youth to old age, both sexes, married and unmarried, and all socioeconomic and ethnic groups. The majority in all age-groups knew breastfeeding was best for infants and would want their child breastfed (75%). Very few people were embarrassed by breastfeeding or thought it should not be done in public.102


This commitment to policy for breastfeeding has been part of the Code for Infant Feeding of the World Health Assembly described as the World Health Organization Code (WHO Code) to protect developing countries from being inundated with formula products, which discourage breastfeeding, where infant survival depends on being nourished at the breast.96-98


Although the major countries of the world endorsed the WHO Code in 1981, the United States did not. Finally, on May 9, 1994, President Clinton supported the worldwide policy of the WHO International Code of Marketing of Breast Milk Substitutes by joining with the other member nations at the World Health Assembly in Geneva, signaling a tremendous policy shift. Despite many efforts by the United States, Italy, and Ireland to add weakening amendments, the Swaziland delegation, speaking for the African nations, voted to strengthen the resolution even more, and all amendments were dropped. One by one, all the countries, including the United States, agreed to Resolution 47.5, and it was ratified.10


The battle to control formula distribution worldwide has not been won. The pandemic of acquired immunodeficiency syndrome (AIDS) has provided a new reason to distribute formula to developing countries to stop the spread of human immunodeficiency virus (HIV) to infants from their HIV-positive mothers. Careful studies of the issues have proven that exclusive breastfeeding is protective for the first 6 months of life. It is the addition of herbal teas and other foods that irritate the gut and allow invasion by the virus.


In 1987, the Nutrition Taskforce of the Better Health Commission of Australia16 set as targets for the year 2000 that 90% of mothers would be breastfeeding on discharge from the hospital and that 80% of babies would still be breastfed at 3 months of age. In Australia, a survey in 1984 to 1985 showed the rate of breastfeeding was 80% of mothers exclusively breastfeeding on leaving the hospital; the rate at 3 months was 50%.6 These rates were achieved without public health intervention. The efforts now target high-risk groups with low rates. Worksite-based programs encompass prenatal care, pregnancy-related nutrition and drug education, and preparation during pregnancy for infant feeding.


In 1991, the rate in Australia was reported as 92% for initiating breastfeeding and 50% for those still breastfeeding at 6 months. The rate of initiating breastfeeding in 2003 was 90.1%, with 82.4% exclusively breastfeeding at discharge. At 6 months, 47.7% were still breastfeeding. A large government-funded survey is underway throughout Australia. The most recent data are on its website located at www.aifs.gov.au/growingup/pubs/ar/ar200607/breastfeeding.html. At birth 92% of children were being breastfed, but the overall rate fell month by month. An investigation into the impact of maternal employment in Australia is illustrated in Figure 1-2. The Queensland Anti-Discrimination Act, which took effect in 1992, prohibits discrimination on the grounds of sex, marital status, breastfeeding, lawful sexual activity, age, disability, religion, political belief, or trade-union activity. Under this act, breastfeeding mothers cannot be asked to leave restaurants, cinemas, or other public places. Nursing mothers have fed their infants in places such as pubs, parks, and banks. Any transgressions can be reported to the Anti-Discrimination Tribunal, the decisions of which are legally binding. All Australian breastfeeding women are covered at both the state and federal level by this legislation.
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Figure 1-2 Australian rate of breastfeeding.


(From Growing Up in Australia: Longitudinal Study of Australian Children (LSAC): Annual Report 2006-2007, Australian Institute of Family Studies.)





A similar law has been enacted in Florida to encourage breastfeeding and “authorize” it in public (March 1993). The law provides that breastfeeding a baby does not violate prohibitions against unnatural and lascivious acts; exposure of sexual organs; or lewd, lascivious, or indecent conduct in the presence of a child. Nor is breastfeeding an obscenity, harmful to minors, or unlawful nudity or sexual conduct (Appendix L contains the text of the law). Other states have enacted similar laws (see Appendix L for summation of legislation).


Box 1-1 provides a summary of interventions presented at the Surgeon General’s workshop.74 A national conference was held in 1994 in Washington, DC, with federal funding and came to the same conclusions as in 1984. A conference held in Washington, DC, sponsored by the Academy of Breastfeeding Medicine and the Kellogg Foundation, focused on a follow-up 25 years after the original Surgeon General’s workshop looked at disparity issues. Progress is illustrated in Figure 1-3.





BOX 1-1 Key Elements for Promotion of Breastfeeding in the Continuum of Maternal and Infant Health Care






1. Primary care settings for women of childbearing age should have:


• A supportive milieu for lactation



• Educational opportunities (including availability of literature, personal counseling, and information about community resources) for learning about lactation and its advantages



• Ready response to requests for further information



• Continuity allowing for the exposure to and development over time of a positive attitude regarding lactation on the part of the recipient of care






2. Prenatal care settings should have:


• A specific assessment at the first prenatal visit of the physical capability for and emotional predisposition to lactation. This assessment should include the potential role of the father of the child and other significant family members. An educational program about the advantages of and ways of preparing for lactation should continue throughout the pregnancy.



• Resource personnel—such as nutritionists/dietitians, social workers, public health nurses, La Leche League members, childbirth education groups—for assistance in preparing for lactation



• Availability and utilization of culturally suitable patient education materials



• An established mechanism for a predelivery visit to the newborn care provide to ensure initiation and maintenance of lactation



• A means of communicating to the in-hospital team the infant-feeding plans developed during the prenatal course






3. In-hospital settings should have:


• A policy to determine a patient’s infant-feeding plan on admission or during labor



• A family-centered orientation to childbirth, including the minimum use of intrapartum medications and anesthesia



• A medical and nursing staff informed about and supportive of ways to facilitate the initiation and continuation of breastfeeding (including early mother-infant contact and ready access by the mother to her baby throughout the hospital stay)



• The availability of individualized counseling and education by a specially trained breastfeeding coordinator to facilitate lactation for those planning to breastfeed and to counsel those who have not yet decided about their method of infant feeding



• Ongoing in-service education about lactation and ways to support it. This program should be conducted by the breastfeeding coordinator for all relevant hospital staff.



• Proper space and equipment for breastfeeding in the postpartum and neonatal units. Attention should be given to the particular needs of women breastfeeding babies with special problems.



• The elimination of hospital practices/policies that have the effect of inhibiting the lactation process (e.g., rules separating mother and baby)



• The elimination of standing orders that inhibit lactation (e.g., lactation suppressants, fixed feeding schedules, maternal medications)



• Discharge planning that includes referral to community agencies to aid in the continuing support of the lactating mother. This referral is especially important for patients discharged early.



• A policy to limit the distribution of packages of free formula at discharge to only those mothers who are not lactating



• The development of policies to support lactation throughout the hospital units (e.g., medicine, surgery, pediatrics, emergency room)



• The provision of continued lactation support for those infants who must remain in the hospital after the mother’s discharge






4. Postpartum ambulatory settings should have:


• A capacity for telephone assistance to mothers experiencing problems with breastfeeding



• A policy for telephone follow-up 1 to 3 days after discharge



• A plan for an early follow-up visit (within first week after discharge)



• The availability of lactation counseling as a means of preventing or solving lactation problems



• Access to lay support resources for the mother



• The presence of a supportive attitude by all staff



• A policy to encourage bringing the infant to postpartum appointments



• The availability of public-community-health nurse referral for those having problems with lactation



• A mechanism for the smooth transition to pediatric care of the infant, including good communication between obstetric and pediatric care providers


From Report of the Surgeon General’s Workshop on Breastfeeding and Human Lactation. Presented by U.S. Department of Health and Human Services. June 1984. DHHS Pub. No. HRS-D-MC 84.2.


From Report of the Surgeon General’s Workshop on Breastfeeding and Human Lactation. Presented by U.S. Department of Health and Human Services. June 1984. DHHS Pub. No. HRS-D-MC 84.2.
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Figure 1-3 Federal activities in support of breastfeeding (BF). HHS, U.S. Department of Health and Human Services; SG, Surgeon General.


(Modified from Grummer-Strawn LM, Shealy KR: Progress in protecting, promoting, and supporting breastfeeding, Breastfeed med 4(suppl 1):531, 2009.)





Although these recommendations have been promoted since 1984, many hospitals and health care facilities have not achieved them.104 As a result, United Nations Children’s Fund (formerly United Nations International Children’s Emergency Fund) (UNICEF) and the WHO initiated the Baby Friendly Hospital Initiative, which has been implemented in developing countries with considerable success. Box 1-2 lists the 10 steps to becoming a designated Baby Friendly Hospital. A joint WHO/UNICEF statement, Protecting, Promoting, and Supporting Breastfeeding, describes suggested actions for maternity services.96





BOX 1-2 Toward Becoming a Baby-Friendly Hospital: 10 Steps to Successful Breastfeeding


Every facility providing maternity services and care for newborn infants should:



1. Have a written breastfeeding policy that is routinely communicated to all health care staff.



2. Train all health care staff in skills necessary to implement this policy.



3. Inform all pregnant women about the benefits and management of breastfeeding.



4. Help mothers initiate breastfeeding within a half hour of birth.



5. Show mothers how to breastfeed and how to maintain lactation even if they should be separated from their infants.



6. Give newborn infants no food or drink other than breast milk, unless medically indicated.



7. Practice rooming-in—allow mothers and infants to remain together—24 hours a day.



8. Encourage breastfeeding on demand.



9. Give no artificial teats or pacifiers (also called dummies or soothers) to breastfeeding infants.



10. Foster the establishment of breastfeeding support groups and refer mothers to them on discharge from the hospital or clinic.


From WHO/UNICEF: Protecting, promoting and supporting breastfeeding: The special role of maternity services—a joint WHO/UNICEF statement. Geneva, World Health Organization, 1989.







In 1996, Evergreen Hospital in Kirkland, Washington, was the first Baby Friendly Hospital designated in the United States. This initiative has been reorganized and reestablished through Healthy Children, a not-for-profit organization that created Baby Friendly, USA.∗ The program is slowly expanding with a total of 40 hospitals certified and 49 with letters of intent as of July 1, 2009. For certification, the hospital must provide evidence that it has met the 10 criteria (see Box 1-2) and must demonstrate its effectiveness to a visiting team of assessors.






The History of Breastfeeding


The world scientific literature, predominantly from countries other than the United States, includes many tributes to human milk. Early writings on infant care in the 1800s and early 1900s pointed out the hazards of serious infection in bottle-fed infants. Mortality charts were clear in the difference in mortality risk between breastfed and bottle-fed infants.38,39 Only in recent years have the reasons for this phenomenon been identified in terms comparable with those used to define other antiinfectious properties. The identification of specific immunoglobulins and determination of the specific influence of the pH and flora in the intestine of the breastfed infant are examples. It became clear that the infant receives systemic protection transplacentally and local intestinal tract protection orally via the colostrum and mature milk. The intestinal tract environment of a breastfed infant continues to afford protection against infection by influencing the bacterial flora until the infant is weaned. Breastfed infants also have fewer respiratory infections, occurrences of otitis media, gastrointestinal infections, and other illnesses. The immunologic protection afforded by specific antibodies such as respiratory syncytial virus and rotavirus also protects the infant from illness.


Refinement in the biochemistry of nutrition has afforded an opportunity to restudy the constituents of human milk. Attention to brain growth and neurologic development emphasizes the unique constituents of human milk that enhance the growth and development of the exclusively breastfed infant. Because the human brain doubles in size in the first year of life, the nutrients provided for brain growth are critical (see Chapter 7). A closer look at the amino acids in human milk has demonstrated clearly that the array is physiologically suited for the human newborn. Forced by legislation in the 1970s that mandated mass newborn screening for phenylalanine in all hospitals, physicians were faced with the problem of the newborn that had high phenylalanine or tyrosine levels. It became apparent that many traditional formulas provided an overload of these amino acids, which some infants were unable to tolerate even though they did not have phenylketonuria.


The mysteries and taboos about colostrum go back to the dawn of civilization.99 Most ancient peoples let several days pass before putting the baby to the breast with exact times and rituals varying from tribe to tribe. Other liquids were provided in the form of herbal teas; some were pharmacologically potent, and others had no nutritional or pharmacologic worth. Breastfeeding positions varied as well.99 In most cultures, mothers held their infants while seated; however, Armenian and some Asian women would lean over the supine baby, resting on a bar that ran above the cradle for support (Figure 1-4). The infants were not lifted for the purpose of burping. Many groups carried infants on their backs and swung them into position frequently for feedings, a method that continues today. These infants are also not burped but remain semierect in the swaddling on the mother’s back. The ritual of burping is actually a product of necessity in bottle-feeding because air is so easily swallowed.
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Figure 1-4 Armenian woman suckling her child.


(Redrawn from Wickes IG: A history of infant feeding, Arch Dis Child 28:151, 1953.)





Although modern women may be selectively chastised for abandoning breastfeeding because of the ready availability of prepared formulas, paraphernalia of bottles and rubber nipples, and ease of sterilization, this is not a new issue. Meticulous combing of civilized history reveals that almost every generation had to provide alternatives when the mother could not or would not nurse her infant.


Hammurabi’s Code from about 1800 BC contained regulations on the practice of wet nursing, that is, nursing another woman’s infant, often for hire. Throughout Europe, spouted feeding cups have been found in the graves of infants dating from about 2000 BC. Although ancient Egyptian feeding flasks are almost unknown, specimens of Greek origin are fairly common in infant burials. Paralleling the information about ancient feeding techniques is the problem of abandoned infants. Well-known biblical stories report such events, as do accounts from Rome during the time of the early popes. In fact, so many infants were abandoned that foundling homes were started. French foundling homes in the 1700s were staffed by wet nurses who were carefully selected and their lives and activities controlled to ensure adequate nourishment for the foundling.


In Spartan times a woman, even if she was the wife of a king, was required to nurse her eldest son; plebeians were to nurse all their children.87 Plutarch, an ancient scribe, reported that a second son of King Themistes inherited the kingdom of Sparta only because he was nursed with his mother’s milk. The eldest son had been nursed by a stranger and therefore was rejected.


No known written works describe infant feeding from ancient times to the Renaissance.100 In 1472, the first pediatric incunabulum, written by Paul Bagellardus, was printed in Padua, Italy. It described the characteristics of a good wet nurse and provided counseling about hiccups, diarrhea, and vomiting. Thomas Moffat (1584) wrote of the medicinal and therapeutic use of human milk for men and women of “riper years, fallen by age or by sickness into compositions.” His writings referred to the milk of the ass as being the best substitute for human milk at any age when nourishment was an issue. The milk of an ass is low in solids compared with that of most species, low in fat and protein, and high in lactose:
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From AD 1500 to 1700, wealthy English women did not nurse their infants, according to Fildes,29 who laboriously and meticulously reviewed infant feeding history in Great Britain. Although breastfeeding was well recognized as a means of delaying another pregnancy, these women preferred to bear anywhere from 12 to 20 babies than to breastfeed them.107 They had a notion that breastfeeding spoiled their figures and made them old before their time. Husbands had much to say about how the infants were fed. Wet nurses were replaced by feeding cereal or bread gruel from a spoon. The death rate in foundling homes from this practice approached 100%.


The Dowager Countess of Lincoln wrote on “the duty of nursing, due by mothers to their children” in 1662.100 She had borne 18 children, all fed by wet nurses; only one survived. When her son’s wife bore a child and nursed it, the countess saw the error of her ways. She cited the biblical example of Eve, who breastfed Cain, Abel, and Seth. She also noted that Job 39:16 states that to withhold a full breast is to be more savage than dragons and more cruel than ostriches to their little ones. The noblewoman concluded her appeal to women to avoid her mistakes: “Be not so unnatural as to thrust away your own children; be not so hardy as to venture a tender babe to a less tender breast; be not accessory to that disorder of causing a poorer woman to banish her own infant for the entertaining of a richer woman’s child, as it were bidding her to unlove her own to love yours.”


Toward the end of the eighteenth century in England, the trend to wet nursing and artificial feeding changed, partially because medical writers drew attention to health and well-being and mothers made more decisions about feeding their young.


In eighteenth-century France, both before and during the revolution that swept Louis XVI from the throne and brought Napoleon to power, infant feeding included maternal nursing, wet nursing, artificial feeding with the milk of animals, and feeding of pap and panada.23 Panada is from the French panade, meaning bread, and means a food consisting of bread, water or other liquid, and seasoning and boiled to the consistency of pulp (Figure 1-5). The majority of infants born to wealthy and middle-income women, especially in Paris, were placed with wet nurses. In 1718, Dionis wrote, “Today not only ladies of nobility, but yet the rich and the wives of the least of the artisans have lost the custom of nursing their infants.” As early as 1705, laws controlling wet nursing required wet nurses to register, forbade them to nurse more than two infants in addition to their own, and stipulated that a crib should be available for each infant, to prevent the nurse from taking a baby to bed and chancing suffocation.22 On the birth of the Prince of Wales (later George IV) in 1762, it was officially announced: wet nurse, Mrs. Scott; dry nurse, Mrs. Chapman; rockers, Jane Simpson and Catherine Johnson.100
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Figure 1-5 Pewter pap spoon, circa ad 1800. Thin pap, a mixture of bread and water, was placed in bowl. Tip of bowl was placed in child’s mouth. Flow could be controlled by placing finger over open end of hollow handle. If contents were not taken as rapidly as desired, one could blow down on handle.




A more extensive historical review would reveal other examples of social problems in achieving adequate care of infants.73 Long before our modern society, some women failed to accept their biologic role as nursing mothers, and society failed to provide adequate support for nursing mothers (Figure 1-6).∗ Breastfeeding was more common and of longer duration in stable eras and rarer in periods of “social dazzle” and lowered moral standards. Urban mothers have had greater access to alternatives, and rural women have had to continue to breastfeed in greater numbers.95





[image: image]

Figure 1-6 Arnold Steam Sterilizer advertisement.


(From NY Med J June 22, 1895.)





A handful of research-oriented physicians sought a substitute for mother’s milk to replace wet nursing in the mid-nineteenth century.101 Most of the solutions were cow milk with added sugar and water. Dr. William H. Cumming of Atlanta recognized that these solutions were low in “butter,” creating a “deficiency of nerve food.” He added cream and then lime water to bring the pH up and make the solution digestible. In 1884, Dr. A. V. Meigs published a surprisingly accurate comparative analysis of human and bovine milks. He then set about improving bovine milk to match human milk by adding lime water, fat, and sugar. When these preparations were boiled to sterilize them, scurvy became common.


Pierre Budin (1846-1907) is credited with creating perinatal medicine and with establishing the first clinics for nurslings.88 Written when infant mortality rate was 288 per 1000 live births, his book The Nursling stated, “Favor breastfeeding by all possible means and provide mothers with advice and help in order to provide the best nutrition for the infant.”88


Soon, chemists entered the field of infant feeding, which had been previously limited to physicians who had mothers make the profitable mixtures and concoctions.100 Henri Nestlé, a Swiss merchant, combined sugar and wheat flour with milk from Swiss cows fed Alpine grass. The wheat flour had been cooked with malt. Nestlé advertised his product as “scientifically correct so as to leave nothing to be desired.” He directed most of his promotional efforts to mothers, as he insisted that “mothers will do my publicity for me.” Most infant food companies, however, advertised in medical as well as nonmedical journals. As industry took over producing human milk substitutes from physicians who had prescribed their own formulas, the mother became the consumer target. Some concoctions contained no milk at all. Little attention was paid to the fact that the product might be reconstituted with contaminated water. In 1888, the American Medical Association (AMA) subcommittee on infant feeding could not reach a consensus as to the best mother’s milk substitute.5


The competition for the nonnursing mother’s market was well launched by the end of the nineteenth century. Science was equated with progress. Infant-feeding concoctions were described as scientifically prepared, although the statements were never supported by any documentation. The popular lay journals of the day, such as Babyhood and Ladies’ Home Journal, were the arena in which mothers could support or condemn various infant-rearing practices in light of their own limited personal experiences. Apple pointed out that “the commercialization and medicalization of infant care established an environment that made artificial feeding not only acceptable to many mothers but also natural and necessary.”5


Apple further stated that “a combination of the ideology of scientific motherhood, confidence in the medical profession, and shrewd media presentation altered the relationship between mothers and physicians and encouraged mothers to seek out commercial and medical solutions to the problems of infant feeding.”5 Despite a renewed interest in breastfeeding in the mid-twentieth century among mothers and physicians, the legacy of scientific motherhood lives on.


Sociologists reviewed the reasons for the decrease in breastfeeding in the twentieth century.22 Urbanization and technologic advances have affected social, medical, and dietary trends throughout the world.31 The social influences include the changing pattern of family life—smaller, isolated families that are separated from the previous generation. The practice of medicine has emphasized disease and its treatment, especially as it relates to laboratory study and hospital care. The science of nutrition has developed a reliance on measurement and technology, which has led to the conclusion that prepared foods are superior because they can be measured and calculated to meet precise dietary requirements.


In the 1920s, women were encouraged to raise their infants scientifically. “Raising by the book” was commonplace. The U.S. government published Infant Care, referred to as the “good book,” which was the bible of child rearing read by women from all walks of life. It emphasized cod liver oil, orange juice, and artificial feeding. A quote from Parents magazine in 1938 reflects the attitude of women’s magazines in general, undermining even the staunchest breastfeeders: “You hope to nurse him, but there are an alarming number of young mothers today who are unable to breastfeed their babies and you may be one of them.”13 Apple detailed the transition from breastfeeding to raising children scientifically, by the book, and precisely as the doctor prescribes.5


There are encouraging trends, however. The acceptance or rejection of breastfeeding is being influenced in the Western world to a greater degree by the knowledge of the benefits of human milk and breastfeeding. Cultural rejection, negative attitudes, and lack of support from health professionals are being replaced by well-educated women’s interest in child rearing and preparation for childbirth.21 This has created a system that encourages a prospective mother to consider the options for herself and her infant.78-80 The attitude in the Western world toward the female breast as a sex object to the exclusion of its ability to nurture has influenced young mothers in particular not to breastfeed. The emancipation of women, which began in the 1920s, was symbolized by short hair, short skirts, contraceptives, cigarettes, and bottle-feeding. In the second half of the twentieth century, women sought to be well informed, and many wanted the right to choose how they fed their infants.


The great success of the mother-to-mother program of the La Leche League and other women’s support groups in helping women breastfeed or, as with International Childbirth Education Association (ICEA), in helping women plan and participate in childbirth, is an example of the power of social relationships.44 Raphael72 described the doula as a key person for lactation support, especially in the first critical days and weeks after delivery.


Bryant12 explored the social networks in her study of the impact of kin, friend, and neighbor networks on infant-feeding practices in Cuban, Puerto Rican, and Anglo families in Florida. She found that these networks strongly influenced decisions about breastfeeding, bottle-feeding, use of supplements, and introduction of solid foods. Network members’ advice and encouragement contributed to a successful lactation experience. The impact of the health care professional is inversely proportional to the distance of the mother from her network. The health care worker must work within the cultural norms for the network. For individuals isolated from their cultural roots, the health care system may have to provide more support and encouragement to ensure lactation success and adherence to health care guidelines.75


The trend in infant feeding among mothers who participated in the Women, Infants, and Children (WIC) program in the late 1970s and early 1980s was analyzed separately by Martinez and Stahl58,59from the data collected by questionnaires mailed quarterly as part of the Ross Laboratories Mother’s Survey. The responses represented 4.8% of the total births in the United States in 1977 and 14.1% of the total births in the United States in 1980. WIC participants in 1977, including those who supplemented with formula or cow milk, were breastfeeding in the hospital in 33.6% of cases. A steady and significant increase occurred in the frequency of breastfeeding; it rose to 40.4% in 1980 (p <0.5). WIC data continue to be collected, and the trends have paralleled other groups.


The Food and Consumer Service (FCS) of the U.S. Department of Agriculture (USDA) entered into a cooperative agreement with Best Start, a not-for-profit social marketing organization that promoted breastfeeding to develop a WIC breastfeeding promotion project that was national in scope and implemented at the state level. The project consisted of six components: social marketing research, a media campaign, a staff support kit, a breastfeeding resource guide, a training conference, and continuing education and technical assistance. With an annual $8 million budget for WIC, the project’s goals are to increase the initiation and duration of breastfeeding among clients of WIC and to expand public acceptance and support of breastfeeding. Breastfeeding women are favored in the WIC priority system when benefits are limited; they can continue in the program for a year; those who do not breastfeed are limited to 6 months. All pregnant participants of WIC are encouraged to breastfeed.


Montgomery and Splett63 reported the economic benefits of breastfeeding infants for mothers enrolled in WIC. Comparing the costs of the WIC program and Medicaid for food and health care in Colorado, administrative and health care costs for a formula-fed infant minus the rebate for the first 180 days of life were $273 higher than those for the breastfed infant. These calculations did not include the pharmacy costs for illness. When these figures were translated to large WIC programs in high-cost areas (e.g., New York City, Los Angeles) and multiplied by millions of WIC participants, the savings from breastfeeding were substantial (Table 1-2). If the goal of 75% breastfeeding women by the year 2010 were realized among WIC recipients, the cost savings could be at least $4 million a month for the WIC program.63 Since 2000, WIC programs have energetically promoted breastfeeding, but the street value of the package for bottle-feeders has been popular. A new WIC package has been developed and slowly supported through the system. It increased the food allowance for lactating women. Progress continues slowly. Many people consider WIC to be synonymous with formula.


TABLE 1-2 Percentage of Breastfeeding Among WIC Participants 1977-2002






	Year

	In Hospital (%)

	At 6 Months of Age (%)






	1977

	33.6

	12.5






	1978

	34.5

	9.7






	1979

	37.0

	11.2






	1980

	40.4

	13.1






	1981

	39.9

	13.7






	1982

	45.3

	16.1






	1983

	38.9

	11.5






	1984

	39.1

	11.9






	1985

	40.1

	11.7






	1986

	38.0

	10.7






	1987

	37.3

	10.6






	1988

	35.3

	9.2






	1989

	34.2

	8.4






	1990

	33.7

	8.2






	1991

	36.9

	9.0






	1992

	38.8

	10.1






	1993

	41.6

	10.8






	1994

	44.3

	11.6






	1995

	46.6

	12.7






	1996

	46.6

	12.9






	1997

	50.4

	16.5






	1998

	56.8

	18.9






	1999

	56.1

	19.9






	2000

	56.8

	20.1






	2001

	58.2

	20.8






	2002

	58.8

	22.1







Data collected from Martinez GA, Stahle DA: The recent trend in milkfeeding among WIC infants, Am J Pub Health 72:68, 1982; Ryan AS, Rush D, Krieger FW: Recent declines in breastfeeding in the United States, 1984 through 1989, Pediatrics 88:719, 1991; Krieger FW: A review of breastfeeding trends. Presented at the Editor’s Conference, New York, September 1992; Ross Laboratories Mothers Survey, unpublished data, Columbus, Ohio, 1992; Mothers Survey, Ross Products Division, Abbott Laboratories, unpublished data, 1998; Ryan AS: The resurgence of breastfeeding in the United States, Pediatrics 99:2, 1997 (electronic article); Mothers Survey, Ross Products Division, and Abbott Laboratories—Breastfeeding Trends 2002.






Frequency of Breastfeeding


Data collected in the 1970s in the Ross Laboratories Mothers Survey MR77-48, which included 10,000 mothers, revealed a general trend toward breastfeeding.58 In 1975, 33% of the mothers started out breastfeeding, and 15% were still breastfeeding at 5 to 6 months. In 1977, 43% of the mothers left the hospital breastfeeding, and 20% were still breastfeeding at 5 to 6 months. Other studies have shown a regional variation, with a higher percentage of mothers breastfeeding on the West Coast than in the East.


A continuation of the study of milk-feeding patterns in 1981 in the United States by Martinez and Dodd58 showed a sustained trend toward breastfeeding in 55% of the 51,537 new mothers contacted by mail. Although mothers who breastfeed continue to be more highly educated and have a higher income, the greatest increase in breastfeeding occurred among women with less education. From 1971 to 1981, breastfeeding in the hospital more than doubled (from 24.7% to 57.6%), with an average rate of gain of 8.8%. For infants 2 months old, breastfeeding more than tripled (from 13.9% to 44.2%) in this 10-year period (Table 1-3).




TABLE 1-3 Summary of Federally Funded Datasets Assessing Breastfeeding Outcomes of Individuals
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The National Natality Surveys (NNS) conducted by the CDC in 1969 and 1980 included questions about infant feeding practices after birth by married women.31,32 Questionnaires were mailed at 3 and 6 months postpartum. In 1969, 19% of white women and 9% of black women were exclusively breastfeeding. The highest rate was among white women to 34 years old, with three to six children. In 1980, 51% of white women and 25% of black women were exclusively breastfeeding, and they were more highly educated and primiparous.32


The Ross surveys continue, and 725,000 surveys are mailed annually. The results have documented the persistent decline in the number of women initially breastfeeding, from a high in 1982 of 61.9% to an apparent low in 1991 of 51%, with the decline finally involving all categories of women, including those with higher socioeconomic status and higher education.


The Mothers Survey included 1.4 million questionnaires mailed in 2001, and this time two categories of questions were asked: any amount of breastfeeding and exclusive breastfeeding. Record high levels of any breastfeeding were reported: 69.5% initiation rate and 32.5% at 6 months postpartum with increases across all sociodemographic groups. The greatest increases were among young mothers (older than 20 years of age), the less educated, primiparous mothers, and those employed at the time of the survey. Mothers who practiced exclusive breastfeeding at hospital discharge (46.2%) and at 6 months (17.2%) were older and better educated.78-80









Ethnic Factors


The Pediatric Nutrition Surveillance System (PedNSS) is a child-based public health surveillance system that monitors the nutritional status of low-income children in federally funded maternal and child health programs. The process begins in the clinic aggregates at the state level and the data are submitted to the CDC for analysis. In 2001, 39 states, the District of Columbia, Puerto Rico, American Samoa, and six tribal governments participated, representing 5 million children from birth to 5 years of age; 37% of findings were from children younger than 1 year old from the six major ethic groups.


In 2001, PedNSS reported 50.9% of children were ever breastfed, 20.8% were breastfed for at least 6 months, and 13.6% were breastfed for at least 12 months (Figure 1-7). Breastfeeding rates improved 45% from the 1992 rate of 34.9% across all racial and ethnic groups. The CDC has continued to monitor breastfeeding rates and issued a breastfeeding report card in 2007; 73.8% of infants born in 2004 were ever breastfed, and only 41.5% were still breastfeeding at 6 months and 20.9% at 12 months. Exclusive breastfeeding was 30.5% at 3 months and 11.3% at 6 months. Table 1-4 shows the states that have met the 2010 breastfeeding objectives.96





[image: image]

Figure 1-7 Percentage of infants who were ever breastfed by birth cohort and race-ethnicity: United States, 1993-2006.


(From McDowell MM, Wang CY, Kennedy-Stephenson J: Breastfeeding in the United States: Findings from the National Health and Nutrition Examination Surveys, 1999-2006. NCHS Data Brief Apr(5):1-8, 2008.)







TABLE 1-4A Breastfeeding Rates by State—2004.
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TABLE 1-4B Impact of Baby Friendly, Lactation Support, and State Legislation
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International trends are difficult to summarize because definitions vary and population assessments may be more or less complete. In an effort to improve reporting and implement its global strategy, the WHO has prepared a tool for assessing national practices, policies, and programs entitled, “Infant and Young Child Feeding in 2003.” It is detailed and extensive and is available at http://www.who.int/child-adolescent-health/publications/nutrition/IYCF_AT.htm.96


Breastfeeding practices in developing countries have been improving since 1990, according to population reports. The level of exclusive breastfeeding in the first 3 months increased 10% in 35 countries predominantly because mothers stopped the introduction of nonmilk foods so early. Malawi improved 59% in exclusive breastfeeding. The trend is to delay complementary foods until 6 months as recommended by WHO (Table 1-5). Still, exclusive breastfeeding dropped in Jordan, Benin, Turkey, Niger, and Rwanda. Surveys have continued to confirm the impact of breastfeeding on child survival. With other factors accounted for, an infant is four times more likely to die if a mother stops any breastfeeding at 2 to 3 months of age than an infant who continues to breastfeed. At 9 to 12 months, if the infant is not breastfed, the risk of death is 2.3 times greater (Figure 1-8).




TABLE 1-5 Trends in Exclusive Breastfeeding Internationally
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Figure 1-8 Effect of stopping breastfeeding on infant and child mortality.


(Figure 2 from Zlidar VM, Gardner R, Rutstein SO, et al: New survey findings: The reproductive revolution continues, Population Reports, Series M, No. 17, Baltimore, The Johns Hopkins Bloomberg School of Public Health, The INFO Project, Spring 2003; Rutstein S: Effect of birth intervals on mortality and health, Calverton, Maryland, Measure/DHS+, Macro International, Inc.)





Almost all infants in developing countries are at least partially breastfed in the first 3 months. In 56 countries, one third of infants are exclusively breastfed for 4 months. Breastfeeding to age 2 years with appropriate complementary feeding after 6 months contributes to good nutrition and the prevention of diarrhea. At 12 to 15 months, 78% are breastfeeding and by 24 months only 45%. Mothers in sub-Saharan Africa and Asia are almost twice as likely to continue breastfeeding through the second year, as are those in other developing regions (Tables 1-6 and 1-7).




TABLE 1-6A WHO Statistics 2009


Infants Exclusively Breastfed for First 6 Months
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TABLE 1-6B WHO Statistics 2009






	WHO Regions

	Exclusive Breastfeeding at 6 Months (%)






	Africa

	29.5






	Americas

	30.3






	South East Asia

	43.2






	European

	17.7






	Eastern Mediterranean

	34.2











	Income Group

	Exclusive Breastfeeding at 6 Months (%)






	Low

	32.1






	Lower middle

	40.8






	Upper middle

	29.1






	High

	12.1






	Global

	34.8







World Health Statistics 2009, WHO Press: Geneva, Switzerland, 2009.




TABLE 1-7 Breastfeeding to 24 Months of Age, 1990-2001, by Country
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Demographic Factors


The demographic factors associated with a higher incidence of breastfeeding have remained the same since the low point in 1970’s.5 The rate for well-educated, higher socioeconomic status families was more than 80% initiation at birth in 2002 (Table 1-8). In 2002, 45.8% of the infants in this group were still breastfeeding at 5 to 6 months of age with an average of all groups at 5 to 6 months of 32.5%. The rate among black women was 21.9% and among participants of WIC only 20.8% at 6 months, an increase in all groups.


TABLE 1-8 Distribution of Select Characteristics Among Participants in the IFPS II and Among Participants in the NSFG (Cycle 6), 2002






	Characteristic

	Percentage of IFPS II Sample (Mothers of Infants Born in 2005) (N = 3033)∗


	Percentage of NSFG Sample (Mothers of Infants Born in 1998-2000) (N = 1415)†







	Age






	18-24 yr‡


	23.3

	32.6






	25-34 yr

	61.4

	54.9






	35-43 yr

	15.3

	12.4






	Marital status






	Married or cohabiting¶


	79.1

	79.5






	Other

	20.9

	20.5






	Education






	High school or less‡


	21.0

	47.5






	Some college

	40.2

	27.8






	College graduate

	38.8

	24.7






	Income






	<185% of FPL‡


	41.9

	45.2






	185%-349% of FPL

	35.8

	27.4






	>350% of FPL

	22.3

	27.4






	Employment status (prenatal)






	Employedc


	66.3

	61.2






	Not employed

	33.7

	38.8






	Parity






	1‡


	29.2

	25.3






	2

	40.9

	39.7






	≥3

	29.9

	35.0






	Race/ethnicity






	White‡


	84.4

	61.5






	Black

	4.9

	14.1






	Hispanic

	6.2

	18.9






	Other

	4.6

	5.4






	Region






	West

	20.1

	24.5






	Midwest

	30.0

	23.7






	South‡


	32.6

	40.3






	Northeast

	17.3

	11.5






	Prenatal smoking






	Yesc


	9.9

	12.0






	No

	90.1

	88.0






	Prenatal care






	<13 wk‡


	88.6

	91.9






	13-21 wk

	6.9

	5.8






	≥22 wk/never

	4.5

	2.3






	Total maternity leave taken (paid and unpaid)






	≤6 wkc


	21.0

	38.1






	>6 wk

	79.0

	61.9







FPL, Federal poverty level.


∗ Sample sizes vary slightly because of missing data on some variables.


† The NSFG sample was limited to most recent singleton live births to women 18 to 44 years old at delivery. Weighted percentages are reported.


‡ Tests were conducted to evaluate differences between NSFG and IFPS characteristics, which required that all variables be dichotomized. Multilevel variables were categorized by keeping one category and collapsing all others. The † for multilevel variables indicates the category that was kept and that it was significantly different across the two samples at p < 0.05. For dichotomous variables, the † indicates that the variable was significantly different across samples.


¶ Category was kept and was not significantly different across the two samples.


Study after study has confirmed the relationship of breastfeeding to education, social status, marriage, and other demographic factors. The well-educated, well-to-do groups of all races breastfeed. In a study by Wright et al106 of 1112 healthy infants in a health maintenance organization (HMO) in Arizona, 70% were breastfed with a mean duration of almost 7 months. Education and marriage were associated with breastfeeding. Maternal employment outside the home and ethnicity (being Hispanic rather than white) were related to higher rates of bottle-feeding. The authors suggest that effects of ethnicity are independent of those of education. New immigrants who would have breastfed in their homeland tend to bottle-feed in the United States because they think this practice is “American.”


Impoverished mothers choose to bottle-feed not because they are working; statistics show they are staying home and bottle-feeding. When mothers were interviewed about their infant feeding choice at a prenatal WIC clinic, they knew mother’s milk was best.35 They said it was too difficult to breastfeed and there were too many rules. In the classes on breastfeeding given by lactation experts, the instructions on preparing the breasts and diet rules were overwhelming. The mothers said if their physician would tell them breastfeeding was important, they would do it for as long as the physician said.34 Similar data in the Ross Laboratories Mothers Survey also indicated the power of physicians. Mothers trusted their physicians’ advice and were more successful at breastfeeding if the physician was supportive and expressed his or her views.78,79









Duration of Breastfeeding


Coupled with concerns about the decreasing number of mothers who breastfeed their infants when they leave the hospital is the concern about duration of breastfeeding (Figure 1-9). A sharp decline occurs by age 6 months. Overall, 21.7% of infants were breastfed at 6 months in 1996 and 41.5% in 2007 (a 50% improvement) (Figures 1-10 and 1-11).
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Figure 1-9 A, Census breastfeeding data, 2004. Percentage of children ever breastfed by state among children born in 2004. (From National Immunization Survey, Centers for Disease Control and Prevention, Department of Health and Human Services.) B, C: Duration of breastfeeding, 1955-2002. B, The percentage of breastfeeding at each of three ages in continued each year, 1995 to 2002. C, The percentage of breastfeeding over time, 1955 to 2002.


(Data from Woo-lun M, Gussler J, Smith N [eds]: The International Breast-feeding Compendium, 3rd ed, Columbus, Ohio, Ross Laboratories, 1984; Kreiger F: A review of breastfeeding trends, presented at the Editor’s Conference, New York, September 1992; and Ryan AS: The resurgence of breastfeeding in the United States. Pediatrics 99:2, 1997 [electronic article].)
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Figure 1-10 National trends in breastfeeding rates.


(From Grummer-Strawn: Breastfeeding Progress 1984-2009. Breastfeeding Med 4 [suppl]:S32, 2009.)
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Figure 1-11 Percentage of infants who were ever breastfed by birth cohort: United States, 1993-2006.


(From U.S. Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Health Statistics.)





The two types of breastfeeding, as Newton65 pointed out, are unrestricted and token. Unrestricted breastfeeding usually means that the infant is put to the breast immediately after delivery and breastfed on demand thereafter, without rules or limitations. There may be 10 or 12 feedings per day in the early weeks, with the number gradually decreasing over the first year of life. Breast milk continues to be a major source of nourishment during infancy.


Token breastfeeding, in contrast, is characterized by constant restrictions on the time and duration of nursing. Usually the feedings are scheduled. Even the amount of mother-infant contact is limited initially, and the infant is often offered water or glucose water by bottle. Comparative studies have been plagued with problems of definitions of breastfeeding.


In 1988, the Interagency Group for Action on Breastfeeding met to develop a set of definitions that could be used as standardized terminology for the collection of information on breastfeeding behavior. The recommendations were then reviewed extensively by researchers and providers, and a schema was finalized (Figure 1-12).54



1. Acknowledge that the term breastfeeding alone is insufficient to describe the numerous types of breastfeeding behavior.



2. Distinguish full from partial breastfeeding.



3. Subdivide full breastfeeding into categories of exclusive and almost-exclusive breastfeeding.



4. Differentiate among levels of partial breastfeeding.



5. Recognize that token breastfeeding has little or no nutritional impact.


The group hoped that the schema and framework would assist researchers and agencies in efforts to describe and interpret breastfeeding practices accurately (Figure 1-12).
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Figure 1-12 Schema for breastfeeding definition.


(Modified from Labbok M, Krasovec K: Toward consistency in breastfeeding definitions, Stud Fam Plan 21:226, 1990.)





The definition of breastfeeding continues in debate. The Breastfeeding Promotion Consortium (BFC) of the USDA and the United States Breastfeeding Committee (USBC) have put forth a document of final recommendations that these groups support. Different contexts in which breastfeeding is defined include benefit eligibility, surveillance, monitoring, policies, guidelines, and research. The results were a complex report.46


Cultural differences also affect duration of breastfeeding.43 In societies not yet industrialized that maintain ancient cultural patterns of child rearing, the duration is well more than a year. A study of 46 such societies by Ford30 revealed that weaning at about 2 to 3 years of age occurred in three fourths of them. One fourth of the groups began weaning at 18 months of age, and one culture started at 6 months. A similar anthropologic investigation of primitive child-rearing practices found a distinct correlation between the time of weaning and the behavior of the tribes.30 When weaning was delayed, tribes were peaceful. In contrast, tribes that abruptly weaned their infants at 6 months of age and practiced other rigid disciplinary practices were warlike.


When weaning practices were evaluated among 945 women in Guinea-Bissau, West Africa, the data revealed that all infants had been breastfed at least 18 months. Among the reasons for terminating breastfeeding were that the child became ill, the mother became ill, or the mother became pregnant. By 23 months, weaning occurred because the infant was healthy and old enough.50 Although there are few studies since the 1980s focusing on the reasons why women wean early, a recent study by Schwartz et al83 of women in Michigan and Nebraska revealed that the reasons for weaning are similar. They reported a prospective cohort study of 946 women over the first 12 weeks postpartum. The demographic features were similar to older studies. Women older than 30 years with a bachelor’s degree were most likely to continue breastfeeding throughout the study. In the first 3 weeks, “not enough milk” was the most common reason to stop, and after 4 weeks the most common reason was a “return to work. (Table 1-9).




TABLE 1-9 Percentage of Mothers Who Indicated That Specified Reasons Were Important in Their Decision to Stop Breastfeeding, According to Infants’ Age at Weaning
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In a study by Ramos and Almeida71 in a baby-friendly maternity hospital in Brazil, 24 mothers who weaned their infants by 4 months were interviewed in depth. The reasons for weaning were similar to studies from decades before: weak or little milk, problems with breasts (sore nipples), lack of experience, disparity between needs of mother and needs of the baby, and work. The investigators described a sense of isolation and solitude on the part of the mother and need for support from health care providers and society in general.45 They concluded that breastfeeding should be treated as an act to be learned by women and protected by society. These studies point out the pivotal role for the pediatrician in the successful maintenance of lactation and the importance of the postpartum environment14,45,95 (Tables 1-10 and 1-11).




TABLE 1-10 Selected Demographic Characteristics Associated With Duration of Breastfeeding∗
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TABLE 1-11 Probability of Early Cessation by Selected Prenatal and Postpartum Characteristics Among Women Initiating Breastfeeding






	 

	Probability

	Odds Ratio (95% Confidence Interval)






	Prenatal characteristics






	Confidence in ability

	 

	 






	 Low (n = 47)

	0.28∗


	5.05 (1.99, 6.42)






	 High (n = 128)

	0.07∗


	 






	Certainty of decision

	 

	 






	 Low (n = 21)

	0.33†


	4.86 (1.68, 14.01)






	 High (n = 150)

	0.09†


	 






	Postpartum characteristics






	Timing of first breastfeeding

	 

	 






	 Late (n = 92)

	0.18‡


	3.44 (1.21, 9.87)






	 Early (n = 81)

	0.06‡


	 






	Baby’s daytime location

	 

	 






	 Nursery (n = 23)

	0.26§


	3.00 (1.03, 8.71)






	 Mother’s room (n = 152)

	0.11§


	 







Early cessation is defined as breastfeeding for 7 days or less. The confidence scale was dichotomized to reflect less confident (raw scores 1-3) and more confident (raw scores 4-6).


∗ χ2 = 13.31; df = 1; p <0.001.


† χ2 = 9.85; df = 1; p <0.01.


‡ χ2 = 5.88; df = 1; p <0.02.


§ χ2 = 4.40; df = 1; p <0.05.


Modified from Buxton KE, Gielen AC, Faden RR, et al: Women intending to breastfeed: Predictors of early infant feeding experiences. Am J Prev Med 7:101, 1991.


The positive and negative emotional and physical experiences of 152 long-term breastfeeding American and Canadian women were reported by Reamer and Sugarman.73 This sample of mothers was randomly selected from 1038 women who responded to a request for volunteers in a La Leche League newsletter. All answered the eight-page questionnaire, which had 51 short-answer and 52 free-response questions. The respondents were older, better educated, predominantly white, and had belonged to the league at some time. The average age was 29.4 years, age at first child was 25, 77% had more than 1 year of college, and 44% had 4 or more years of college. Far fewer were employed than the national average (13% full or part time versus 34% nationally). The average weaning age for the 339 children represented by this study was 18 months, with a range of 3 weeks to 5 years. At the time of the study, 136 children were still being breastfed. Two mothers thought there were no positive effects of prolonged nursing of their children, but others offered more than one perceived positive consequence (Table 1-12). Emotional security, happiness, mutual love, and future independence were the key positive outcomes of long-term nursing in the mothers’ views. Good health was mentioned by 22%.


TABLE 1-12 Positive Consequences of Long-Term Nursing as Perceived by the Mother






	Perceived Consequences

	Mothers (n = 130)

	%∗







	Positive emotional effect on child; child is more secure

	65

	50.0






	Better physical health (fewer allergies)

	29

	22.3






	Child is loving, friendly, cheerier

	27

	20.8






	Child can separate more easily; relative independence achieved with less stress

	22

	16.9






	Enhanced maternal sensitivity

	19

	14.6






	Close relationship of mother and child

	18

	13.8






	Positive influence or education for older siblings

	11

	8.5






	Child easily comforted during crisis, pain, or teething

	10

	8.0






	Broad, all-encompassing positive effect

	6

	4.6






	Incidental positive consequences

	13

	10.4






	No positive effects perceived

	2

	1.5







∗ Mothers could give multiple responses; thus percentages add to more than 100%.


From Reamer SB, Sugarman M: Breastfeeding beyond six months: mothers’ perceptions of the positive and negative consequences, J Trop Pediatr 33:93, 1987.


When asked to list the negative aspects of nursing longer than 6 months, 47% of mothers said there were none at 6 months, but only 26% of mothers had no negative feelings about nursing past 12 months. Perceived social hostility was the major negative effect, reported by 24% of mothers at 6 months and by 42% at 12 months (Table 1-13). Ninety percent felt there were no negative effects for the children. The social stigma has driven many well-educated, caring, dedicated mothers to conceal nursing, called “closet nursing.” Unfortunately, this leads physicians and the public alike to think that breastfeeding in the United States terminates by 6 months of age.




TABLE 1-13 Mothers’ Responses to the Question, “What Do You Think Are the Negative Aspects of Nursing Past 6 Months (Past 1 Year)?”
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Impact of Commercial Discharge Packs


Several studies have evaluated whether commercial discharge packs result in diminished breastfeeding duration. Unfortunately, none of the studies was so well randomized and controlled that the answer was clear. The studies that did mention use of bottles in the hospital noted a stronger correlation between bottle use and diminished duration of breastfeeding.10 What had not been measured was the impact of office prenatal formula advertising on breastfeeding. In a study by Howard et al47 of 547 women randomized to receive formula company gift packs or specially designed educational pacts at their first prenatal visit, feeding method was recorded at delivery. The 294 women who chose to breastfeed were interviewed at 2, 6, 12, and 24 weeks postpartum. Women who received the commercial pack were more likely to discontinue breastfeeding by 2 weeks. Among women who had indefinite goals of breastfeeding for less than 12 weeks, exclusive, full, and overall breastfeeding duration were shortened.


In New York State, regulations regarding breastfeeding support instituted in July 1984, among other things, disallowed discharge packs to breastfeeding women unless requested by the mother or prescribed by the physician. A mother who requests such a pack is usually at high risk for early termination of lactation in most investigators’ experience. Giving such a packet to a vulnerable mother (young, less educated, single, poor support system) may be a message not unlike Parents magazine circa 1938: “You may be one of them … ” (i.e., those who fail).5 In a study in Virginia, Hayden et al42 reported that most pediatricians did not know and had never been asked if they approved of the discharge packages with samples of powders, creams, baby food, and other baby items that may or may not be appropriate for indiscriminate use. The authors suggest that pediatricians should investigate and review the procedures in their own hospitals (Figure 1-13).
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Figure 1-13 Number of states with breastfeeding legislation by year and type.


(Data source, NCSL Database, 2009. Grummer-Strawn: Progress in protecting, promoting and supporting breastfeeding, Breastfeeding Med 4(suppl):S34, 2009.)





Controlling discharge packs deflects attention from the real problem: inadequate counseling about breastfeeding and a system to support the mother who needs it. This point is well illustrated in a study by Feinstein et al,26 who found that initiating breastfeeding in the first 16 hours and minimizing use of formula in the nursery correlated highly with successful lactation. The negative impact of supplementation could be overcome by frequent breastfeeding at home.


A force that is difficult to measure is the public advertising of infant formula, a direct violation of the letter and the intent of the WHO Code (see earlier discussion). Some formula companies have television advertisements that include a subliminal message that their product is equal to breastfeeding.39 Furthermore, when the message says, “Just ask your doctor,” it implies that physicians agree. Sending free samples and coupons aimed at a vulnerable woman 2 to 4 weeks postpartum, when she is likely fatigued and overwhelmed, can undermine the confidence of even a dedicated breastfeeding mother. In addition to the pregnant woman or new mother, the audience consists of the world of television viewers. The daily repetition of the message that bottle-feeding is just as good as breastfeeding is cementing the national image that it is “American” to bottle-feed.56 (Table 1-14).


TABLE 1-14 Savings and Costs Associated With Improved Breastfeeding From a Societal Perspective






	Perspective

	Savings

	Costs






	Infant and parent

	Infant formula; physician copays; prescription copays; hospital deductible; over-the-counter medications; transportation costs; lost wages or sick child care; decreased quality of life associated with permanent sequelae of illnesses, e.g., hearing loss, short bowel; reduced intelligence quotient

	Food intake of breastfeeding mother; breast pump; human breast milk storage






	Employer

	Employee absence; lost productivity; insurance premiums; employee turnover; employee recruitment

	Breastfeeding room with breast pump and refrigerator; promotion of lactation program; work schedule flexibility






	Payer

	Physician fees (minus copays); specialty referrals (minus copays); emergency room/urgent care visits (minus copays); prescriptions (minus copays); hospitalization (minus deductible); laboratory procedures; increased provider availability caused by lower visit rate of infants

	Lactation consultant referrals; provider time used for breastfeeding counseling and management






	Federal and state governments

	Formula purchase for WIC program; medical care for children in Medicaid; worker productivity and global competition

	Legislative or program costs to promote a breastfeeding-friendly culture







Breastfeeding has broad social and economic implications. Insufficient breastfeeding is expensive for the U.S. government, which finances infant nutrition through the Women, Infants, and Children (WIC) program and infant health care through the Medicaid program. Compared with formula-fed infants, infants enrolled in WIC who were breastfed saved $478 each month in WIC costs and Medicaid expenditures during the first 6 months of life.25 Other costs, equally important but more difficult to measure also must be considered, including long-term health concerns.


From Bell TM Bennett DM: The economic impact of breastfeeding, Pediatr Clin North Am 48:253-262, 2001.


Infants in Latin America were less likely to be breastfed than infants in Africa and Asia, and the duration was 6 months compared with 12 months or more in Asia and Africa.36 A significant increase in the Latin American rates resulted after an aggressive breastfeeding promotion program (PROALMA) was initiated and supported by the various governments.67,68


A study of attitudes toward breastfeeding and infant feeding among Iranian, Afghan, and Southeast Asian immigrant women in the United States reported that women discontinue breastfeeding to return to work because (1) economics is important, (2) the workplace is hostile to nursing mothers, and (3) there is little or no maternity leave.35 The author recommends that (1) health care workers should have greater sensitivity to cultural barriers, (2) adult language school programs coordinate infant nutrition programs with WIC, (3) workplaces encourage breastfeeding, and (4) American social customs recognize breastfeeding as normal.36


In an effort to identify the “real” reason women stop breastfeeding, Ferris et al28 followed more than 250 women who delivered their babies in Connecticut. They tried to identify crucial biologic and sociocultural links in the chain of events that precede the change in feeding from breast to bottle.


Hospital routines influenced the early “failures.” Successful breastfeeding women experienced milk let-down a full day sooner than those who discontinued by 2 weeks. They had also fed their infant 5 hours earlier than those who discontinued. Mothers who nursed early had prepared themselves to insist on early feeding. Mothers who were unsure and lacked confidence turned to supplements. Providing just 1 oz of formula per day led to ultimate discontinuation.57 A small amount of doubt eroded confidence. The most vulnerable time was the immediate postpartum period. Women who wanted to lose weight postpartum were disappointed that they did not lose more rapidly. The authors also identified the need for close follow-up by the pediatrician in these critical 2 weeks28 (Table 1-15).




TABLE 1-15 Sources of Advice on Breastfeeding: Comparison of Intent Versus Action
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A number of hospital routines were found to be potentially detrimental to breastfeeding in a literature review of breastfeeding initiation and duration by Dennis.20 These included interruption of mother-infant contact, supplementation, and restricted feedings. The AAP and Academy of Breastfeeding medicine (ABM) have both prepared guidelines for hospital management to promote breastfeeding. (See Appendix P.)









Attitudes of Health Care Professionals


A 1980 survey of physicians’ and nurses’ medical and educational practices regarding breastfeeding was published when breastfeeding was at its zenith. A follow-up survey was completed in the summer of 1991, after several years of decline. A comparison of the results of these two surveys showed little change in the current practices of health care professionals regarding breastfeeding, their attitudes toward breastfeeding, and who among them they believed to be primarily responsible for managing breastfeeding and supporting breastfeeding mothers.


In terms of responsibility for managing breastfeeding mothers and infants, more than 80% of pediatricians believed that medical encouragement or support of breastfeeding was primarily a responsibility of the infant’s physician. Approximately two thirds of family practitioners thought that both the mother’s physician and the infant’s physician were responsible.


The respondents viewed mother’s employment as the main reason for the decline in breastfeeding.56 Most obstetricians have always supported breastfeeding according to Queenan,70 an active advocate of breastfeeding, but some have appeared to be neutral. He stated that mothers should be informed of the strikingly valuable health benefits of breastfeeding so the mother can make an informed choice; “It’s your gift to the mother and it’s her gift to her baby.”70 A follow-up study of pediatricians’ attitudes and practices regarding breastfeeding in 1995 versus 2004, reported by Feldman-Winter et al27 was included in the periodic Surveys of Fellows of the AAP. Fewer responses were received—875 (53.5%) compared to 1132 (70.7%)—in 1995. Feeding practices for their own children showed an increase in breastfeeding from 37% to 72% in 2004.


Health care professionals can be a negative source of support, reported Dennis in her review of breastfeeding literature from 1990 to 2000, which covered almost 200 articles. This is explained by the lack of knowledge that results in inaccurate or inconsistent advice.20












Morbidity and Mortality Studies in Breastfed and Artificially Fed Infants


Assessing the mortality rate of breastfed infants compared with bottle-fed infants is difficult today because many breastfed infants also receive supplements of formula and solid foods. The risk of death in the first year of life diminished in developed countries in the twentieth century since the advent of antibiotics, additional immunizations, and many other advances in pediatric care.85 Data from previous decades and other nations do show a significant difference, however.38,39 Knodel53 presented a complete table, including rates from cities in Germany,∗


France, England, Holland, and the United States (Table 1-16). The mortality rate among breastfed infants is clearly lower than that among bottle-fed infants. Knodel53 pointed out that early neonatal deaths, in the first week or so of life, were excluded. In the early twentieth century, posters that urged mothers to breastfeed that were part of the National Campaign to lower infant mortality rates were displayed everywhere by the health department without fear of inducing guilt in mothers. According to Wolf, the language was direct: “To lessen baby death let us have more mothers breastfeed”; “For your baby’s sake, nurse it.” Little has changed in a century.101




TABLE 1-16 Mortality Rates and Survivorship to Age 1 Year in Breastfed and Artificially Fed Infants∗
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Woodbury103 reported the trends in infant feeding (Figure 1-14) and in another study in 1922 reported mortality rates of infants by type of feeding. Mortality rate is lower at all ages for breastfed infants. Overwhelming evidence of the impact of human milk on mortality rate is displayed in the widely publicized statistics currently available on third world countries, where infant formulas are rapidly replacing human milk. The death rate is higher, malnutrition starts earlier and is more severe, and the incidence of infection is greater in formula fed infants (Figures 1-15 and 1-16). Data from the work of Scrimshaw et al84 show a mortality rate of 950 of 1000 live births in artificially fed infants and 120 of 1000 in breastfed infants. The data were collected in Punjab villages from 1955 through 1959. The deaths were predominantly caused by diarrheal disease. The Pan American Health Organization has reported similar correlations among malnutrition, infection, and mortality. In the work by Puffer and Serrano69 in 1973 in São Paulo, death rates among breastfed infants and proportions from diarrheal disease and malnutrition were also lower than among bottle-fed infants.
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Figure 1-14 Percentage of infants who were breastfed, partially breastfed, and artificially fed by age in months.


(Modified from Woodbury RM: The relation between breast and artificial feeding and infant mortality. Am J Hyg 2:668, 1922.)
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Figure 1-15 Death rate per 100 infants by type of feeding and age in months.


(Modified from Woodbury RM: The relation between breast and artificial feeding and infant mortality, Am J Hyg 2:668, 1922.)
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Figure 1-16 “Value of Natural Feeding” poster used in 1918 to educate parents. Text explains that the mortality rate of bottle-fed infants (Flaschenkinder) is seven times higher than that of breastfed infants (Brustkinder).


(From Langstein R: Atlas der Hygiene des Sauglings und Kleinkindes. Berlin, Springer-Verlag, 1918.)





The incidence of illness or morbidity among artificially fed infants in third world countries is as dramatic as the mortality rate. Observations by Kanaaneh51 of Arab villages in Israel showed hospitalization rates vary with method of feeding. Only 0.5% of breastfed infants required hospitalization; infants who were breastfed more than 3 months but less than 6 months had a 2.9% hospitalization rate, and infants who were bottle-fed had a 24.8% rate. This is a 50-fold difference.


There is a bias against bottle-feeding, because sicker, smaller infants are bottle-fed. Infants who die are weaned early by death. The benefits of breastfeeding are enhanced by these confounding variables. Habicht et al41 point out that had there been no breastfeeding in the sample, twice as many infants would have died after the first week of life. In 1968, Lee Forrest Hill44 articulated what many physicians believed: “Formula feeding has become so simple, safe, uniformly successful that breastfeeding no longer seems worth the bother.” This statement ignores the protective qualities of human milk, not only in the third world but in industrialized nations as well. It neglects the immunologic protection.


Evidence for protection by breastfeeding against infant death from infectious diseases in Brazil in 1987 is even more persuasive, as noted in a carefully controlled study by Victora et al.91-93 Compared with infants who were breastfed without supplementation, those who were completely bottle-fed had a relative risk 14.2-times greater for death from diarrhea and a relative risk 3.6 times greater for death from respiratory infection. Partial breastfeeding was less protective. Formula and cow milk were equally hazardous. The greatest risk from diarrhea was in the first 2 months of life. Barros et al8 noted that birth weight influences breastfeeding and that small infants tend to be weaned sooner.


Demonstrating the differences in morbidity between breastfed and bottle-fed infants has become even more complex in industrialized countries since the resurgence of breastfeeding. Among the confounding variables are the inherent differences between mothers who choose to breastfeed and those who choose to bottle-feed. Although many investigators have recognized the necessity of controlling these variables, none has succeeded totally because an unavoidable factor of self-selection makes random assignment of infants impossible.24 There is a one-way flow of infants from the breastfed group to the bottle-fed group because a baby may change from breast to bottle but rarely from bottle to breast. Documenting breastfeeding practices is difficult when the possibility exists that some bottle-feedings are included or that solid foods have been introduced.


Investigators49,67,68,91 have reported differences between breastfed and bottle-fed infants in the incidence of morbidity associated with diarrhea, respiratory infections, otitis media, and pneumonia; they have also compared breastfed and bottle-fed infants seen in clinics and emergency rooms or hospitalized in the first year of life. This extensive material has been reviewed by Cunningham.17,18 The majority of reports demonstrate a significant advantage for the breastfed group. The relationship between breastfeeding or bottle-feeding and respiratory illness in the first year of life among nearly 2000 cohort children was reported by Watkins et al94 in England. There was a significant advantage to breastfeeding. Mothers who smoked were less likely to breastfeed, but even when smoking was considered, the breastfeeding advantage remained. In the Yale Harvard Research Project, Young et al108 reported on 1000 infants in Tunisia who were followed from birth to 26 months and found breastfed infants had fewer infections, illnesses, and allergies.


Victora et al91-93 investigated 127 respiratory deaths in the first year of life in Brazil in 1985. Having controlled for prematurity, congenital malformation, and socioeconomic factors, the researchers believed that 82 of the deaths could be attributed to feeding method (i.e., lack of breastfeeding). A number of well-controlled studies of industrialized countries in the past 15 years have shown at least a twofold relative risk of respiratory infection with bottle-feeding and that the infections breastfed infants do experience are usually less severe.49 A meta-analysis by Bachrach et al6 in 2003 revealed that “among generally healthy infants in developed nations, more than a tripling in severe respiratory tract illnesses resulting in hospitalizations was noted for infants who were not breastfed compared with those who were exclusively breastfed for 4 months.”


When Victora presented his studies of the impact of early weaning on infection and disease at a workshop held by the Pontifical Academy of Sciences and The Royal Society,66 he stated that a 40% reduction in nonbreastfeeding would prevent up to 15% of diarrhea deaths and 7% of pneumonia deaths. He noted that even the introduction of water or herbal teas to a previously exclusively breastfed infant increases morbidity and mortality rates. Figures 1-17 and 1-18 illustrate the relative risks of pneumonia and otitis media.
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Figure 1-17 Risk of pneumonia (odds ratio for incidence) in children under 2 years of age at two Brazilian sites, Porto Alegre and Fortaleza, in 1993-1995 according to type of milk.


(Modified from Victora CG: Infection and disease: the impact of early weaning, Food Nutr Bull 17:390, 1996.)
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Figure 1-18 Risk of otitis media (odds ratio for incidence in last month) in infants 6 months of age in Brazil in 1993-1994 according to duration of breastfeeding.


(Modified from Victora CG: Infection and disease: the impact of early weaning, Food Nutr Bull 17:390, 1996.)





Cunningham17,18 undertook a study in rural upstate New York to determine the impact of feeding on infant health. Of 326 infants studied, 162 were fed proprietary formula and 164 were breastfed at birth, with only 4% still breastfed at 1 year. Breastfeeding was associated with significantly less illness during the first year of life. The protection was greatest during the early months, increased with the duration of breastfeeding, and appeared more striking for serious illness (Table 1-17). Breastfeeding was associated with a higher level of parental education, but controlling for that factor, the difference in the morbidity rate is even more significant.89




TABLE 1-17 Illness, Disease, and Development With Feeding Measure and Risk Ratio Range
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In the United States, diarrheal disease is uncommon in breastfed infants, and the treatment is usually to continue to breastfeed.2 Similarly, breastfed infants have fewer episodes of respiratory illness and otitis media. When afflicted with such febrile illnesses, the breastfed infant does not become dehydrated and rapidly toxic.25


The issue is not as clear in other Western countries because of the associated variables among those who bottle-feed infants, that is, young mothers with low socioeconomic status and less education and small, sick infants who are more likely to be bottle-fed.


Despite the clear-cut data on mortality and morbidity rates from past generations and from cultures seemingly remote from industrialized and medically sophisticated societies, pediatricians had discounted any but the psychologic advantages of breastfeeding for many years.10 The current increase in illness in young infants in daycare centers is providing a new study group. To date, breastfeeding appears to be protective for the few children whose mothers continue to nurse them while in daycare.


In a study in Scotland, Forsyth33 confirmed that breastfeeding during the first 3 months (13 weeks) of life confers protection against gastrointestinal disease that persists beyond the period of breastfeeding (Table 1-18). There was a significant reduction in hospitalization in breastfed infants and a smaller but significant reduction in respiratory illness until 40 to 52 weeks of age. These data parallel the global epidemiologic review by Cunningham et al17,18 that breastfeeding reduces illness in early life. Thus Forsyth31 concluded that the answer to the question, “Is it worthwhile breastfeeding?” is a resounding “yes!” In the third millennium, adequate consumption of human milk as an infant and toddler is still a powerful guarantor of health and long life. Wolfe101,102 stated that to forget the history of the struggle to lower infant mortality and morbidity rates can be equally as dangerous as it was in 1900. Pediatricians must recognize that failure to consume sufficient human milk carries vital implications for public health.102 There is abundant literature confirming the impact of breastfeeding on outcomes in infancy. The report by the Agency for Health Research Quality (AHRQ)1 has collected and reviewed all of the literature for the past decade and confirmed the impact of breastfeeding on infant mortality and morbidity (Table 1-17).




TABLE 1-18 Percentage of Babies With Gastrointestinal Illness up to 1 Year of Age According to Duration of Breastfeeding∗
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Evidence of the long-term effects of breastfeeding published by the WHO from systematic reviews and meta-analyses from the world literature also confirmed the value of breastfeeding. It reported lower mean blood pressure and total cholesterol, as well as higher performance in intelligence tests. The prevalence of overweight and obesity as well as type 2 diabetes was also noted to be lower when an infant was breastfeed.









Sudden Infant Death Syndrome and Other Issues


Recent interest in sudden infant death syndrome (SIDS) has generated several studies investigating the position in which the infant is put down in the crib and the occurrence of SIDS.24,60,61 The New Zealand Cot Death Study showed the prone sleeping position to be a greater risk, but not greater than the risk for not being breastfed.62 Other investigators have shown the importance of breastfeeding as a risk-lowering factor.24 Although breastfeeding does not eliminate SIDS, its incidence is lower among breastfed infants.


No single consistent factor has been a predictor of SIDS.24 Prone sleeping has continued to be a cofactor in studies, but maternal smoking is a relative causative factor as well. Breastfeeding has been shown to be the strongest protection. Infants of smokers who breastfeed and sleep supine have a reduced risk for SIDS. Several studies confirmed a reduced risk while breastfeeding, and one study linked the effect to a dose response of the amount of breastfeeding. The National Maternal and Infant Health Survey of 100,000 births and 6000 deaths of infants born in 1988 and 1989 was analyzed using a consistent “dosage definition” of breastfeeding while controlling for major confounding factors. These factors included birth weight; maternal age, race, and education; smoking; prenatal cocaine use; lack of private insurance; household smoking; daycare; and household size. In 7102 control subjects, 499 SIDS deaths and 584 non-SIDS deaths occurred. Fredrickson et al34 reported that “the risk of SIDS for black infants increased by 1.19 for every month of not breastfeeding, and 2.13 for every month of not exclusively breastfeeding. Among white infants, the risk increased by 1.19 and 2.0 times, respectively. These associations remained even when deaths within the first month of life were excluded. A similar protective association existed for non-SIDS deaths.”


The Committee on SIDS of the AAP then recommended pacifiers for all children. Recognizing the early use of pacifiers as a risk factor for early discontinuance of breastfeeding, the AAP recommended that breastfeeding infants not be given a pacifier until 2 weeks of age. It has resulted in an excessive use of pacifiers in all infants. A decrease in SIDS has not been reported.


Sleep patterns of infants have been the subject of much study.22 In the early weeks of life, infants have rapid eye movement (REM) sleep, active body movements, and rapid, irregular heart and respiratory rates. At about 2 to 3 months of age, they begin to increase the proportion of quiet sleep, which coincides with the peak incidence of SIDS. When breastfeeding decreased, the advantage of co-sleeping seemed to diminish. Child care became very organized and focused on encouraging the infant to sleep alone and through the night. Only in about the last century have Western industrialized societies considered breastfeeding and infant sleep location to be separate issues. McKenna and Bernstraw60 and Mosko61 describe the physiologic benefits to infants sleeping in proximity to their caregivers. They have documented the physiologic changes infants experience as they move from a solitary sleep environment to co-sleeping. They monitored a group of mother-infant pairs in the sleep laboratory, using each pair as their own control (i.e., co-sleeping and sleeping separately). Infants moved from one stage of sleep to the other more frequently when co-sleeping than when sleeping alone, even when briefly waking and increasing their heart and respiratory rates. The authors commented that modern technology, including baby monitors, breathing teddy bears, and other gadgets, has replaced traditional co-sleeping.61 Accidental suffocation and strangulation in bed has increased four times since 1984 in spite of the back to sleep program and the introduction of pacifiers that were predicted to reduce SIDS.









The Mammary Gland and Science


Newer additions to the laboratory have permitted rapid advances in the understanding of the mammary gland, especially actions of hormones and enzymes.107 The “knock-out mouse” is a concept of using mice in which DNA (deoxyribonucleic acid) has been altered to “knock out” a specific gene that controls a specific hormone, such as one important to lactation. Observations of growth and development in these animals provide new insights into the physiology of the mammary gland. In evolutionary biology, lactogenesis is one of the most important functions for the survival of the species. Advances in molecular biology have provided biologists with a better understanding of the mechanisms that produce milk and its specific nutrient constituents. Mammary epithelial cells secrete milk. In an innovative experimental model, mammary epithelial cells are cultured in a petri dish and form a mammosphere, a micromodel of the mammary gland. The advantage of bioengineering the mammary gland, initially focused on the dairy species, is to advance our knowledge and understanding of human lactation in the laboratory so that more women may nurse their infants successfully.76









Support for the Breastfeeding Women of the World


On May 12, 1995, His Holiness John Paul II granted a Solemn Papal Audience in the Apostolic Palace of the Vatican to the participants of the Working Group on Breastfeeding: Science and Society. In response to the group report, the Holy Father pronounced the following discourse (in part):





The advantages of breastfeeding for the infant and the mother … include two major benefits to the child: proper nourishment and protection against disease…. This natural way of feeding can create a bond of love and security between mother and child and enable the child to assert its presence as a person through interaction with the mother…. Responsible international agencies are calling on governments to ensure that women are enabled to breastfeed their children for four to six months from birth and to continue this practice, supplemented by other appropriate foods, up to the second year of life and beyond.66












A National Campaign to Promote Breastfeeding


In an attempt to capture the attention of the American public and improve the national statistics on breastfeeding initiation and duration, the Office of Women’s Health and the U.S. Breastfeeding Committee initiated a national advertising campaign with the professional expertise of the National Advertising Council in 2002. Considerable effort and study went into the planning and design. It included 36 focus groups in four cities nationwide with an ethnic, sex, and age mix. The Ad Council recommended and designed a risk-focused campaign. For decades, breastfeeding has been promoted based on all of its benefits. It has not worked. Wolf101 described fully the health issues of the day and their solutions. Of historical significance is the use of a risk-focused campaign by public health groups attempting to stem the tide of higher mortality and morbidity rates in infants and children who were not breastfed, 1890 to 1910103 (Figure 1-19).
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Figure 1-19 Many cities used this illustration as part of their campaign to increase breastfeeding rates. The wording on the poster, however, changed from city to city. This is Chicago’s version.


(From Bulletin Chicago School of Sanitary Instruction, 3 June 1911; reprinted in Wolf JH: Don’t Kill Your Baby: Public Heath and the Decline of Breastfeeding in the 19th and 20th Centuries, Columbus 2001, The Ohio State University Press, 2001.)





In 2003, as the campaign was about to be released, a massive effort was launched on the part of formula companies to defuse and delay the program. Several of the television spots were withdrawn at the insistence of the Department of Health and Human Services. Objections to the risk-focused approach were voiced loudly even by some pediatricians who were unaware of the evidence-based research supporting the statements of the risk of not breastfeeding. The campaign was carried out using four posters illustrating the risk of not breastfeeding. They appeared on billboards, on television and radio in 17 selected cities of the country. Follow-up surveys indicated the campaign had little impact. The slogan, however, lives on and is undisputed; “Babies are born to breastfeed.”
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Chapter 2 Anatomy of the Breast






Gross Anatomy


The mammary gland, as the breast is medically termed, received its name from mamma, the Latin word for breast. The human mammary gland is the only organ that is not fully developed at birth. It experiences dramatic changes in size, shape, and function from birth through pregnancy, lactation, and ultimately involution. The gland undergoes three major phases of growth and development before pregnancy and lactation: in utero, during the first 2 years of life, and at puberty.






Embryonic Development


The milk streak appears in the fourth week, when the embryo is 2.5 mm long. It becomes the milk line, or ridge, during the fifth week (2.5 to 5.5 mm). Mammary glands begin to develop in the 6-week-old embryo, continuing their proliferation until milk ducts are developed by the time of birth34 (Tables 2-1 and 2-2). Embryologically, the mammary glands develop as ingrowths of the ectoderm into the underlying mesodermal tissue.17 In the human embryo a thickened, raised area of the ectoderm can be recognized in the region of the future gland at the end of the fourth week of pregnancy. The thickened ectoderm becomes depressed into the underlying mesoderm, and thus the surface of the mammary area soon becomes flat and finally sinks below the level of the surrounding epidermis. The mesoderm in contact with the ingrowth of the ectoderm is compressed, and its elements become arranged in concentric layers, which at a later stage give rise to the gland’s stroma. The ingrowing mass of ectodermal cells soon becomes pouch or pear shaped and then grows out into the surrounding mesoderm as a number of solid processes that represent the gland’s future ducts. These processes, by dividing and branching, give rise to the future lobes and lobules and, much later, to the alveoli.


TABLE 2-1 Embryonic Timetable of Breast Development in the Human






	Age of Embryo (wk)

	Crown-Rump Length of Embryo (mean)

	Developmental Stage






	4

	2.5 mm

	Mammary streak






	5

	2.5-5.5 mm

	Milk line, or milk ridge






	6

	5.5-11 mm

	Parenchymal cells proliferate






	7 - 8

	11-25 mm

	Mammary disk progresses to globular stage






	9

	25-30 mm

	Cone stage: Inward growth of parenchyma






	10 - 12

	30-68 mm

	Epithelial buds sprout from invading parenchyma






	12 - 13

	68 mm–5 cm

	Indentation buds become lobular with notching at epithelial-stromal border






	15

	10 cm

	Buds branch into 15-25 epithelial strips






	20 - 24

	20 cm

	Solid cords canalize by desquamation and lysis






	24 - 32

	30 cm

	Further canalization






	32 - 40

	35-50 cm

	Lobular-alveolar development







Data from Russo J, Russo IH: Development of the human mammary gland. In Neville MC, Daniel CW (eds): The Mammary Gland, New York, 1987, Plenum.




TABLE 2-2 Stages of Mammary Development


[image: image]




By 16 weeks’ gestation, the branching stage has produced 15 to 25 epithelial strips or solid cords in the subcutaneous tissue that represent future secretory alveoli. The smooth musculature of nipple and areola are developed. By apoptosis of the central epithelial cells, branching and canalization continues. By 32 weeks’ gestation the primary milk ducts appeared. The mammary vascular system is completely developed. At this time the secondary mammary anlage (primordium) develops. The secondary mammary anlage then develops with elements of hair follicles, sebaceous glands, and sweat glands, as well as the Montgomery glands, around the alveoli. Mesenchymal cells differentiate into the smooth muscle of the nipple and areola between 12 and 16 weeks’ gestation.27 Thus far, development is independent of hormone stimulation. By 28 weeks’ gestation, placental sex hormones enter the fetal circulation and induce canalization in the fetus.27


The lumina develop in the outgrowths, forming the lactiferous ducts and their branches. The lactiferous ducts open into a shallow epithelial depression known as the mammary pit. The pit becomes elevated as a result of the mesenchymal proliferation forming the nipple and areola. An inverted nipple is a result of the failure of the pit to elevate.3 A lumen is formed in each part of the branching system of cellular processes after 32 weeks’ gestation. Near term, about 15 to 25 mammary ducts form the fetal mammary gland (Figure 2-1). Duct and sebaceous glands coalesce near the epidermis. Parenchymal differentiation occurs with the development of lobular-alveolar structures that contain colostrum. This change occurs at 32 to 40 weeks and is called the end-vesicle stage.
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Figure 2-1 Evolution of nipple. A, Thickening of epidermis with formation of primary bud. B, Growth of bud into mesenchyma. C, Formation of solid secondary buds. D, Formation of mammary pit and vacuolation of buds to form epithelial-lined ducts. E, Lactiferous ducts proliferate. Areola is formed. Nipple is inverted initially.


(Modified from Weatherly-White RCA: Plastic Surgery of the Female Breast. Hagerstown, Md, 1980, Harper & Row.)












Fetal and Prepubertal Development


The mammary glands of male and female fetuses of 13 to 40 weeks’ gestation were studied ultrastructurally by Tobon and Salazar.45 This work confirms morphologic developments in the fetal breast tissue in response to hormonal stimuli that are similar to those in the maternal breast. The Golgi system and abundant reticula with dilated cisternae filled with finely granular material are present in the cellular structure. Abundant mitochondria and lipid droplets are observed. Proliferation and conditioning of the epithelial cells are evident, and in the last trimester microvilli along the ductal lumen are accompanied by large cytoplasmic protrusions (see Table 2-2).


Study of the ultrastructure of the fetal breast may help in understanding the functional lactating breast. The secretion of a fluid resembling milk may take place at birth as a result of maternal hormones that have passed across the placenta into the fetal circulation. The lactiferous sinuses appear before birth as swellings of the developing ducts.


An extensive anatomic and histologic study of the human infant breast revealed an epithelial differentiation that followed a chronologic pattern, starting with secretory changes and apparently going through a period of apocrine metaplasia before the postsecretory changes and involution.2 The embryonic fat probably plays a role in growth and morphogenesis of the ductal system. No distinguishing features were found between the breasts of female and male infants,2 however.


The terminal end buds, lateral buds, and lobules of three to five alveolar buds predominate in prepubertal tissue. Lobules of alveolar buds and lobules of up to 60 ductules predominate in pubertal females. In prepuberty, these epithelium-lined ducts will bud out to form alveoli when stimulated by hormones of menarche (see Figure 2-1).


The breast is made up of glandular tissue, supporting connective tissue, and protective fatty tissue. Immediately after birth, the newborn’s breast may even be swollen and secreting a small amount of milk, often termed witch’s milk. This phenomenon, common among both male and female infants, is caused by the stimulation of the infant’s mammary glands by the same hormones produced by the placenta to prepare the mother’s breast for lactation. This secretory activity subsides within 3 to 4 weeks, and then the mammary glands are inactive until shortly before the onset of puberty, when hormones begin to stimulate growth again. During childhood (prepuberty), the gland merely keeps pace with physical growth44 (Figures 2-2 and 2-3).





[image: image]

Figure 2-2 Pubertal development in the female. The sequence and mean ages of pubertal events in females, adapted from the data of Marshall and Tanner. PHV, Peak height velocity.


(From Root AW: Endocrinology of puberty, J Pediatr 83:1, 1973.)
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Figure 2-3 Female breast from infancy to lactation with corresponding cross section and ductstructure. A, B, and C, Gradual development of well-differentiated ductular and peripheral lobular-alveolar system. D, Ductular sprouting and intensified peripheral lobular-alveolar development in pregnancy. Glandular luminal cells begin actively synthesizing milk fat and proteins near term; only small amounts are released into lumen. E, With postpartum withdrawal of luteal and placental sex steroids and placental lactogen, prolactin is able to induce full secretory activity of alveolar cells and release of milk into alveoli and smaller ducts.




The molecular biology of mammary gland development depends on a combination of systemic mammotropic hormones plus local cell-to-cell interactions.44 A variety of growth factors mediate the local cell interactions. These factors include the epidermal growth factor (EGF), transforming growth factor-β (TGF-β), fibroblast growth factor (FGF), and the Wnt gene families. In the developing breast these factors are thought to act in concert with systemic hormones.19









Pubertal Development


The development of the human breast involves two distinct processes: organogenesis and milk production.7 Organogenesis involves ductal and lobular growth and begins before and continues through puberty, resulting in growth of the breast parenchyma with its surrounding fat pad. When a girl is between 10 and 12 years of age, just before puberty, the ductal tree extends and generates its branching pattern, lengthening the existing ducts, dichotomously branching the growing ductal tips, and monopodially branching, with the growth of the lateral buds at the sides of the ducts18 (Tables 2-2 and 2-3). During this period of rapid growth, the ducts can develop bulbous terminal end buds. The formation of alveolar buds begins within a year or two of the onset of menses.14 During the menstrual cycle, the breast changes beginning with the follicular phase of days 3 to 14. The stroma becomes less dense. Lumina expansion takes place in the ducts. Occasionally mitosis occurs, but no secretion has been seen. In days 15 to 28, or the luteal phase, the density of the stroma progresses, and the ducts have a lumen and some secretion. From days 26 to 28 epithelial cells are reduced as apoptosis occurs, and blood flow is greatest midcycle.42 The sprouting of new alveolar buds continues for several years, producing alveolar lobes.34


TABLE 2-3 Phases of Breast Development






	Phase

	Age (yr)

	Developmental Characteristics






	I

	Puberty

	Preadolescent elevation of nipple with no palpable glandular tissue or areolar pigmentation






	II

	11.1 ± 1.1

	Presence of glandular tissue in subareolar region; nipple and breast project as single mound from chest wall






	III

	12.2 ± 1.09

	Increase in amount of readily palpable glandular tissue, with enlargement of breast and increased diameter and pigmentation of areola; contour of breast and nipple remains in single plane






	IV

	13.1 ± 1.15

	Enlargement of areola and increased areolar pigmentation; nipple and areola form secondary mound above breast level






	V

	15.3 ± 1.7

	Final adolescent development of smooth contour with no projection of areola and nipple







Modified from Tanner JM: Wachstun und Reifung des Menschen, Stuttgart, 1962, Thieme-Verlag.









Anatomic Location


The breast is located in the superficial fascia between the second rib and sixth intercostal cartilage and upon the deep pectoral fascia which is superficial to the pectoralis major muscle.19 It tends to overlap this muscle inferiorly to become superficial to the external oblique and serratus anterior muscles. The loose connective tissue between the breast and deep fascia forms the “submammary space,” which allows some movement.24 It measures 10 to 12 cm in diameter. It is located horizontally from the parasternal to midaxillary line. The central thickness of the breast is 5 to 7 cm (Figure 2-4).
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Figure 2-4 Mammary gland in longitudinal cross section showing mature, nonlactating duct system.




At puberty, the breasts of a girl enlarge to their adult size, with the left frequently slightly larger than the right.48 In a nonpregnant woman the mature breast weighs approximately 200 g. During pregnancy, breast size and weight increase; thus, when a pregnant woman is near term, the breast weighs 400 to 600 g. During lactation the breast weighs 600 to 800 g (see Figure 2-3).


The shape of breasts varies from woman to woman, just as body build and facial characteristics do. Genetic, racial, and dietary variations may be associated with discoidal, hemispheric, pear-shaped, or conical forms.24 Typically, the breast is dome-shaped or conic in adolescence, becoming more hemispheric and finally pendulous in a parous woman. Mammary glandular tissue projects somewhat into the axillary region. This is known as the tail of Spence (Figure 2-5). Mammary tissue in the axilla, which is connected to the central duct system, becomes more obvious during pregnancy and produces milk during lactation, when it may cause various symptoms (see Chapter 8).1 The tail of Spence is distinguished from a supernumerary gland because it connects to the normal duct system. Occasionally in normal women small masses of breast tissue may grow through the deep fascia to the muscle below. This may explain some pain distribution when the breast is engorged.
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Figure 2-5 Ramification of lactiferous ducts and mammary tissue. Ducts extend onto upper medial aspect of arm, to midline, and into epigastrium. Composite drawing from mammographic studies.


(Modified from Hicken NF: Mastectomy: Pathologic study demonstrating why most mastectomies result in incomplete removal of the mammary gland, Arch Surg 40:6, 1940.)





The three major structures of the breast are skin, subcutaneous tissue, and corpus mammae. The corpus mammae is the breast mass that remains after freeing the breast from the deep attachments and removing the skin, subcutaneous connective tissue, and adipose tissue.


The breasts of an adult woman are always paired and develop from a line of glandular tissue found in the fetus and known as the milk line. This milk streak, or galactic band, develops from the axilla to the groin during the fifth week of embryonic life.27 In the thoracic region, the band develops into a ridge, and the rest of the band regresses (Figure 2-6).
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Figure 2-6 Sites of supernumerary nipples along milk line. Ectopic nipples, areolae, or breast tissue can develop from groin to axilla and upper inner arm. They can lactate or undergo malignant change.


(Modified from Weatherly-White RCA: Plastic Surgery of the Female Breast, Hagerstown, Md, 1980, Harper & Row.)












Abnormalities


In some women, additional residual tissue of the galactic band remains as mammary tissue, which can develop anywhere along this line. Hypermastia is the presence of accessory mammary glands, which are phylogenic remnants of the embryonic mammary ridge resulting from incomplete regression or dispersion of the primitive galactic band (see Figure 2-6). Because of this origin, accessory nipples and glandular tissue may be found along these lines, which extend from the clavicular to the inguinal regions. Occasionally, supernumerary glands are found in the urogenital region, on the buttocks, or on the back.49 The glands are derived from the ectoderm, whereas the connective tissue stroma is mesodermal in origin.


The accessory tissue may involve the corpus mammae, the areola, and the nipple.28 Hypermastia occurs in 2% to 6% of women. The response of hypermastia to pregnancy and lactation depends on the tissue present.


Box 2-1 defines other selected breast abnormalities. Symmastia is a webbing across the midline between the breasts, which are usually symmetric.3 A more common variation is the presternal confluence representing blending of breast tissue associated with large breasts. These abnormalities are ectodermal in origin and have many variations, from an empty skin web to the presence of significant glandular tissue. Little is known about their function, but several procedures exist for their surgical amelioration.3





BOX 2-1 Breast Abnormalities


Accessory breast: Any tissue outside the two major glands


Amastia: Congenital absence of breast and nipple


Amazia: Nipple without breast tissue


Hyperadenia: Mammary tissue without nipple


Hypoplasia: Underdevelopment of breast


Polythelia: Supernumerary nipple(s) (also hyperthelia)


Symmastia: Webbing between breasts





Congenital absence of the breast is called amastia, which is rare. When a nipple is present but no breast tissue, the condition is called amazia. Another term for this condition when it occurs in addition to a normal breast is hyperthelia.


Some have suggested a relationship between polythelia (supernumerary nipple) and renal defect. Polythelia has also been associated with renal agenesis, renal cell carcinoma, obstructive disease, and supernumerary kidneys.30 Others have described associations with congenital cardiac anomalies, pyloric stenosis, ear abnormalities, and arthrogryposis multiplex congenita.3 After careful study of 65 patients with a supernumerary nipple, Hersh et al13 found 7 individuals (11%) who had significant renal lesions, somewhat less than the incidence reported originally. Apparently no association exists in black patients.


Poland syndrome, first described in 1841 (Box 2-2), includes absence of the pectoral muscle, chest wall deformity, and breast anomalies.27 It is now known also to include symbrachydactyly, with hypoplasia of the middle phalanges and central skin webbing. Breast hypoplasia is underdevelopment of the breast. Although 90% of cases of breast hypoplasia are associated with hypoplasia of the pectoral muscles, 92% of women with pectoral muscle abnormalities have normal breasts. Box 2-2 lists types of breast hypoplasia, hyperplasia (overdevelopment), and acquired breast abnormalities.





BOX 2-2 Types of Breast Hypoplasia, Hyperplasia, and Acquired Abnormalities






Unilateral hypoplasia, contralateral breast normal



Bilateral hypoplasia with asymmetry



Unilateral hyperplasia, contralateral breast normal



Bilateral hyperplasia with asymmetry



Unilateral hypoplasia, contralateral breast hyperplasia



Unilateral hypoplasia of breast, thorax, and pectoral muscles (Poland syndrome)



Acquired abnormalities caused by trauma, burns, radiation treatment for hemangioma or intrathoracic disease, chest tube insertion in infancy, and preadolescent biopsy


Modified from Osbourne MP: Breast development and anatomy. In Harris JR, Lippman ME, Morrow M, Hellman S, editors: Diseases of the Breast, Philadelphia, 1996, Lippincott-Raven.







Hyperadenia is the presence of mammary tissue without nipples. The swelling and secretion of this tissue may produce pain during lactation. Occasionally, aberrant breast tissue can cause discomfort or embarrassment in adolescence and during menses, especially when located in the axilla.16 Mammographic features of normal accessory axillary breast tissue were reviewed by Adler et al1 in 13 women who were diagnosed on routine mammography. Seven of these women had a mass or fullness on physical examination; one was seen postpartum because of pain; nine were asymptomatic. They ranged in age from 31 to 67 years. On radiographics, the accessory tissue resembled the rest of the normal glandular tissue but was separate from it. It occurred on the right in 11 of the 13 women. The accessory tissue was recognized as a normal developmental variant, distinguishable from the frequent axillary tail of Spence, which represents a direct extension from the outer margin of the main mass of glandular tissue.


On mammography, accessory tissue is best visualized on oblique and exaggerated craniocaudal views and by ultrasound. In rare cases, it may be appropriate to remove the tissue surgically, a treatment well known to experienced plastic surgeons. If treatment is not initiated before pregnancy and lactation in these women, pain and swelling will be intensified and may progress to mastitis or the necessity to terminate lactation.


Apart from physiologic variations, other conditions of abnormal anatomy include hypomastia (abnormally small breasts), hypertrophy, and inequality.









Acquired Abnormalities


The most common cause of acquired breast abnormality is iatrogenic and most commonly caused by chest wall trauma in premature infants when chest tubes are inserted. Biopsy in prepubertal girls may remove vital tissues. Cutaneous burns to the chest wall may result in scaring and breast deformity. Such findings do not automatically prevent breastfeeding. The lactation center at the University of Rochester has been consulted about several such women who have been able to breastfeed with assistance and encouragement in spite of scarring and seeming deformity.









Corpus Mammae


The mammary gland is an orderly conglomeration of a variable number of independent glands. It undergoes a series of changes that can be divided into developmental and differentiation phases. Surgical dissection of many postoperative specimens has contributed more precise information about the anatomic structure of the breast. The ramifications of the lactiferous ducts and stroma were carefully studied by Hicken,15 who reported that in 95% of women the ducts ascend into the axilla, occasionally following the brachial plexus and axillary vessels into the apex of the axilla. Ducts are found in the epigastric region in 15% of women. In rare cases, ducts cross the midline (see Figure 2-6).


The morphology of the corpus mammae includes two major divisions, the parenchyma and the stroma.1 The parenchyma includes the ductular-lobular-alveolar structures. It is composed of the alveolar gland with treelike ductular branching alveoli, which are approximately 0.12 mm in diameter. The ducts are approximately 2 mm in diameter. The lobi, which are arranged like spokes converging on the central nipple, are 15 to 25 in number. Each lobus is divided again into 20 to 40 lobuli, and each lobulus is again subdivided into 10 to 100 alveoli, or tubulosaccular secretory units. The stroma includes the connective tissue, fat tissue, blood vessels, nerves, and lymphatics.19


The mass of tissue in the breast consists of the tubuloalveolar glands embedded in fat (the adipose tissue), giving the gland its smooth, rounded contour. The mammary fat pad is essential for the proliferation and differentiation of the mammary epithelium, providing the necessary space, support, and local control for duct elongation and, ultimately, lobuloalveolar proliferation. Each gland forms a lobe of the breast, and the lobes are separated by connective tissue septa. These septa attach to the skin. Each tubuloalveolar gland opens into a lactiferous duct, which leads into a more elastic duct. A slight constriction occurs before the sinus opens onto the surface of the nipple (Figure 2-7). Extension of ducts within the fat pad is orderly. The fat pad is critical to the development of the arborization.25 Fat is distributed throughout the gland buffering the alveolae and ducts. An inhibitory zone into which other ducts cannot penetrate exists around each duct, and development does not normally proceed beyond the duct end-bud stage before puberty.2
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Figure 2-7 Morphology of mature breast with dissection to reveal mammary fat and duct system.











Nipple and Areola


The skin of the breast includes the nipple, areola, and general skin. The skin is the thin, flexible, elastic cover of the breast and is adherent to the fat-laden subcutaneous tissue. It contains hair, sebaceous glands, and apocrine sweat glands. The nipple, or papilla mammae, is a conic elevation located in the center of the areola at about the fourth intercostal space, slightly below the midpoint of the breast. Although very different in size, the nipples and areolae of women and men are qualitatively identical.22 The nipple contains 23 to 27 milk ducts on average, with a range of 11 to 48. Each of the tubuloalveolar glands that make up the breast opens onto the nipple by a separate opening. The precise anatomy of the nipple has drawn little attention since the work of Sir Ashley Cooper in 1839.21 Cancer scientists are exploring the anatomy of the breast in detail to determine how cancers grow and how they spread, not to determine how the breast functions. Studies of autopsies and breasts removed for cancer in young vital women are used.35 Data from mastectomy breasts have shown that collecting duct numbers in the nipple averaging 25 to 27 are greater in number than the number of nipple duct openings (6 to 8) identifiable on the nipple surface. A 3-D model of the nipple from a mastectomy specimen showed three distinct populations of ducts. The largest lobe was 23% of breast volume. Half the breast was drained by three ducts and 75% by the six largest ducts. Eight small ducts drained about 1.6% of the breast volume. Seven ducts the authors called type A maintained a wide lumen up to the skin surface, 20 ducts (type B) tapered to a minute lumen in the vicinity of the skin on the apex of the nipple, and a minor duct population (type C) arose around the base of the nipple. These distinctions are not distinguishable on microscopic examination except for type C ducts.12 Using similar 3-D technology Rusby et al35 sought clinical relevance for diagnostic techniques by accessing by cannulation of the ducts. They describe a central duct bundle narrowing to form a “waist” as the ducts enter the breast parenchyma. In a single sample 29 ducts arose from 15 orifices. At skin level ducts are narrow, becoming larger as they are deeper within the nipple. Many ducts share a few common openings, confirming the apparent discrepancy between number of ducts and number of orifices. Duct diameter does not predict the penetrance of the duct deeper into the breast. Rusby et al35 demonstrated that a shared opening of many ducts on the surface of the nipple and the narrow caliber of the ducts closest to the nipple lip changes the clinical interpretation of ductography, ductal lavage, and ductoscopy.


The nipple also contains smooth muscle fibers and is richly innervated with sensory nerve endings and Meissner corpuscles in the dermal papillae; it is well supplied with sebaceous and apocrine sweat glands but no hair.


The nipple is surrounded by the areola, or areola mammae, a circular pigmented area. It is usually faintly darker before pregnancy, becoming reddish brown during pregnancy, and always maintaining some darker pigmentation thereafter. The average areola measures 15 to 16 mm in diameter, although the range is great, enlarging during pregnancy and lactation.21 The pigmentation results from many melanocytes distributed throughout the skin and glands. The understructure of the epidermis of the areola is not as elaborate as that of the nipple but is intermediate to that of the surrounding skin. The nipple and areola are extremely elastic.


Little or no true lobuloalveolar development occurs before the first pregnancy. A framework is laid down, within which the specialized secretory cells will proliferate (Figure 2-8).6 The framework forms a vital part of the gland’s overall developmental course, and maldevelopment or trauma during fetal or juvenile life can seriously reduce the size and secretory potential of the mature gland.
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Figure 2-8 A, Duct end from a 15-year-old nulligravida adolescent on second day of menstruation showing typical form of puberty: a coarsely diversified system of thick, mostly well-filled ducts with round, often ball-shaped or half-ball–shaped ends. Note use of connective tissue as guiding tracts, circumvention of fat tissue, and paucity of secretory alveoli. B, Sagittal section through milk gland of a nulligravida 19-year-old woman between menses (died of skull fracture). Note massive body of connective tissue without preserved lobes of fatty tissue and richness of connective tissue with respective richness of parenchyma. Note also distribution of larger ducts in superficial parallel connective tissue septum of former subcutaneous fat tissue and smaller ducts in vertical septa. Thin section; drawing with Busch magnifying glasses. C, Gland of a nulligravida 19-year-old woman (part of a 4-mm-thick section). Bushy short sprout and duct build long sprout, with the latter in acute angled bifurcation, often lying very close to each other. This demonstrates development of ductal and secretory elements during menstrual cycle; however, connective tissue and fat are predominant.


(From Dabelow A: Die Milchdrüse. In Handbuch der Mikroskopischen Anatomie des Menschen, vol 3, part 3, Berlin, 1957, Springer-Verlag.)





Montgomery tubercles, containing the ductular openings of sebaceous and lactiferous glands, are present in the areola,41 as are sweat glands and smaller, free sebaceous glands. The Montgomery glands become enlarged and look like small pimples during pregnancy and lactation (Figure 2-9). They secrete a substance that lubricates and protects the nipples and areolae during pregnancy and lactation. A small amount of milk is also secreted from these tubercles. After lactation, these glands recede again to their former unobtrusive state.
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Figure 2-9 Tubercle of Montgomery and underlying structures. Lactiferous duct may join sebaceous gland ducts and terminate at common opening in areolar epidermis as shown.


(Modified from Smith DM, Peters TG, Donegan WL: Montgomery’s areolar tubercle: A light microscopic study, Arch Pathol Lab Med 106:62, 1982.)





Light microscopy has shown that Morgagni was correct in 1719 when he first described the 12 to 20 areolar glands and noted them to be sebaceous and to include lactiferous structures as well. Building on the original work, in 1837 Montgomery prepared a more detailed treatise on the tubercle itself and named it after himself. Serial sections of 35 tubercles also showed that lactiferous ducts from the deeper breast parenchyma ascended into the sebaceous glands of the tubercle (see Figure 2-9).41 The sebaceous gland itself was no different from those of the skin or those associated with the terminal lactiferous ducts of the nipple. The mammary duct was lined with two layers of cuboidal to columnar cells. They arose from the underlying mammary lobules through the subcutaneous tissues and into the region of the sebaceous gland. The terminal portion of the mammary duct in some cases joined the duct to the sebaceous gland and in other cases opened separately but close to it. The ducts appear to be a miniature of the major mammary system. Sebaceous and mammary ductal components underlie the areolar tubercle.21


The areola and nipple are darker than the rest of the breast, ranging from light pink in fair-skinned women to dark brown in others. The areola’s darker color may be a visual signal to newborns so that they will close their mouth on the areola, not on the nipple alone, to obtain milk. Nipple erection is induced by tactile, sensory, and autonomic sympathetic stimuli. The corium (dermis) of the areola lacks fat but contains smooth muscle and collagenous and elastic connective tissue fibers in radial and circular arrangements. The dermis of the nipple and the areola contains many multibranched, free nerve fiber endings. Local venostasis and hyperemia occur to enhance the process of erection of the nipple because the nipple and areola are rich in arteriovenous anastomoses. The glabrous skin of the nipple is wrinkled, containing large papillae of the corium.


Each nipple contains 15 to 25 lactiferous ducts surrounded by fibromuscular tissue12 (Figures 2-10 through 2-13). This number has often been challenged but finally confirmed by Taneri43 and also Rusby et al35 to be a mean of 23. These ducts end as small orifices near the tip of the nipple. Within the nipple, the lactiferous ducts may merge. The ductular orifices therefore are sometimes fewer in number than the respective breast lobi. The ampullae function as temporary milk containers during a feeding but contain only epithelial debris in the nonlactating state. The use of ultrasound imagery of the contralateral breast while the infant is nursing on the other breast or the other breast is being pumped has shown that the profound elasticity of the ductal system allows for an acute increase in milk duct diameter during let-down and milk production (see Figure 2-10). Contrary to the sketches of the breast in many professional and lay journals, the ducts do not form sinuses just before the nipple.13 The concept of lactiferous sinuses was described when postmortem specimen were injected with solidifying liquid under pressure causing a ballooning of the duct. The lining of the infundibular and ampullar parts of the lactiferous ducts consists of an 8- to 10-cell layered squamous epithelium. The bulk of the nipple is composed of smooth musculature, which represents a closing mechanism for the milk ducts of the nipple. The milk ducts in the nipple are embedded in stretchable and mobile connective tissue. The inner longitudinal muscular arrangements and the outer, more circular and radial arrangements do not obstruct the milk ducts. Tangential fibers also branch off from the more circular muscular fibers of the nipple bases to the outer circular muscular range.





[image: image]

Figure 2-10 Simplified schematic drawing of duct system with cross-section of myoepithelial cells around duct opening. Myoepithelial cells contract to eject milk.
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Figure 2-11 Photograph of a sagittal section through a nipple with coronal block sections from a different nipple. The sagittal section illustrates the approximate location of tissue sections. Block sections from a coronally sectioned nipple show differences in morphology with depth. The duct bundle is outlined in black. The beginnings of the waist can be seen at level of the areola.


(From Rushby J: Breast duct anatomy in the human nipple: 3-dimensional patterns and clinical implications In Breast Cancer Res Treat, Springer Science and Business Media BV, 2006.)
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Figure 2-12 All ducts and their branches in an autopsy breast, viewed en face. Each Roman numeral refers to a different independent duct system.


(From Going JJ, Moffat DF: Escaping from Flatland: Clinical and biological aspects of human mammary duct anatomy in three dimensions, J Pathology 203: 538, 2004.)
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Figure 2-13 Digital model of nipple duct anatomy. A, Relationship of nipple duct bundle (light blue) to skin of the papilla (dark blue). B, Lateral view of duct bundle. Seven ducts of varying caliber extend up to the surface of the nipple (population A); 20 other ducts (population B) diminish in caliber and terminate 0.8 to 1.0 mm beneath the surface, close to skin appendages. Seven accessory ducts (population C) are shown in yellow. The population A duct was colonized by high-grade ductal carcinoma in situ (DCIS) up to the junction with squamous epithelium.


(From Going JJ, Moffat DF: Escaping from flatland: Clinical and biological aspects of human mammary duct anatomy in three dimensions, J Pathology 203:538, 2004.)





The functions of the muscular fibroelastic system of the areola and nipple include decreasing the surface area of the areola, producing nipple erection, and emptying the swollen ducts during nursing. When the nipple erects because of tactile, thermal, or sexual stimulation, the system causes the nipple to become smaller, firmer, everted, and more prominent.32


The mammary tissues are enveloped by the superficial pectoral fascia, and the breast is fixed by fibrous bands to the overlying skin and the underlying pectoral fascia, which are known as ligaments of Cooper. The glandular part of the breast is surrounded by a fat layer that seldom extends beyond the lower border of the pectoralis major muscle. The breast is attached to the muscles between the ribs, the clavicle, and the bones of the upper arm near the shoulder. The breast itself contains no supporting muscles and relies on ligaments to sustain its shape. The measurement of the glandular tissue compared to the amount of intermingling fat tissue has been estimated by Ramsey et al31 using ultrasound in 21 lactating white women. The ratio was variable, ranging from 50% to 100% of the breast, proving again that size of the breast does not predict milk production. Ethnicity has little impact on breast size and production but the density of the breast is measurably less in Asian women than white or black women according to work by Chen et al4 (Figures 2-14 and 2-15).
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Figure 2-14 A typical “population A” nipple duct: selected sections between 6 and 40. The duct has a wide, funnel-shaped opening onto the surface of the nipple. The lumen tapers moderately before opening out into the characteristically convoluted profile of the collecting ducts in the nipple. The lumen is plugged by keratin in section.20


(From Going JJ, Moffat DF: Escaping from flatland: Clinical and biological aspects of human mammary duct anatomy in three dimensions, J Pathology 203:544, 2004.)
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Figure 2-15 A typical ”population B” nipple duct: consecutive serial sections from 6 to 20. The duct takes origin from the deep aspect of the nipple epidermis in close proximity to skin appendages (arrow, section 6, top left). It retains a minute lumen over about eight sections (800 μm) before the lumen begins to widen in sections 14 to 20. Such a duct will be difficult to cannulate.











Blood Supply


The blood supply to the breast is from branches of the intercostal arteries and the perforating branches of the internal thoracic artery; the third, fourth, and fifth are usually most prominent. The major blood supply to the breast is provided by the internal mammary artery and the lateral thoracic artery. A small supply is obtained from the intercostal arteries and the arterial branches of the axillary and subclavian arteries, but this contribution is minimal; 60% of the total breast tissue, especially the medial and central part, receives blood from the internal mammary artery. All the mammary branches of this artery lead transversely to the nipple and anastomoses, with branches coming from the lateral thoracic artery.42 Anastomoses with intercostal arteries are less common, but the blood supply to the nipple is extensive and close to the surface, contributing to the richer color. Many areas of the breast are supplied by two or three arterial sources (Figure 2-16).
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Figure 2-16 Blood supply to mammary gland. Major blood supply is from anterior perforating branches of internal mammary artery.




The venous supply parallels the arterial supply and bears similar names. The veins drain the breast and enter the fascia, muscle layers, and intercostal spaces at the same point. The veins end in the internal thoracic and the axillary veins. Some veins may reach the external jugular vein. The veins create an anastomotic circle around the base of the papilla, called the circulus venosis.42 Individual variation is common.









Lymphatic Drainage


The lymphatic drainage of the breast has been the subject of considerable study because of the frequency of breast cancer, but it has significance for lactating breasts as well. The lymphatic drainage can be extensive. The main drainage is to axillary nodes and to the parasternal nodes along the internal thoracic artery inside the thoracic cavity. The lymphatics of the breast originate in the lymph capillaries of the mammary connective tissue, which surrounds the mammary structures, and drain through the deep substance of the breast. The subepithelial or papillary plexus of the lymphatics of the breast is confluent with the subepithelial lymphatics over the surface of the body. These valveless lymphatics communicate with subdermal lymphatic vessels and merge with the subareolar plexus.27


The lymph drainage of the breast consists of the superficial or cutaneous section, the areola, and the glandular or deep-tissue section. More than 75% of the lymph from the breast goes to the axillary nodes. Other points of drainage are to pectoral nodes between the pectoralis major and minor muscles and to the subclavicular nodes in the neck deep to the clavicle. Flow from the deep subcutaneous and intramammary lymphatic vessels travels centrifugally toward the axilla and the internal mammary lymph nodes. The recent physiologic studies have disproved the former hypothesis of centripetal flow toward the subareolar plexus; 97% of lymph flow is into the axillary nodes.27 Some transmammary lymph drainage occurs to the opposite breast as well as to subdiaphragmatic lymphatics that lead ultimately to the liver and intraabdominal nodes (Figure 2-17).
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Figure 2-17 Lymphatic drainage of mammary gland. Major drainage is toward axilla.











Innervation


The nerves of the breast are from branches of the fourth, fifth, and sixth intercostal nerves and consist of sensory fibers innervating the smooth muscles in the nipple and blood vessels. The sensory innervation of the nipple and areola is extensive and consists of both autonomic and sensory nerves. A detailed anatomic and clinical study of the nipple-areola complex showed that it is innervated from the lateral cutaneous branch of the fourth intercostal nerve, which penetrates the posterior aspect of the breast at the intersection of the fourth intercostal space and the pectoralis major muscle (4 o’clock on the left breast and 8 o’clock on the right breast).8 The nerve divides into five fasciculi, one central to the nipple, two upper, and two lower branches (always at 5 and 7 o’clock, left and right side, respectively) (Figures 2-18 and 2-19).
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Figure 2-18 Innervation of mammary gland. Supraclavicular nerves and lateral and medial branches of intercostal nerves provide sensory innervation. Sympathetic and motor nerves are provided by supracervical and intercostal nerves.
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Figure 2-19 Cross-section of nerve supply of breast and nipple. Cutaneous nerves run close to deep fascia before turning outward toward skin.




The innervation of the corpus mammae is minimal by comparison and predominantly autonomic. No parasympathetic or cholinergic fibers supply any part of the breast. No ganglia are found in mammary tissue. Norepinephrine-containing nerve fibers are abundant among the smooth muscle cells of the nipple and at the interface between the media and adventitia of the breast arteries. Physiologic observations demonstrate that the efferent nerves to these structures are sympathetic adrenergic.


The majority of the mammary nerves follow the arteries and arterioles and supply these structures. A few fibers from the perivascular networks course along the walls of the ducts. They may correspond to sensory fibers for sensing milk pressure. No innervation of mammary myoepithelial cells has been identified. It can therefore be concluded that secretory activities of the acinar epithelium depend on hormonal stimulation, such as that of oxytocin and other hormones, and are not stimulated via the nervous system directly. The nipple and areola are reportedly always innervated by the anterior and lateral cutaneous branches of the third to fifth intercostal nerves,40 which lie along the ducts to the nipple.


Stimulation of the sensory nerve fibers or sensory receptors does induce the release of adenohypophyseal prolactin and neurohypophyseal oxytocin via an afferent sensory reflex pathway whereby stimuli reach the hypothalamus. Sympathetic mammary stimulation causes the contraction of the small myoepithelial cells of the areola and the nipple. The locally released norepinephrine induces stimulation of the myoepithelial adrenergic receptors, causing muscular relaxation. In the absence of parasympathetic activity, a minor physiologic catecholamine inhibitory effect on the mammary myoepithelium may exist, which is overcome by oxytocin release during suckling, inducing myoepithelial contraction.


The supraclavicular nerves supply the sensory fibers for innervation of the upper cutaneous parts of the breast. Branches of the intercostal nerves provide the major sensory innervation of the mammary gland. The sympathetic sensory and motor fibers are derived from the supraclavicular and intercostal nerves, respectively. Sympathetic fibers run only along the mammary gland—supplying arteries to innervate the glandular body. There is relatively restricted innervation to the epidermal parts of the nipple and areola, leading to lack of superficial sensory acuity.


Courtiss and Goldwyn5 measured breast sensation in a large number of women using a device that emitted a variable current producing a burning sensation when the threshold was exceeded. The areola was shown to be the most sensitive and the nipple the least sensitive, with the skin of the breast intermediate. The nipple and areola are sparsely innervated with neural elements at the base of the nipple and almost none in the areola.10 A study of lactating women showed marked increase in areola and nipple sensitivity within 24 hours of birth.33 After 1 to 6 months of breastfeeding, women were noted to have minimal two point discrimination of the skin of the breast.10 Thus the skin in these areas responds only to major stimuli, such as sucking. The relatively large number of dermal nerve endings provides a high mammary responsiveness toward stimuli for elicitation of the sucking reflex. The neuroreflex induces adequate release of both prolactin and oxytocin. It appears that, in addition to the hormonal actions, breast nerves can also influence the mammary blood supply and milk secretion. Abnormalities of sensory or autonomic nerve distributions in the areola and nipple therefore could impair adequate lactation, especially in the functioning of the let-down reflex and the secretion of prolactin and oxytocin.


In summary, the somatic sensory cutaneous nerve supply of the breast includes the supraclavicular nerves and the thoracic intercostal nerves. The autonomic motor nerve supply of the breast is derived from the sympathetic fibers of the intercostal nerves, which supply the smooth musculature of the areola and the nipple. The autonomic supply is also derived from sympathetic fibers of the accompanying arteries, which innervate the smooth musculature of the inner glandular blood vessel walls to produce constriction. The nerve supply to the area of the areola and the nipple includes free sensory nerve endings, tactile corpuscles to the papillae of the corium of the nipple and areola, and the fibers around the larger lactiferous duct and in the dermis of the areola and peripheral breast. All cutaneous nerves run radially to the glandular body toward the nipple. The nerve supply to the inner gland is sparse and contains only sympathetic nerves accompanying blood vessels (see Figure 2-19).












Microscopic Anatomy


After many decades of neglect since the phylogenic studies of the mammary gland in the 1800s and early 1900s, the mammary gland has become one of the most studied organs because of its usefulness as a tool in developmental biology, biochemistry, endocrinology and biology, histology, oncology, toxicology, virology, and molecular biology.39 No cell can exist independent of its surrounding cells. All cells have relations with neighboring cells and with cells at distant sites. The interactions of the epithelial parenchyma and mesenchymal stroma are most important in primary and secondary induction in organogenesis. The microstructure of nonlactating mature breasts varies with age, the phase of the menstrual cycle, pregnancy, and lactation. The ducts are lined with columnar epithelium of two cells thick in larger ducts and single layers in the smaller ones. Myoepithelial cells are numerous, creating a distinct layer around ducts and potectial alveola.42


The mammary gland consists of a branching system of excretory ducts embedded in connective tissue.11 The gland is composed of two layers of epithelial cells: luminal epithelium and basal layer epithelium, along with a few basal (stem) cells. The whole structure is surrounded by a basement membrane. In the ducts, elongated myoepithelial cells make up a continuous sheath. The luminal cell interaction with the extracellular matrix is mediated by the myoepithelium.


The integrity of the normal mammary gland is maintained by several adhesion systems.11 The mammary gland is composed of epithelial parenchyma and two types of mesenchymal stroma: dense mammary mesenchyma and fatty stroma. The dense mammary mesenchyma is present in the embryonic stage, in end buds of puberty, and in cancers. It determines mammary epithelium and fixes the ability of the epithelium to interact with the fatty stroma. The fatty stroma is essential for typical mammary gland morphogenesis.39


The two types of mammary stroma synthesize different extracellular matrix proteins. Dense mesenchyma makes fibronectin and tenascin. Fatty stroma makes laminin, proteoglycans, and fibronectin.


In their structure and mode of development, the mammary glands somewhat resemble the sweat glands.9 During embryonic life, their differentiation is similar in the two sexes. Male humans experience little additional development postnatally. Female humans, in contrast, experience extensive structural change paralleling age and the functional state of the reproductive system.


Vogel et al47 studied histologic changes in the normal human mammary gland in association with the menstrual cycle. They describe five phases: proliferative (days 3 to 7), follicular phase of differentiation (days 8 to 14), luteal phase of differentiation (days 15 to 20), secretory (days 21 to 27), and menstrual (days 28 to 2). Table 2-4 outlines the morphologic criteria for these phases. These findings illustrate the correlation of morphologic response to hormonal stimulus of the mammary gland during normal cycling.




TABLE 2-4 Morphologic Criteria for Phase Assignment in Menstrual Cycle


[image: image]




The greatest development in girls is reached by the twentieth year. Gradual changes are correlated with the menstrual cycle, and major changes accompany pregnancy and lactation37,38 (see Figure 2-8).


Russo and Russo36 describe the development of the mammary gland as “an asynchronous process of progressive invasion of the mammary stroma by a parenchyma composed of ductal elements in which the advancing ends are the club-shaped terminal end buds (TEBs) that progressively differentiate into alveolar buds (ABs) or regress to terminal ducts (TDs)” (Figure 2-20).
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Figure 2-20 Schematic representation depicting various topographic compartments of human mammary gland: terminal end buds (TEB); alveolar buds (AB); lobules types 1, 2, and 3; and ducts.


(Modified from Russo J, Russo IH: Development of human mammary gland. In Neville MC, Daniel CW, editors: The Mammary Gland. New York, 1987, Plenum.)









Mature Mammary Gland


The mammary gland is a compound tubuloalveolar gland containing 15 to 25 irregular lobes radiating from the nipple. Each lobe has a lactiferous duct (2 to 4 mm in diameter) lined by stratified squamous epithelium. The duct opens on the nipple and has an irregular angular outline. Beneath the areola, each duct finally emerges at the end of the nipple as a 0.4- to 0.7-mm opening. Each lobe is subdivided into lobules of various orders; the smallest are elongated tubules, the alveolar ducts, covered by small saccular evaginations, the alveoli. The interlobular connective tissue is dense; however, it is more cellular, has fewer collagenous fibers, and contains almost no fat. Greater distensibility is permitted by the looser connective tissue.


The ducts and ductules of mature women consist chiefly of two cell types: the inner lining of epithelial cells and the outer lining of myoepithelial cells. A basement membrane separates these structures from the stroma. Histochemical and immunocytochemical reagents can distinguish these elements, their positions, and their infrastructures. Rudland26 has reported on the histochemical organization and cellular composition of ductal buds in the developing human breast. This work suggests that cytochemical intermediates occur between epithelial and myoepithelial cells. The undifferentiated peripheral cap cells may be transitional forms of the cortical epithelial cells that will line the lumina and of the myoepithelial cells of the subtending duct.


Transforming growth factors (TGF-β1, 2, and 3) are potent inhibitors of cell proliferation but play an important role in mammary gland development. They exhibit overlapping patterns of expression within the epithelium of the developing gland. TGF-β3 is detected in the myoepithelial progenitor cells of the growing end buds and the myoepithelial cells in the mature duct.29


The secretory portions of the gland, the alveolar ducts and the alveoli, have cuboidal or low-columnar secretory cells, resting on basal laminae and myoepithelial cells. These myoepithelial cells enclose the alveoli in a loosely meshed network with their many starlike branchings. The myoepithelial cells are stimulated by oxytocin and sex steroids. The presence of myoepithelial cells has been used as evidence that the mammary gland is related to the sweat gland.


In the at rest phase, epithelial structures consist of the ducts and their branches. The presence of a few alveoli budding from the ends of ducts is still under investigation. This variance may be caused by the effect of the menstrual cycle. The swelling and engorgement accompanying the menstrual cycle are associated with hyperemia and some edema of the connective tissue. Most significant is that the gland does not have a single duct but many. Each lobe is a separate compound alveolar gland in which primary ducts join into larger and larger ducts. These ducts drain into a lactiferous duct. Each lactiferous duct drains separately at the tip of the nipple.


The epidermis of the nipple and areola is invaded by unusually long dermal papillae in which capillaries richly vascularize the surface and impact the richer hue. Bundles of smooth muscle, placed longitudinally along the lactiferous ducts and circumferentially within the nipple and at its base, permit the erection of the nipple. In the areola are the areolar Montgomery glands, which are intermediate in their microscopic structure between sweat glands and true mammary glands. The periphery of the areola also has sweat glands and sebaceous glands (see Figure 2-9).









Mammary Gland in Pregnancy


The first 3 to 4 weeks of pregnancy has marked ductular sprouting with some branching and lobular formation, stimulated by estrogenic release. By 5 to 8 weeks, the breast changes are physically notable with dilation of the superficial veins, heaviness, and increased pigmentation of the nipple and areola. Changes in levels of circulating hormones result in profound changes in the ductular-lobular-alveolar growth during pregnancy (Figure 2-21). During the first trimester growth and branching from the terminal portion of the duct system into the adipose tissue is rapid.45 As the epithelial structures proliferate, the adipose tissue seems to diminish. During this time, increasing infiltration of the interstitial tissue occurs with lymphocytes, plasma cells, and eosinophils. The rate of hyperplasia levels off. In the last trimester, any enlargement is the result of parenchymal cell growth and distention of the alveoli with early colostrum, which is rich in protein and relatively low in lipid. Fat droplets gradually accumulate in the secretory alveolar cells. The interlobular connective tissue is noticeably decreased, and alveolar proliferation is extensive. In experimental studies, these effects can be duplicated when estrogen and progesterone stimulate a release of prolactin-inhibiting factor (PIF). Prolactin is released in humans during pregnancy, thus stimulating epithelial growth and secretion. Prolactin levels increase over time during pregnancy.





[image: image]

Figure 2-21 A, Milk gland of 21-year-old primigravida woman in second month of pregnancy. Development of small lobes has protruded almost to mammilla. Very regular development is shown over whole range of this thick section. Natural dimensions: 2.6 × 2.1 cm. B, Milk gland of same 21-year-old primigravida woman. Note very different forms of sprouting. Partly atypical sprouts above diagonal line are composed from same section; bifurcations below line are in natural position. Alveoli are beginning to resemble mature gland.


(From Dabelow A: Die Milchdrüse. In Handbuch der Mikroskopischen Anatomie des Menschen, vol 3, part 3, Berlin, 1957, Springer-Verlag.)





The histologic appearance of the gland varies. The functional state appears to vary from dilated, thin-walled lumen to narrow-lumened, thick-walled glandular tissue. Epithelial cells vary, being flat to low columnar in shape with indistinct boundaries. Some cells protrude into the lumen of the alveoli; others are short and smooth. The lumen of the alveolus is crowded with fine granular material and lipid droplets similar to those protruding from the cells. The mammary alveoli but not the milk ducts lose the superficial layer of cells in the second trimester. The monolayer differentiates into a cell layer that accumulates eosinophilic cells, plasma cells, and leukocytes around the alveoli. Lymphocytes, round cells, and desequamated phagocytic alveolar cells are also found in the lumen.









Lactating Mammary Gland


The lactating mammary gland is characterized by a large number of alveoli (Figure 2-22). The alveoli of the lactating gland are made up of cuboidal epithelial and myoepithelial cells.37 Only a small amount of connective tissue separates the neighboring alveoli. Under special preparations, lipid can be seen as small droplets within the cells. These droplets become larger and are discharged into the lumen.
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Figure 2-22 Part of mammary gland with significant milk obstruction in 26-year-old woman who died from food poisoning after ingesting spoiled fish 3 weeks postpartum and who had not breastfed for 48 hours before death. In upper half, formed duct and lobes are located on alternating sides. This form results from different development of two parts of a dichotomized bifurcation: one takes over production of small lobes, while the other continues the stem. Thick section; very primitive, undeveloped sprouts (arrow).


(From Dabelow A: Die Milchdrüse. In Handbuch der Mikroskopischen Anatomie des Menschen, vol 3, part 3, Berlin, 1957, Springer-Verlag.)





The functioning of the mammary gland depends on the interplay of multiple and complex nervous system and endocrine factors.46 Some factors are involved in the development of the mammary glands to a functional state (mammogenesis), others in the establishment of milk secretion (lactogenesis), and others in responsibility for the maintenance of lactation (galactopoiesis).45


The division and differentiation of mammary epithelial cells and presecretory alveolar cells into secretory milk-releasing alveolar cells take place in the third trimester. Stimulation of ribonucleic acid (RNA) synthesis promotes galactopoiesis and apocrine milk secretion into the alveoli. The deoxyribonucleic acid (DNA) and RNA content of the cellular nuclei increases during pregnancy and is highest at lactation (see Figure 2-3).


The former concepts of mammary gland secretion indicated that the mode of release was apocrine secretion. Apocrine secretion is the process by which the cell undergoes partial disintegration. A fat-filled portion projects into the lumen; the fat globule constricts at the base; and the cell replaces itself. Electron microscopy has shown that the cell has two distinct secretory products, formed and released by different mechanisms. The protein constituents of milk are formed and released identically to those of other protein-secreting glands, classified as merocrine glands. Secretory materials are passed out through the cell apex without appreciable loss of cytoplasm in merocrine glands.


The fatty components of milk arise as lipid droplets free in the cytoplasmic matrix. The droplets increase in size and move into the apex of the cell. They project into the lumen, covered by a thin layer of cytoplasm. The droplets are ultimately cast off, enveloped by a detached portion of the cell membrane and a thin rim of subjacent cytoplasm (see Figure 2-3 and Chapter 3 for further discussion).


The ultrastructure of the human mammary gland during lactogenesis was studied by Tobon and Salazar,45 who reviewed surgical specimens from seven lactating women 1 day to 5½ months postpartum. They noted widespread hypertrophy and hyperplasia of the acini accompanied by dilatation and engorgement of the lumen by milk. The vascular channels were engorged. The lactogenic epithelial cells had rich cytoplasm, prominent layers of reticulum, and enlarged oval mitochondria. The Golgi apparatus was hypertrophied. The myoepithelium was stretched and thinned to contain the filled acini. The least well studied and therefore understood is the adipose cell which has been recognized as important by Geddes.10 Adipocytes have been observed to be transformed into lactocytes during pregnancy by Morroni et al23 using the mouse model. They then returned to adipocytes during the involuntary phase.









Postlactation Regression of Mammary Gland


If milk is not removed from the breast, the glands become greatly distended and milk production gradually ceases. Part of the decrease results from the lack of stimulation of sucking, which initiates the neurohormonal reflex for maintenance of prolactin secretion. Perhaps a stronger effect is the engorgement of the breast with compression of blood vessels, causing diminished flow. The diminished blood flow results in decreased oxytocin to the myoepithelium. The alveoli are greatly distended and the epithelium flattened. The secretion remaining in the alveolar spaces and ducts is absorbed. The alveoli gradually collapse, with an increase in perialveolar connective tissue. The glandular elements gradually return to the at rest state. Adipose tissue and macrophages increase. The gland does not return completely to the prepregnancy state in that the alveoli formed do not totally involute. Some appear as scattered, solid cords of epithelial cells.


Microscopically, increased autophagic and heterophagic processes occur in the first few days after weaning. Lysosomal enzymes increase, whereas nonlysosomal enzymes decrease. The gland undergoes alveolar epithelium apoptosis and remodeling reverting back to the prepregnant state with the loss of prolactin.


Although the process of regression has been studied carefully in animals, little study has been done in humans. Slow weaning, which usually takes 3 months, probably has a very different timetable from abrupt weaning, in which marked involution has been intense and rapid over days or weeks.
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Chapter 3 Physiology of Lactation


Lactation is the physiologic completion of the reproductive cycle∗. Human infants at birth are the most immature and dependent of all mammals, except for marsupials. The marsupial joey is promptly attached to the teat of a mammary gland in an external pouch. The gland changes as the offspring develops, and the joey remains there until able to survive outside the pouch. In humans, throughout pregnancy the breast develops and prepares to take over the role of fully nourishing the infant when the placenta is expelled.


There are two stages in the initiation of lactation: secretory differentiation and secretory activation. Pang and Hartman74 said it best: “Secretory differentiation represents the stage of pregnancy when the mammary epithelial cells differentiate into lactocytes with the capacity to synthesize unique milk constituents such as lactose.” They further explain that this requires the presence of a “lactogenic hormone complex.” This complex of reproductive hormones includes: estrogen, progesterone, prolactin, and some other metabolic hormones. Secretory activation, they note, is the initiation of copious milk secretion associated with major changes in the concentrations of many milk constituents. With the withdrawal of progesterone, secretory activation is triggered. This requires prolactin as well as insulin and cortisol.


The breast is prepared for full lactation from 16 weeks’ gestation without any active intervention from the mother. It is kept inactive by a balance of inhibiting hormones that suppress target cell response. In the first few hours and days postpartum, the breast responds to changes in the hormonal milieu and to the stimulus of the newborn infant’s suckling to produce and release milk.103


The existence of mammary stem cells has been speculated because the mammary gland has been regenerated by transplanting epithelial fragments in mice. Transplanted cells contributed to both luminal and myoepithelial lineages. From these were generated functional lobuloalveolar units during pregnancy. The cells had self renewing properties. The serial transplantations of Shackleton et al89 have established that single cells are multipotent and self renewing and can generate a functional mammary gland. The potential for further understanding of the mammary gland is unlimited.


The energy expenditure during lactation has suggested an efficiency of human milk synthesis greater than the 80% value previously hypothesized by investigators. From work in Gambian women and extensive review of other studies, Frigerio et al28 suggest that the energy cost of human lactation is minimal and the process functions at 95% efficiency.


This chapter provides a review of the physiologic adaptation of the mammary gland to its role in infant survival. Several major reviews that include substantial bibliographies for readers who need the detailed reports of the original investigators are referenced. Newer scientific techniques in the study of human lactation provide more precise, more detailed, and more integrated data on which the clinician can base a physiologic approach to lactation management.


Box 3-1 lists the abbreviations for the hormones that are involved in lactation and are discussed in this chapter.





BOX 3-1 Hormone Abbreviations












	Adrenocorticotropic hormone

	ACTH






	Epidermal growth factor

	EGF






	Feedback inhibitor of lactation

	FIL






	Follicle-stimulating hormone

	FSH






	Growth hormone (human growth hormone)

	GH (hGH)






	Heregulin

	HER






	Human growth factor

	hGF, HGF






	Human placental lactogen

	hPL






	Insulin-like growth factor 1

	IGF-1






	Prolactin

	PRL






	Prolactin-inhibiting factor

	PIF






	Thyroid-stimulating hormone

	TSH






	Thyrotropin-releasing hormone

	TRH






	Transforming growth factor beta

	TGF-β














Apoptosis in the Mammary Gland


Epithelial apoptosis has a key role in the development and function of the mammary gland. It begins with the formation of the ducts in the embryonic phase and again at puberty and with a stage of menses. Regulated apoptosis occurs at several stages of mammary development. In the embryo, epithelial buds emerge from ectoderm into mammary mesenchyme, which is the origin of the ductal tree. When the ducts later hollow out in puberty, extensive apoptosis occurs within the terminal bud.31


Deregulated apoptosis contributes to the malignant progression in the genesis of breast cancer. Research in apoptosis continues because it may lead to new cancer treatments, but the knowledge will be valuable.


When suckling ceases during weaning the alveolar component of the gland involutes by both apoptosis and tissue remodeling, which rebuilds the gland to the prepregnancy state.


Much is being learned about mammary development and function through the intense study of the breast as an experimental system. The use of novel “knockout” mouse models has been employed to study nursing failure. The apoptosis control mechanism from the angle of the signaling pathways has been studied. Further work at the level of the cell is underway, including extensive genetic analysis.31









Hormonal Control of Lactation


In contrast to most organs, which are fully developed at birth, the mammary gland undergoes most of its morphogenesis postnatally in adolescence and adulthood.65 Lactation is an integral part of the reproductive cycle of all mammals, including humans. The hormonal control of lactation can be described in relation to the five major stages in the development of the mammary gland: (1) embryogenesis; (2) mammogenesis, or mammary growth; (3) lactogenesis, or initiation of milk secretion; (4) lactation (stage III lactogenesis), or full milk secretion; and (5) involution (Table 3-1).65




TABLE 3-1 Stages of Mammary Development∗


[image: image]




Current terminology divides lactogenesis into two stages.37 Stage I takes place during pregnancy when the gland is sufficiently developed to actually produce milk. It begins about midpregnancy (approximately 16 weeks). It can be identified by measuring the levels of plasma lactose and α-lactalbumin.2 Should the mother deliver at this point, milk would be produced. Some mothers can express colostrum during this time. As the pregnancy proceeds, milk production is inhibited by high levels of circulating progesterone in most mammals and estrogen as well in humans.


Stage II of lactogenesis is the onset of copious milk production at delivery. In all mammals, it is associated with the drop in progesterone levels (Figure 3-1). This drop occurs to herald delivery in some species so that milk is copious when the young are born. In humans, these levels drop during the first 4 days postpartum, which is reflected by the milk “coming in” during this time. The drop in progesterone is accompanied by the transformation of the mammary epithelium to produce volumes of milk by the fifth day. This change includes a change in permeability of the paracellular pathway, changes in secretion of protective factors (i.e., lactoferrin, immunoglobulins), as well as increases in all milk components that parallel increased glucose production.
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Figure 3-1 Progesterone withdrawal initiates lactogenesis II in women. The increase in lactose concentrations associated with increased synthesis of milk components coincides with a rapid decrease in progesterone concentration when the placenta is removed at parturition.


(From Czan KC, Henderson JJ, Kent JC et al: Hormonal control of the lactation cycle. In: Hale TW and Hartmann PE, editors: Textbook of Human Lactation, Amarillo, TX, 2007, Hale Publishing LP.)





During the next 10 days, the composition of the milk slowly changes to mature milk. Composition then changes slowly over the months of full exclusive breastfeeding.






Embryogenesis


Embryogenesis begins with the mammary band, which develops about the thirty-fifth embryonic day and progresses to a bud at the forty-ninth day (see Chapter 2). Ducts continue to elongate to form a mammary sprout, which invades the fat pad, branches, and canalizes, forming the rudimentary mammary ductal system present at birth. After birth, growth of this set of small branching ducts parallels the child’s linear growth but remains limited, probably controlled by growth hormone (GH) before onset of ovarian activity.


Under the influence of sex steroids, especially the estrogens, the mammary glandular epithelium proliferates, becoming multilayered. Buds and papillae then form. The growth of the mammary gland is a gradual process that starts during puberty. The process depends on pituitary hormones. Lobuloalveolar development and ductal proliferation also depend on an intact pituitary gland.


The following six well-documented factors help explain organization of mammary growth. Much of this work has resulted since the availability of “knockout” studies in mice and associated techniques.



1. Mammary ducts must grow into an adipose tissue pad if morphogenesis is to continue.55 Only adipose stroma supports ductal elongation.19 The mammary epithelium is closely associated with the adipocyte-containing stroma in all phases of development. In midgestation during human fetal development, a fat pad is lain down as a separate condensation of mesenchyma. Rudimentary ducts expand into the fat pad but do not progress.65 At puberty the ducts elongate to fill the entire fat pad, terminating growth as they reach the margins of the fat pad.



2. Estrogen is essential to mammary growth. Ductal growth does not occur in the absence of ovaries but can be stimulated when estrogen is provided. In the ovariectomized (oophorectomized) mouse, an estrogen pellet placed in the mammary tissue stimulates growth in that gland but not in the opposite gland. When the estrogen receptor is “knocked out” in the mouse, no mammary development occurs. The increase in estrogen at puberty results in mammary development. Although estrogen is essential, it is not adequate alone.6




3. The exact location of the estrogen receptors in human breasts is unclear. Estrogen receptors are not in the proliferating cells and have not been located in the stroma. Cells with estrogen receptors, however, secrete a paracrine factor that is responsible for the proliferation of ductal cells. This paracrine factor may hold the key to understanding both normal and abnormal breast development.



4. In addition to estrogen, the pituitary gland is necessary for breast development. Kleinberg45 has identified GH as important to pubertal development and development of the terminal end buds in the breast. Prolactin could not replace GH in these experiments, but insulin-like growth factor 1 (IGF-1) could. It is produced in the stromal compartment of the mammary gland under stimulation by GH, and together with estradiol from the ovaries, IGF-1 brings about ductal development at puberty.




5. Transforming growth factor beta (TGF-β) maintains the spacing of the mammary ducts as they branch and elongate.65 These ducts exhibit unique behavior during growth, turning away to avoid other ducts and end buds. This avoidance behavior accounts for the orderly development of the duct system in the breast and the absence of ductal entanglements. This pattern provides ample space between ducts for later development of alveoli. TGF-β has been identified as the negative regulator and is found in many tissues, including breast tissue produced by an epithelial element. The pattern formation in ductal development depends on the localized expression of TGF-β.20




6. Progesterone secretion brings about the side branching of the mammary ducts.40 The presence of progesterone receptors in the epithelial cells has been confirmed by studies in knockout mice in which mammary glands develop to the ductal stage but not to alveolar morphogenesis. Ormandy et al72 established that prolactin is necessary for full alveolar development through prolactin receptor studies in knockout mice in which mammary glands do not develop beyond the ductal stage. This was further confirmed in murine mammary cultures when full development of the alveoli depends on prolactin. Further, when prolactin is withdrawn, apoptosis of the alveolar cells occurs.108



The coordination of epithelial and stromal activity in the mammary gland is complex. Hepatocyte growth and scatter factor has been associated with the process during puberty.72 Another growth factor, heregulin, a member of the epidermal growth factor (EGF) family, has been identified in the stroma of mammary ducts during pregnancy.


Neville65 has diagrammed the regulation of mammary development (Figure 3-2). She notes that the concentrations of estrogen, progesterone, and lactogenic hormone in the form of prolactin or placental lactogen (PL) greatly increase, enhance alveolar development, and result in the differentiation of alveolar cells. Although many investigators have contributed pieces to the puzzle of mammogenesis, Neville succeeded in creating the current visualization.65
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Figure 3-2 Scheme for regulation of mammary development in the mouse.


(From Neville MC: Mammary gland biology and lactation: A short course. Presented at the annual meeting of the International Society for Research on Human Milk and Lactation, Plymouth, Mass, October 1997.)















Mammogenesis: Mammary Growth






Prepubertal Growth


Mammogenesis occurs in two phases as the gland responds to the hormones of puberty and later of pregnancy.63 During the prepubertal phase the primary and secondary ducts that develop in the fetus in utero continue to grow in both boys and girls in proportion to growth in general. Shortly before puberty, a more rapid expansion of the duct system begins in girls. The growth of the duct system seems to depend predominantly on estrogen and does not occur in the absence of ovaries. The complete growth of the alveoli requires stimulation by progesterone as well.


Studies of hypophysectomized animals have shown failure of full mammary growth even with adequate estrogen and progesterone.19 Secretion of prolactin and somatotropin by the pituitary gland results in mammary growth. Adrenocorticotropic hormone (ACTH) and thyroid-stimulating hormone (TSH) acting on the adrenal and thyroid glands also play a minor role in growth of the mammary gland.


Growth and development during organogenesis involve the interaction of cells with extracellular matrices and neighboring cells.87 Necropsy breast specimens from six male and eight female infants ranging in age from 1 day to 9 months were studied to determine the process of organogenesis in humans.1 Integrins were expressed in a pattern that correlates with morphologic and functional differentiation of the normal mammary gland. Integrins are transmembrane glycoproteins that form receptors for extracellular matrix proteins, such as fibronectin, laminin, and collagen. Integrins are widely expressed in normal tissue and are considered critical to the control of cell growth and differentiation. This suggests integrin involvement in the functional characterization of the adhesion molecules in the breast.









Pubertal Growth


When the hypophyseal-ovarian-uterine cycle is established, a new phase of mammary growth, which includes extensive branching of the system of ducts and proliferation and canalization of the lobuloalveolar units at the distal tips of the branches, begins. Organization of the stromal connective tissue forms the interlobular septa. The ducts, ductules (terminal intralobular ducts), and alveolar structures are formed by double layers of cells. One layer, the epithelial cells, circumscribes the lumen. The second layer, the myoepithelial cells, surrounds the inner epithelial cells and is bordered by a basement lamina.









Menstrual Cycle Growth


The cyclic changes of the adult mammary gland can be associated with the menstrual cycle and the hormonal changes that control that cycle. Estrogens stimulate parenchymal proliferation, with formation of epithelial sprouts. This hyperplasia continues into the secretory phase of the cycle. Anatomically, when the corpus luteum provides increased amounts of estrogens and progesterone, there is lobular edema, thickening of the epithelial basal membrane, and secretory material in the alveolar lumen. Lymphoid and plasma cells infiltrate the stroma. Clinically, mammary blood flow increases in this luteal phase. This increased flow is experienced by women as fullness, heaviness, and turgescence. The breast may become nodular because of interlobular edema and ductular-acinar growth.


After onset of menstruation and reduction of sex steroid levels, milk-secretory prolactin action is limited. Postmenstrual changes occur rapidly, with degeneration of glandular cells and proliferation tissue, loss of edema, and decrease in breast size. The ovulatory cycle actually enhances mammary growth in the early years of menstruation (until about age 30 years) because the postmenstrual regression of the glandular-alveolar growth after each cycle is not complete. These changes of ductal and lobular proliferation, which occur during the follicular phase before ovulation, continue in the luteal phase and regress after the menstrual phase, exemplifying the sensitivity of this target organ to variations in the balance of hormones.


Fowler et al24 measured cyclic changes in composition and volume of the breast during the menstrual cycle using nuclear magnetic resonance T1-weighted imaging. The T1 relaxation time (spin-lattice T1 relaxation) is a measure of the rate of energy loss from tissues after T1 excitation. This energy loss depends on the biophysical environment of the excited protons. A short T1, therefore, indicates the presence of lipids and organic structures that bind water tightly. A longer T1 occurs with greater hydration and with the greatest amount of cellular water. This study revealed the lowest total breast volume and parenchymal volume. T1 and water content occurred between days 6 and 15 of the cycle. Between days 16 and 28, T1 rose sharply and peaked on the twenty-fifth day. The rise in parenchymal volume in the second half of the cycle resulted from not only increased tissue water but also from growth and increased tissue fluid, according to Fowler et al.24









Growth During Pregnancy


Hormonal influences on the breast cause profound changes during pregnancy (Figures 3-3 and 3-4). Early in pregnancy, a marked increase in ductular sprouting, branching, and lobular formation is evoked by luteal and placental hormones.112 PL, prolactin, and chorionic gonadotropin have been identified as contributors to the accelerated growth (Figure 3-4). The dichorionic ductular sprouting has been attributed to estrogen and lobular formation to progesterone.
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Figure 3-3 Hormonal preparation of breast during pregnancy for lactation.


(Modified from Vorherr H: The Breast: Morphology, Physiology and Lactation, New York, 1974, Academic Press.)
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Figure 3-4 Plasma hormone levels during pregnancy. E1, estrone; E2, estradiol; E3, estriol; hCG, human chorionic gonadotropin.


(From Neville MC, Morton J, Umemura S: The evidence for breastfeeding, Pediatr Clin North Am 48:42, 2001.)





Prolactin is essential for complete lobular-alveolar development of the gland. Almost complete growth of the mammary lobular-alveolar system can be obtained experimentally in the hypophysectomized-adrenalectomized rat if the animal receives estrogen, progesterone, and prolactin.48 Prolactin, as with other protein hormones, exerts its effect through receptors for the initiation of milk secretion located on the alveolar cell surfaces. The induction of milk synthesis requires insulin-induced cell division and the presence of cortisol. Prolactin is secreted by the pituitary, which is negatively controlled by prolactin-inhibiting factor (PIF) from the hypothalamus.48


From the third month of gestation, secretory material that resembles colostrum appears in the acini. Prolactin from the anterior pituitary gland stimulates the glandular production of colostrum. By the second trimester, PL begins to stimulate the secretion of colostrum. A mother who delivers after 16 weeks’ gestation will secrete colostrum, even though she has had a nonviable infant. This demonstrates the effectiveness of hormonal stimulation on lactation.


An estrogen-mediated increase in prolactin secretion in pregnancy may produce as much as a tenfold to twentyfold increase in plasma prolactin. This effect may be partially controlled by lactogen from the placenta, which inhibits the production of prolactin. Hormonal regulation of the growth and proliferation of the mammary gland cells has been carefully studied in many species.


Studies of mice in which receptors for each of the hormones have been ablated demonstrate that progesterone and prolactin (or possibly placenta lactogen) are key to alveolar development in pregnancy. The major inhibitor of milk production during pregnancy has been shown to be progesterone.40


A complex sequence of events, governed by hormonal action, prepares the breast for lactation (see Figure 3-3). 17β-Estradiol stimulates the ductal system of epithelial cells to elongate during pregnancy. In contrast to puberty, however, when estrogens appear to directly and indirectly stimulate breast development, estrogens have no indispensable role in mammary development during pregnancy except as a prolactin potentiator: according to Neville,63 when estrogen levels are low in pregnancy, the breast still develops. Estrogen levels are normally high in pregnancy, but not for mammogenesis. Induced lactation in the cow is dependably reproduced with 7 days of estrogen and progesterone treatment. Progesterone, in turn, induces the specific epithelial cells of the tubular invaginations to produce distinct ducts, which branch from the main tubules.40 The end result of the combined actions of estrogen and progesterone is a richly branched arborization of the gland. Highly differentiated secretory alveolar cells develop at the ends of these ducts under the influence of prolactin (Figure 3-5).
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Figure 3-5 Hormonal preparation of breast for lactation postpartum. PIF, Prolactin-inhibitory factor.


(Modified from Vorherr H: The Breast: Morphology, Physiology and Lactation, New York, 1974, Academic Press.)





Serum growth factor, which is present in normal human serum, and insulin can stimulate the stem cells of the gland to proliferate. These dividing cells are further directed to the formation of alveoli by corticosteroid hormones. At least two types of cells are identified in the epithelial layer of the gland: stem cells and secretory alveolar cells. At this point in the pregnancy, prolactin influences the production of the constituents of milk.


TGF-β influences pattern formation in the developing mammary gland and may negatively regulate ductal growth as well.20 The pattern of mammary ductal development varies widely among species and is a function of both genotype and hormonal status. Normal human breast cells secrete TGF-β and are themselves inhibited by it, suggesting an autoregulatory feedback circuit that may be modulated by estradiol. Growth and patterning of the ductal tree are regulated in part by TGF-β operating through an autocrine feedback mechanism and by paracrine circuits associated with epithelial-stromal interactions.20


The high circulating levels of prolactin in pregnancy are not associated with milk production partly because of the progesterone antagonism of the stimulatory action of prolactin on casein messenger ribonucleic acid (mRNA) synthesis. During late pregnancy the lactogenic receptors, which have similar affinities for both prolactin and human placental lactogen (hPL), are predominantly occupied by HPL. High doses of estradiol impair the incorporation of prolactin into milk secretory cells.


Prolactin is prevented from exerting its effect on milk excretion by the elevated levels of progesterone. Following the drop in progesterone and estrogen at delivery, copious milk secretion begins. The key hormone requirements for lactation to begin are prolactin, insulin, and hydrocortisone. A high level of plasma prolactin is essential to lactogenesis in humans as well. There is a question as to whether it is a surge in prolactin that is necessary for lactogenesis at parturition. Prolactin levels are now described as biphasic in humans for the initiation of lactogenesis at birth.62 Prolactin stabilizes and promotes transcription of casein mRNA and stimulates synthesis of a lactalbumin that is the regulatory protein of the lactose-synthetase enzyme system.73 Prolactin further increases the lipoprotein lipase activity in the mammary gland. Prolactin exists in three heterogenic forms of varying biologic activity. The monomer is in greatest quantity and is the most active form.









Lactogenesis: Initiation of Milk Secretion


Stage I lactogenesis starts approximately 12 weeks before parturition and is heralded by significant increases in lactose, total proteins, and immunoglobulin and by decreases in sodium and chloride, and the gathering of substrate for milk production. The composition of prepartum secretion is fairly constant until delivery, as monitored by the milk protein α-lactalbumin.36


Lactogenesis is initiated in the postpartum period by a fall in plasma progesterone, but prolactin levels remain high (Figure 3-6). The initiation of the process does not depend on suckling by the infant until the third or fourth day, when the secretion declines if milk is not removed from the breast.110,111
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Figure 3-6 Prolactin levels in postpartum period in women who are lactating (open circles) and nonlactating (dots). Levels in lactating women vary with intensity of suckling.


(From Neville MC, Morton J, Umemora S: The evidence for breastfeeding, Pediatr Clin North Am 48:44, 2001.)





Stage II lactogenesis includes the increase in blood flow and oxygen and glucose uptake as well as the sharp increase in citrate concentration, considered a reliable marker for lactogenesis stage II. Stage II at 2 to 3 days postpartum begins clinically when the secretion of milk is copious and biochemically when plasma α-lactalbumin levels peak (paralleling the period when “the milk comes in”). The major changes in milk composition continue for 10 days, when “mature milk” is established. The establishment of mature milk supply, once called galactopoiesis, is now referred to as stage III of lactogenesis (Figures 19-2 to 19-4 and Figure 3-6).111,112


The profound changes in milk composition have been established for the period of transitional to mature milk in relationship to increase in milk volume.64 Detailed studies of successfully lactating women were performed by Neville et al,66 who report that a significant fall in sodium, chloride, and protein and a rise in lactose precede the major increase in milk volume during early lactogenesis. At 46 to 96 hours postpartum, copious milk production is accompanied by an increase in citrate, glucose, free phosphate, and calcium concentrations and a decrease in pH (see Figure 3-26 and 3-27).


The breast, one of the most complex endocrine target organs, has been prepared during pregnancy and responds to the release of prolactin by producing the constituents of milk (see Figure 3-5). The lactogenic effects of prolactin are modulated by the complex interplay of pituitary, ovarian, thyroid, adrenal, and pancreatic hormones (Figure 3-7).
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Figure 3-7 Hormonal action necessary for phases of the lactation cycle.


(From Czank C, Henderson JJ, Kent JC, et al: Hormonal control of lactation cycle. In Hale TW, Hartmann PE, editors: Textbook of Human Lactation, Amarillo, TX, 2007, Hale Publishing LP, p 91.)












Prolactin


Stricker and Grueter96 discovered the pituitary hormone prolactin in 1928. They observed that extracts of the pituitary gland induced lactation in rabbits.


Human prolactin is a significant hormone in pregnancy and lactation.25 Prolactin also has a range of actions in various species that is greater than any other known hormone. Prolactin has been identified in many animal species whether they nurse their young or not. Because of the original association with lactation, the term describes its action, “support or stimulation of lactation.” Prolactin, however, has been shown to control nonlactating responses in other species and has been identified with more than 300 different physiologic processes, unrelated to lactation. Study of prolactin was hampered until 1970, when it became possible to separate prolactin from human growth hormone (hGH) and to isolate and characterize prolactin from human pituitary glands.100


Before 1971, hGH and prolactin in humans were considered the same hormone. Until 1971, in fact, it was thought that prolactin did not exist in humans. hGH, however, is present in the human pituitary gland in an amount 100 times that of prolactin.49


Although prolactin is secreted by the anterior pituitary gland, the brain is exposed to it. Prolactin is found in the cerebrospinal fluid and may even be produced by neurons in the portal vessels of the hypothalamus. Prolactin increases the activity of tuberoinfundibular neurons, which control dopamine.109


Prolactin, the lactogenic hormone, is essential for glucocorticoid stimulation of the milk-protein genes.94 Little is known about the biochemical pathway of action of this important polypeptide hormone, which is required for both morphogenesis and expression of functional differentiation of the parenchyma of the breast (see Figures 3-8 and 3-9).3


Synthesis and secretion is not restricted to the anterior pituitary gland, but includes multiple sites in the brain (cerebral cortex, hippocampus, amygdala, cerebellum, brain stem, and spinal cord). It is also produced in the placenta, amnion, decidua, and uterus. Evidence suggests that lymphocytes from the immune system, thymus, and spleen release bioactive prolactin. Prolactin is found in epithelial cells of the lactating mammary gland and the milk itself. Prolactin reaches the milk by crossing the mammary epithelial cell basement membrane, attaches to a specific prolactin binding protein, and ultimately moves by exostosis through the apical membranes into the alveolar lumen. Prolactin mRNA in milk contains more prolactin variants than serum. Milk prolactin participates in the maturation of the neuroendocrine and immune systems.


The information generated by the use of knockout mice with prolactin knockouts or prolactin receptor knockouts has refined the understanding of mammary morphogenesis and subsequent lactogenesis.17 It has been confirmed that prolactin does not operate alone but depends on estrogen, progesterone, glucocorticoids, as well as insulin, thyroid hormone, parathyroid hormone, and even oxytocin. Prolactin also stimulates uptake of some amino acids, uptake of glucose, and synthesis of milk sugar and milk fats (see Figure 3-7).26


Plasma prolactin varies in relation to psychosocial stress. Utilizing four different real-life stress studies in a longitudinal design, Theorell101 found that changing situations associated with passive coping are accompanied by increased plasma prolactin levels. Changing situations associated with active coping are associated with unchanged or even lowered prolactin levels. The regulation of plasma prolactin is part of a dopaminergic system (see the list of pharmacologic suppressors in the next section).


In vitro, prolactin stimulates the synthesis of the mRNA of specific milk proteins by binding to membrane receptors of the mammary epithelial cells. Prolactin has been demonstrated to penetrate the cytoplasm of these cells and even their nuclei. These specific actions in the gland require the presence of extracellular calcium ions. Some prolactin actually appears in the milk substrate itself, the functional significance of which is uncertain, although it is thought to influence fluid and ion absorption from the neonatal jejunum.


The effect of the stimulation of protein synthesis by allowing the expression of milk protein genes is not a direct effect of the hormone, but rather the consequence of the activation of sodium/potassium adenosinetriphosphatase (Na/K ATPase) in the plasma membrane.17 The intracellular concentration of potassium is kept high and that of sodium low compared with the concentrations in extracellular fluid. As a result, the Na/K ratio is high both in the milk and in the intracellular fluid. Further action of prolactin has been identified in the development of the immune system in the mammary gland and, possibly more directly, in the lymphoid tissue. In conjunction with estrogen and progesterone, prolactin attracts and retains immunoglobulin A (IgA) immunoblasts from the gut-associated lymphoid tissue for the development of the immune system for the mammary gland. A very sensitive bioassay has been developed using the in vitro biologic effect of prolactin to stimulate the growth of cell cultures for malignant niobium rat lymphomas.


The baseline levels of prolactin are essentially the same in the normal male and female humans (Table 3-2). Moreover, both men and women experience a rise in prolactin levels during sleep.94 There is also a normal diurnal variation in levels in both men and women. At puberty the increase in estrogens causes a slight but measurable increase in prolactin. Prolactin increases during the proliferative phase of the menstrual cycle but not during the secretory phase. A number of factors, including some that are significant for the nursing mother, such as psychogenic influence and stress, increase prolactin levels. Anesthesia, surgery, exercise, nipple stimulation, and sexual intercourse also produce increased amounts in both lactating and nonlactating women. Prolactin levels increase as serum osmolality increases.


TABLE 3-2 Prolactin Levels∗






	 

	Range (ng/mL)

	Average (ng/mL)






	Males and prepubertal and postmenopausal females

	2-8

	—






	Females’ menstrual life

	8-14

	10






	Term pregnancy

	200-500

	200






	Amniotic fluid

	Up to 10,000

	—






	Lactating women

	Response to breastfeeding






	First 10 days

	Baseline 200

	Rise to 400






	10-90 days

	60-110

	70-220






	90-180 days

	50

	100






	180 days to 1 year

	30-40

	45-80







∗ Collation of values from multiple studies and sources.


Although prolactin levels in maternal serum are well established, less is known about prolactin levels in the milk and its role in the newborn. Prolactin in milk is known to be biologically potent and is absorbed by the newborn. In the intestine, prolactin influences fluid, sodium, potassium, and calcium transport. Prolactin content is highest in the early transitional milk just after the colostrum in the first postpartum week (levels of 43.1 ± 4 ng/mL).117 Levels drop to 11.0 ± 1.4 ng/mL in mature milk over time until approximately 40 weeks postpartum.









Prolactin-Inhibiting Factor


PIF controls the secretion of prolactin from the hypothalamus. Prolactin thus is unusual among the pituitary hormones because it is inhibited by a hypothalamic substance. Catecholamine levels in the hypothalamus control the inhibiting factor, which is poured into the circulation as a result of dopaminergic impulses. Drugs and events that decrease catecholamines also decrease the inhibiting factor, causing a rise in prolactin. Dopamine itself can act directly on the pituitary gland to decrease prolactin secretion. Agents that increase prolactin by decreasing catecholamines and thus the PIF level include the phenothiazines and reserpine.


Thyrotropin-releasing hormone (TRH) is a strong stimulator of prolactin secretion, but its physiologic role is not clear, because thyrotropin levels do not rise during normal nursing. In the postpartum period, a dose of TRH will cause a marked increase in prolactin. Even a nonnursing postpartum mother will experience engorgement and milk release when stimulated with TRH. Ergot, which is frequently prescribed for postpartum patients, inhibits prolactin secretion either by direct inhibition or by its effect on the hypothalamus.


Prolactin response to breast stimulation in lactating women is not mediated by endogenous opioids. Neither baseline nor stimulated prolactin values were affected by naloxone.10


The following factors affect prolactin release in normal humans:



Physiologic stimuli



Nursing in postpartum women: breast stimulation



Sleep



Stress



Sexual intercourse



Pregnancy



Pharmacologic stimuli



Neuroleptic drugs



TRH



Metoclopramide (procainamide derivative)



Estrogens



Hypoglycemia



Phenothiazines, butyrophenones



Norepinephrine



Histamine



Acetylcholine



Pharmacologic suppressors



Apomorphine, bromocriptine, cabergoline



l-Dopa



Ergot preparations (2-Br-α-ergocryptine)



Clomiphene citrate



Large amounts of pyridoxine



Monoamine oxidase inhibitors



Pramipexole



Prostaglandins E and F2α



Ropinirole, rotigotine, selegiline


In pregnancy, prolactin levels begin to rise in the first trimester and continue to rise throughout gestation. In a nonnursing mother, prolactin levels drop to normal in 2 weeks, independent of therapy to suppress lactation.


At delivery, with the expulsion of the placenta, levels of PL, estrogens, and progesterone abruptly decline (Figures 3-8 and 3-9).
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Figure 3-8 Breast growth and placental growth are closely associated.


(Modified from Cox DB, Kent JC, Casey TM et al: Breast growth, Exp Physiol 84:421-434, 1999.)
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Figure 3-9 Relationship between lactose excretion into urine and prolactin concentration in the blood during pregnancy.


(Modified from Cox DB, Kent JC, Casey TM et al: Breast growth, Exp Physiol 84:421-434, 1999.)





PL disappears within hours.64 Progesterone drops over several days, and estrogens fall to baseline levels in 5 to 6 days (see Figures 3-6 and 19-2 to 19-4. Prolactin in nonlactating women requires 14 days to reach baseline. Progesterone is considered the key inhibiting hormone, and decline in plasma progesterone levels is considered the lactogenic trigger for stage II lactogenesis.59 However, progesterone does not inhibit established lactation because breast tissue does not contain progesterone-binding sites. Estrogens enhance the effect of prolactin on mammogenesis but antagonize prolactin by inhibiting secretion of milk. After delivery, there are low estrogen and high prolactin levels. Suckling provides a continued stimulus for prolactin release. If prolactin, essential for lactation, is diminished by hypophysectomy or medication, lactation ceases. Baseline prolactin levels do eventually diminish to more normal levels months after parturition, although lactation may continue.42


The surge in prolactin over baseline levels, however, is critical to milk production, not the baseline levels (Figures 3-6, 3-10, and 3-11). Although prolactin is necessary for milk secretion, the volume of milk secreted is not directly related to the concentration of prolactin in the plasma. Local mechanisms within the mammary gland that depend on the amount of milk removed by the infant are responsible for the day-to-day regulation of milk volume.94 Suckling stimulates the release of adenohypophyseal prolactin and neurohypophyseal oxytocin. These hormones stimulate milk synthesis and production of milk-ejection metabolic hormones, which are also necessary in the process of milk synthesis.59 Thus, suckling, emptying the breast, and receiving adequate precursor nutrients are essential to effective lactation (Figures 3-12 and 3-13).
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Figure 3-10 Prolactin levels after suckling.


(From Battin DA, Marrs RP, Fleiss PM, et al: Effect of suckling on serum prolactin, luteinizing hormone, follicle-stimulating hormone, and estradiol during prolonged lactation, Obstet Gynecol 65:785, 1985.)
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Figure 3-11 Percent increase in prolactin over baseline after suckling.


(From Battin DA, Marrs RP, Fleiss PM, et al: Effect of suckling on serum prolactin, luteinizing hormone, follicle-stimulating hormone, and estradiol during prolonged lactation, Obstet Gynecol 65:785, 1985.)
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Figure 3-12 Immunoreactive prolactin determined in plasma samples collected from the 11 mothers (at 1, 2, and 4 months) and from nine mothers (at 6 months), immediately before suckling ([image: image]) and 45 minutes after the commencement of suckling ([image: image]) Number of observations is shown in parenthesis. Twenty-four hour milk production (mL/24 hr) of the same mothers determined by test weighing. Results are mean values + SEM.


(From Cox DB, Owens RH, Hartman PE: Prolactin and milk synthesis in women, Exp Physiol 81:1007-1020, 1996.)
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Figure 3-13 Plasma prolactin measured by radioimmunoassay before, during, and after period of nursing in three mothers, 22 to 26 days postpartum. Prolactin levels rose with suckling and not with infant contact.


(Modified from Josimovich JB, Reynolds M, Cobo E: Lactogenic hormones, fetal nutrition, and lactation. In: Josimovich JB, Reynolds M, Cobo E, editors: Problems of human reproduction, vol 2, New York, 1974, John Wiley & Sons.)





When milk is not removed, secretion ceases in a few days, and the composition of the mammary secretion returns to a colostrum-like fluid. When the composition of the breast secretion of breastfeeding and nonbreastfeeding women was followed by Kulski and Hartmann,47 it was the same for 3 to 4 days. Thereafter the sodium and chloride concentrations in the nonbreastfeeding women increased rapidly.


The regulation of milk production in full lactation is based primarily on infant demand.69 Maternal nutrition, age, body composition, and parity have only secondary impact. Suckling is a powerful stimulus to prolactin synthesis and secretion, and prolactin is necessary for milk secretion.101 The pulsatile nature of prolactin secretion makes it difficult to measure over time. Milk yield is not directly correlated to prolactin levels. Evidence indicates that a proteinaceous factor in milk itself actually inhibits milk production and is associated with residual milk in the breast. This has been identified as a feedback inhibitor of lactation (FIL).


It has been assumed that prolactin levels control the rate of milk synthesis. When 24-hour milk production was measured by Cox et al,14 however, the results were different. The short-term rates of milk synthesis (i.e., between feeds) and the concentration of prolactin in the blood and in the milk were measured from 1 to 6 months in 11 women, the 24-hour milk production remained constant (708 ± 54.7 g per 24 hours at 1 month and 742 ± 79.4 g per 24 hours at 6 months). Marked variation in short-term milk synthesis between breasts was observed. The baseline and suckling-stimulated prolactin levels declined over time but the peak over base remained. The concentration of prolactin in milk was related to the fullness of the breasts, being highest when the breasts were full. Cox et al14 found no relationship between the concentration of prolactin in the plasma and the rate of milk synthesis in either the short or long term.


Evidence indicates that a proteinaceous factor in milk itself actually inhibits milk production and is associated with residual milk in the breast. This has been identified as a FIL. Prolactin circadian rhythm persists throughout lactation. Prolactin levels are notably higher at night than during the day, despite greater nursing times during the day. The highest levels in the study by Stern and Reichlin94 were when the least nursing occurred.


The most effective and specific stimulus to prolactin release is nursing. The stimulation is a result of nipple or breast manipulation, especially suckling, not a psychologic effect of the presence of the infant (see Figures 3-13 and 3-14). The prolactin-release reflex during nipple stimulation is suppressed in some adult women, being evidenced only during pregnancy and lactation.56
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Figure 3-14 The sense of milk coming in. Secretory activation precedes the sense of milk “coming in.” The distribution of the times when women first sensed the “coming in” of milk after normal delivery is compared with the changes in lactose and sodium concentrations of breastmilk over the first postpartum days. The number of women for each time point was expressed as a cumulative percentage of the total number (n = 107) of women. Lactose and sodium concentrations obtained from left and right breasts for each woman were averaged and presented as percentages of the maximum lactose and sodium concentrations over the five days.


(From Pang WW and Hartman PL: Initiation of human lactation: Secretory differentiation and secretory activation, J Mammary Gland Biol 12:211-221, 2007.)





During human pregnancy, when serum prolactin rises steadily to 150 to 200 ng/mL at term, there is a brief drop in levels hours before delivery and then a rise again as soon as the neonate is suckled.52,56 The response to nipple stimulation can be abolished by applying local anesthetic.61 On the other hand, trauma or surgery to the chest wall can initiate a prolactin rise and, in some reported cases, milk production.


Although it was initially reported that the high levels of prolactin measured in the first days and weeks of lactation dwindled to normal baseline by 6 months and showed no response to suckling stimulus, later studies clearly showed a different picture with more sensitive assays.52 Prolactin does not drop to normal, but further stimulus causes a doubling of levels over baseline at all stages of lactation through the second year (see Table 3-2).


Acute prolactin and oxytocin responses were measured by Zinaman et al, 118 who compared various mechanical pumping devices with manual expression and infant suckling. Prolactin response to mechanical expression in quantity and duration depended on the device used, with a full-size pulsatile electric pump eliciting the greatest response. This compared equally with infant suckling. There was no difference seen in oxytocin response with various devices. These data confirm that results in studies of milk production and release in humans also depend on the equipment used to stimulate the breast.118 Eight fully lactating women were followed through the first 6 months postpartum at 10, 40, 80, 120, and 180 days, recording serum prolactin, luteinizing hormone, follicle-stimulating hormone, and estradiol (zero time only) obtained just before the initiation of suckling and during the next 120 minutes.3 Samples were obtained at 0, +15, +30, +60, and +120 minutes. Prolactin levels were high the first 10 days (90.1 ng/mL) but slowly declined over 180 days (44.3 ng/mL). The stimulus of suckling doubled the baseline values. Mean estradiol levels were low at 10 days (7.2 pg/mL), then gradually rose to a mean of 47.3 pg/mL at 180 days postpartum in the subjects whose menses had resumed. In the amenorrheic subjects the estradiol levels remained low (4.25 pg/mL), whereas baseline prolactin remained high (63.6 ng/mL). The subjects were breastfeeding on demand, averaging 11 feedings (range 8 to 16) per day at 10 days and 8 feedings (range 5 to 12) at 120 and 180 days. All infants had stopped one night feeding, and two infants had started some solids between the third and fourth months.


When specific binding sites for prolactin were looked for in the tammar wallaby, many sites were demonstrated in the lactating mammary gland but not the inactive gland.54 Mammary prolactin receptors were also identified in the rabbit. Thus, the increased binding capacity would enhance tissue responsiveness, which may explain the maintenance of full lactation in the face of falling concentrations of prolactin. Prolactin also plays a critical role in increasing maternal bile secretory function postpartum.56









Human Placental Lactogen and Human Growth Hormone


Three main hormones are recognized in the lactogenic process: hPL, hGH, and prolactin. The progressive rise in prolactin during pregnancy parallels the rise in hPL, becoming measurable at 6 weeks’ gestation and increasing to 6000 ng/mL at term (see Figure 3-4). This parallel action contributed to the belief that prolactin and hPL were the same. Although the principal function of hPL and prolactin in humans is a lactogenic one, no lactation ordinarily appears before delivery,92 although some women report being able to express a few drops of colostrum.


First described in 1962, hPL has been studied more than lactogens from any other species.61 Extensive immunologic and structural homology exists between hGH and hPL, which probably explains their similar biologic activities. Concentrations of hPL increase steadily during gestation and decrease abruptly with the delivery of the placenta. A large-molecular-weight substance, hPL is derived from the chorion. Receptor sites that bind lactogen also bind protein and hGH.107 hPL has been associated with mobilization of free fatty acid and inhibition of peripheral glucose utilization and lactogenic action.


hGH is secreted from the anterior pituitary eosinophilic cells. These cells have been identified by staining techniques that distinguish them from those that produce prolactin. Toward the end of pregnancy, the cells that produce prolactin are noticeably more numerous, whereas those that produce hGH are “crowded out.” The role of hGH in the maintenance of lactation is poorly defined and may be synergistic with prolactin and glucocorticoids.


Prolactin, hGH, PL, and chorionic somatotropin form a family of polypeptide hormones from the same ancestral gene, even though prolactin and hGH are produced by the pituitary and PL and chorionic somatotropin by the placenta.113 The suckling stimulus in postpartum lactation causes a rapid increase in serum hGH and prolactin. hGH and prolactin evolve from the same precursor, and, although the hormones are distinct, the acute interruption of hGH secretion does not interfere with the milk secretion.


The possible role of TSH as a physiologic prolactin-releasing factor has been disproved by Gehlbach et al,30 who state that TSH is not responsible for the brisk release of prolactin with suckling. Normal lactation is possible in women with ateliotic dwarfism in the absence of detectable quantities of hGH.84 For any hormone to exert its biologic effects, however, specific receptors for the hormone must be present in the target tissue. Changes in serum concentration have no effect if receptors are not present in the mammary gland to bind the hormone.


Oxytocin was the first hormone studied in relation to breastfeeding and to the let-down reflex. Studies first explored its role in the initiation and progression of labor. Because it was measurable, isolated in the laboratory, and finally manufactured synthetically, our knowledge of oxytocin was more extensive that it was for prolactin until the last two decades.


Oxytocin is not just a female hormone; it is produced by both male and female humans, and it is increased not just during reproduction in women. It is now credited with producing increased responsiveness to receptivity, closeness, openness to relationships, and nurturing. The oxytocin circulating during breastfeeding has been credited with producing calm, lack of stress, and an enhanced ability to interact with infants. The calm and connectedness system is part of a system of nerves and hormones that together trigger these effects.


Oxytocin is a polypeptide found in all mammalian species and works though a mechanism through which it activates receptors on the outer surface of the cell membrane.21 Oxytocin is produced in the supraoptic and paraventricular nuclei of the hypothalamus. Receptors have been identified for oxytocin in the uterus and the breast as well as the brain. It acts via the bloodstream and as a signaling substance in the nervous system. Substances that act to stimulate the release of oxytocin include serotonin, dopamine, noradrenaline, and glutamate. Others inhibit its release such as opiates, encephalin, and β-endorphin. Spinal anesthesia has been associated with the inhibition of oxytocin release after childbirth.42 Estrogen can increase the number of receptors and stimulate the production of oxytocin. The release of oxytocin by repetitive soothing touches or when given via injection produces a calming reaction and lowers blood pressure and pulse rate. Uvnäs Moberg104 has studied oxytocin extensively and calls it the hormone of calm, love, and healing.












Stage III Lactogenesis (Galactopoiesis): Maintenance of Established Lactation


The maintenance of established milk secretion, originally called galactopoiesis, is now labeled stage III lactogenesis, or simply lactation. An intact hypothalamic-pituitary axis regulating prolactin and oxytocin levels is essential to the initiation and maintenance of lactation.44 The process of lactation requires milk synthesis and milk release into the alveoli and the lactiferous sinuses. When the milk is not removed, the increased pressure lessens capillary blood flow and inhibits the lactation process. Lack of sucking stimulation means lack of prolactin release from the pituitary gland. Basal prolactin levels that are enhanced by the spurts that result from sucking are necessary to maintain lactation in the first postpartum weeks. Without oxytocin, however, a pregnancy can be carried to term, but the woman will fail to lactate because she will fail to let-down.


Sensory nerve endings, located mainly in the areola and nipple, are stimulated by suckling. The afferent neural reflex pathway, via the spinal cord to the mesencephalon and then to the hypothalamus, produces secretion and release of prolactin and oxytocin. Hypothalamic suppression of earlier PIF secretion causes adrenohypophyseal prolactin release. When prolactin is released into the circulation, it stimulates milk synthesis and secretion. A conditioned milk ejection can occur in lactating women without a concomitant release of prolactin, so that indeed the releases are independent, which may be significant in treating apparent lactation failure (Figure 3-15).
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Figure 3-15 Neuroendocrine control of milk ejection.


(Modified from Vorherr H: The Breast: Morphology, Physiology and Lactation, New York, 1974, Academic Press.)









Hormonal Regulation of Prolactin and Oxytocin


The release of prolactin is inhibited by PIF.50 The PIF has not been described but is closely associated with dopamine. There is also evidence of either serotonin release of prolactin or catecholamine-serotonin control of prolactin release. TSH has also been shown to simulate the release of prolactin. The amount of prolactin is proportional to the amount of nipple stimulation during early stages of lactation after the first 4 days. Milk synthesis proceeds for the first 4 days whether or not the breast is stimulated. At this time prolactin levels are the same for lactators and nonlactators62 (Figure 3-16).
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Figure 3-16 An overview of the regulation of prolactin secretion. Prolactin secretion is paced by a light-entrained circadian rhythm, which is modified by environmental input, with the internal milieu and reproductive stimuli affecting the inhibitory or stimulatory elements of the hypothalamic regulatory circuit. The final common pathways of the central stimulatory and inhibitory control of prolactin secretion are the neuroendocrine neurons producing prolactin inhibiting factors (PIF), such as dopamine (DA), somatostatin (SST), and γ-aminobutyric acid (GABA), or prolactin releasing factors (PRF), such as thyrotropin releasing hormone (TRH), oxytocin (OT), and neurotensin (NT). PIF and PRF from the neuroendocrine neurons can be released either at the median eminence into the long portal veins or at the neurointermediate lobe, which is connected to the anterior lobe of the pituitary gland by the short portal vessels. Thus lactotrophs are regulated by bloodborne agents of central nervous system or pituitary origin (α-melanocyte stimulating hormone) delivered to the anterior lobe by the long or short portal veins. Lactotrophs are also influenced by PRF and PIF released from neighboring cells (paracrine regulation) or from the lactotrophs themselves (autocrine regulation).


(From Freeman ME, Kanyicska B, Lerant A, Nagy G: Prolactin: Structure, function and regulation of secretion, Physiol Rev 80:1523-1630, 2000.)





Although both oxytocin and prolactin release are stimulated by nipple stimulation, some oxytocin is released by other sensory pathways, such as visual, tactile, olfactory, and auditory.69 Thus a woman may release milk on seeing, touching, hearing, smelling, or thinking about her infant. Prolactin, however, is released only on nipple stimulation so that milk production is not initiated by other sensory pathways. Oxytocin is also released under physical stress, such as pain, exercise, cold, heat, changes in plasma osmolality, or hypovolemia, but these responses are blunted or reversed during lactation.16,69


When suckling occurs, oxytocin is released.13 It enters the circulation and rapidly causes ejection of milk from alveoli and smaller milk ducts into larger lactiferous ducts and sinuses. This is the pathway of the let-down, or ejection, reflex. Oxytocin also causes contraction of the myometrium and involution of the uterus (Figuer 3-17).


The polypeptide oxytocin is a messenger molecule with diverse physiologic actions as well as modes of delivery to its target sites. Oxytocin exerts effects as a hormone carried by the systemic circulation to distant targets in the uterus and the breast.16 Oxytocin also serves as a hypophysiotropic factor, released from nerve terminals in the median eminence into the pituitary portal vasculature to affect anterior pituitary secretion. Its action here is as a peptidergic neurotransmitter or neuromodulator within the central nervous system, influencing a variety of neuroendocrine, behavioral, and autonomic functions. Its well-known role is related to reproduction and lactation, but it has other, less well explored physical and metabolic roles.16


After suckling is initiated, the oxytocin response is transient and intermittent rather than sustained. Plasma levels often return to basal between milk ejections, even though suckling continues. Ejection can be measured by placing a microcatheter in the mammary duct or can be noted subjectively by the mother as tingling or turgescence. The contractions last about 1 minute, with about 4 to 10 occurring in a 10-minute period. Corresponding pulses of oxytocin can be measured in the maternal bloodstream. The controls of oxytocin release are complex and are extensively described by Crowley and Armstrong.16 That centrally released oxytocin is in control of the milk-ejection reflex was established in 1981 by Freund-Mercier and Richard.27 They demonstrated in rats that intracerebroventricular administration of oxytocin greatly increased the frequency and amplitude of pulsatile oxytocin release during suckling. Administration of oxytocin antagonists produced the opposite effect and suppressed responses.27


The human pituitary has an excessive storage capacity and contains 3000 to 9000 mU of oxytocin, but the reflex milk ejection involves the release of only 50 to 100 mU.114 Except in extreme cases (Sheenan syndrome), hormone depletion is rarely an issue, but hormone release and target-organ sensitivity are. Opiate and β-endorphin released during stress are known to block stimulus-secretion coupling by dissociating electrical activity at the terminal. This inhibition is naloxone reversible.


The mammary gland, from platypus to human, has an identical fine structure consisting of alveolar tissue that has increased its surface area 10,000-fold during gestation compared with the size of the gland.58 It continuously produces milk throughout lactation, but the most complex issue is the release of milk. Because of the substantial surface tension forces opposing the movement of fluid in the small ducts, simple suction applied by suckling is relatively ineffective, especially in early lactation. Thus, the alveolus is enveloped in a basketlike network of myoepithelial cells that respond to oxytocin by contracting and expelling the milk into larger and larger ductules until it can be removed by the infant (see Figure 3-17). This is a classic example of a neuroendocrine reflex, a process that is remarkably uniform in all mammals67.
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Figure 3-17 Fundamental mammary unit at lactation, with arrangement of secretory alveoli, myoepithelial cells, and vasculature. Secretory alveolar epithelium is monolayered, and epithelial lining of milk ducts consists of two layers. Between bases of glandular epithelial cells and tunica propria, starlike myoepithelial mammary cells surround alveolus in basketlike arrangement.


(Modified from Vorherr H: The Breast: Morphology, Physiology and Lactation, New York, 1974, Academic Press.)















Changes in Breast Hemodynamics in Breastfeeding Mothers


The tissue concentrations of oxyhemoglobin, deoxyhemoglobin, and total hemoglobin and the hemoglobin oxygen saturation while breastfeeding have been measured by near infrared time resolved spectroscopy because it is a noninvasive method of assessment during breastfeeding.71 When both the breast being suckled and the contralateral breast were measured, both sides showed a significant decrease compared with the presuckling values. During the breastfeeding, values from both breasts fluctuated cyclically. Thus it was documented that blood volume decreases and fluctuates during breastfeeding as does oxygenation. The investigators speculate that this is a result of changes in pressure and resistance in blood vessels accompanying the milk-ejection reflex.71


Milk ejection involves both neural and endocrinologic stimulation and response. A neural afferent pathway and an endocrinologic efferent pathway are required.61


The ejection reflex depends on receptors located in the canalicular system of the breast. When the canaliculi are dilated or stretched, the reflex release of oxytocin is triggered. Tactile receptors for both oxytocin and reflex prolactin release are in the nipple. Neither the negative and positive pressures exerted by suckling nor the thermal changes trigger the milk-ejection reflex. Negative pressures have a minor effect, but tactile stimulation is the most important factor in milk ejection.


Studies in tactile stimulation show changes in sensitivity at puberty, during the menstrual cycle, and at parturition.85 No difference exists in sensitivity between the sexes before puberty. In girls, tactile sensitivity increases after puberty and is increased at midcycle and during menstruation. (Midcycle peak is absent in women taking oral contraceptives, probably due to the suppression of ovulation.) Dramatic changes occur within 24 hours of delivery after several weeks of complete insensitivity. The nipple is the most sensitive area to both touch and pain, followed by the areola; the least sensitive area is the cutaneous breast tissue. The increased sensitivity of the breast continues several days postpartum, even when a woman does not breastfeed. Estrogen treatment suppresses the induction of prolactin release on nipple stimulation; on withdrawal of estrogen the prolactin response returns. Increased tactile sensitivity may be the key event activating the suckling-induced release of oxytocin and prolactin at delivery (Figures 3-18 and 3-19).
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Figure 3-18 Changes in tactile sensitivity of cutaneous breast tissue in perinatal period. Sensitivity was calculated from two-point discrimination according to formula K − log(e). K is an arbitrary figure employed to portray low two-point discrimination value as peaks of sensitivity. Dramatic increase in tactile sensitivity at delivery enhances response to suckling of newborn.


(From Robinson JE, Short RV: Changes in breast sensitivity at puberty, during the menstrual cycle, and at parturition, Br Med J 1:1188, 1977.)
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Figure 3-19 Sensitivity of human mammary epithelium to oxytocin during pregnancy and lactation. Scale at left shows threshold dose necessary to evoke increase in intramammary pressure; scale at right shows maximum intramammary pressure obtained.


(Modified from Caldeyro-Barcia R: Milk ejection in women. In Reynolds M, Folley SJ, editors: Lactogenesis: The Initiation of Milk Secretion at Parturition, Philadelphia, 1969, University of Pennsylvania Press.)





The clinical study of oxytocin challenge tests for use in measuring the viability of the fetus has led to the study of breast stimulus on the uterus. Numerous studies have confirmed that oxytocin levels rise significantly during nipple stimulation, with short bursts of oxytocin during accompanying uterine contractions.11 When the effect of breast stimulation on prostaglandin secretion was tested at 38 to 40 weeks’ gestation, uterine contractions occurred and prostaglandin metabolite levels increased in all cases. Shalev et al90 suggest that the principal action of oxytocin is to stimulate prostaglandin synthesis in uterine tissues, which then becomes the primary cause of the uterine contractions.


The oxytocin-binding sites are located within the basement membrane of the mammary alveolus and along the interlobular ducts. A gradual tenfold increase occurs in the concentration of oxytocin receptor sites in the mammary gland during pregnancy.53 This contrasts sharply with the sudden fortyfold increase in oxytocin receptors in the uterus in the hours before delivery that then rapidly disappear. These changes in receptor availability may be why copious milk does not occur until shortly after delivery, because oxytocin first facilitates delivery and then promotes milk ejection sequentially. When the increase in intramammary pressure obtained with varying doses of oxytocin in nonpregnant, pregnant, and lactating women was recorded by Caldeyro-Barcia,7 the amount of oxytocin required for a response dropped from 1000 mU in nonpregnancy to about 1 mU in late pregnancy and to 0.5 mU in lactation (see Figure 3-19).59 The maximum intramammary pressure that could be evoked increased from 1 mm Hg early in pregnancy to a peak of 10 mm Hg at 5 days postpartum. Caldeyro-Barcia7 suggests that not only the sensitivity of the myoepithelial cells but the number of receptor sites also increases during pregnancy.


Conflicting information exists regarding the exact nature of the release of oxytocin from the pituitary. The dose-response curve of the mammary gland has a very limited dynamic range, so that a bolus of 0.1 mU oxytocin (0.2 mg) given intravenously to a lactating rat fails to change intramammary pressure. An injection of 1 mU evokes an increase in pressure that begins after a delay of 10 seconds and peaks in 15 seconds at 8 to 10 mm Hg. A bolus has greater effect than a slow push, suggesting that a pulsatile pattern of hormone release would be the most effective way of utilizing oxytocin to produce milk ejection.56


Plasma oxytocin levels measured by Lucas et al58 with continuous sampling every 20 seconds revealed the hormone was released in surges and persisted in the circulation for less than 1 minute. The multiparas had a greater total response than primiparas, but with no difference between early (1 to 3 days postpartum) and late (5 to 7 days). When a similar study was done by Dawood et al,21 collecting samples only every 3 minutes, no pulsing was identified. Oxytocin was measurable within 2 minutes of suckling, peaked at 10 minutes, and had a bimodal curve dropping to a mean at 20 minutes, comparable with that before suckling, which followed the burping and changing breasts at approximately 15 minutes. A secondary peak occurred at 25 minutes. They found maximum response of intramammary pressures at the fifth to seventh day. McNeilly et al56 measured release of oxytocin in response to suckling in early and established lactation, drawing samples every 30 seconds. A catheter for blood sampling was placed in the forearm 40 minutes before lactation. Oxytocin levels increased 3 to 10 minutes before suckling in response to the baby crying or becoming restless or the mother preparing herself to feed. There was no prolactin response until suckling began.


Most results clearly showed response before tactile stimuli and then a second surge in response to suckling. The levels were pulsatile during suckling and not related to milk volume, prolactin response, or parity of the mother.


Significant elevations of the maternal oxytocin level occur at 15, 30, and 45 minutes after delivery when the infant is put skin to skin, compared with levels just before delivery during expulsion of the placenta.70 Levels return to baseline after 60 minutes if the infant does not suckle. When oxytocin levels were measured after initiating breast stimulation with a mechanical breast pump in early lactation (10 to 90 days), midlactation (90 to 190 days), and late lactation (180 days to 12 months), baseline levels were similar in all three periods. The stimulated plasma oxytocin levels were greater in early than late lactation, but there was always a response. Thus, the oxytocin secretory reflex appears to continue for at least the first year of lactation.


The release of oxytocin by neurohypophyseal responses during lactation has been evoked both by infant’s suckling and by mechanical dilatation of the mammary ducts. This release of oxytocin was demonstrated to be independent of vasopressin release. Conversely, further study49,50 demonstrated that there could be stimulation of vasopressin release independent of oxytocin release.


When the levels of hGH, vasopressin, prolactin, calcitonin, gastrin, insulin, epinephrine, norepinephrine, and dopamine were measured in six lactating women during breastfeeding, Widstrom et al115 confirmed the rise in prolactin and demonstrated the progressive increase in insulin that may be secondary to prolactin rise and may participate in stimulating milk production. Gastrin level decreased, and there were no consistent findings for calcitonin, hGH, norepinephrine, or epinephrine and no change in dopamine and vasopressin. Vagally stimulated release of insulin and gastrin is antagonized when the tone of the sympathetic nervous system is increased, such as during stress, pain, or anxiety. Increased insulin also is known to stimulate the synthesis of casein and lactalbumin and thus secondarily milk production. It should be advantageous to breastfeed after a meal rather than before (practically, many mothers eat while feeding the infant).


Human myoepithelium, the effector tissue, is specifically stimulated by oxytocin, and this sensitivity and specificity increase throughout pregnancy. Suckling can induce milk secretion, which is under control of the adenohypophysis. In this case, oxytocin released by the neurohypophysis because of the suckling stimulus would cause both milk ejection and release of the anterior pituitary hormones responsible for milk secretion.68 This is probably the mechanism behind relactation and induced lactation in a woman who has never been pregnant. Mammary growth and lactogenesis may be induced by suckling, massage, and breast stimulation in many species.23


Alcohol has a dose-related effect on the central nervous system in inhibiting milk ejection. When intramammary pressure was measured in response to suckling by the infant while the mother received measured doses of alcohol, milk ejection was inhibited in a dose-dependent manner.10 Doses to a maximum of 0.45 g per kilogram of body weight (blood alcohol less than 0.1%), however, had no effect on intramammary pressure. Mechanical breast stimulation for 10 minutes and concomitant administration of intravenous fluid containing normal saline, naloxone, ethanol, or a combination of ethanol and naloxone were initiated in normal nonlactating women on day 22 of the regular menstrual cycle.12 Plasma oxytocin levels rose twofold, with breast stimulation peaking at 10 minutes. Responses were unchanged by naloxone but were completely abolished by alcohol taken orally (approximately 110 mL of whiskey). Naloxone partially reversed the inhibiting effects of ethanol. The authors concluded that naloxone-sensitive endogenous opioids do not appear to be involved in the control of the oxytocin rise induced by breast stimulation and that opioid peptides are partly involved in the alcohol action.12 Alcohol has been used in obstetrics to suppress premature labor in humans.


In a study of women who had received oxytocin for stimulus during labor or postpartum for control of bleeding and/or epidural analgesia compared with women who were untreated, plasma oxytocin and prolactin concentrations were measured during suckling on the second day postpartum. All subjects showed a pulsatile oxytocin pattern during the first 10 minutes of breastfeeding. When a woman received both oxytocin and epidural, the median oxytocin levels were the lowest. The more oxytocin they had received the lower their endogenous oxytocin. A significant rise of prolactin occurred after 20 minutes in all women except those who had oxytocin when levels rose in 10 minutes. The rise in prolactin between 0 and 20 minutes correlated significantly with the median oxytocin and prolactin levels. Thus oxytocin infusion was observed to decrease endogenous oxytocin release dose dependently and facilitated the release of prolactin. Epidural analgesia, when combined with oxytocin, resulted in lowered endogenous oxytocin levels. The length of the breastfeeding session was increased by the prolactin levels; that is, the longer mother breastfed the higher the levels.


Epidural anesthesia has been demonstrated to inhibit the release of oxytocin during labor into the circulation and the brain of sheep and cows. As a consequence maternal behavior and bonding to the young are inhibited.42


In this study, in the women who received only an epidural, oxytocin levels matched controls. But other studies have shown that epidurals decrease oxytocin levels.


Normal alert newborns have been observed to “crawl” to the nipple and latch on unassisted when placed on the maternal abdomen following a normal delivery and the clamping and severing of the umbilical cord.83


Suckling brings about functional changes in the offspring. An infant who sucks on an artificial nipple quickly decreases the amount of body movement, increases mouth activity, and decreases crying. The suckling experience may affect infant behavior and mother-infant interaction. Nonnutritive sucking is observed in many species. In the human infant, nutritive sucking is shown to be a continuous stream of regular sucks with few, if any, pauses. Nonnutritive sucking has bursts of activity alternating with no sucking. Suckling can be altered by extraneous aural, visual, or olfactory stimuli. Response of breasts to different stimulation patterns of an electric breast pump was measured by Kent et al.44 When cycles were 45 per minute, let-down occurred in 147 ± 13 seconds. In response to breastfeeding, let-down occurred after 56 ± 4 seconds. Volume was a reflection of negative pressure or vacuum applied but not the time for milk ejection.44






Understanding the Myth of “Milk Coming In”


Much of lactation physiology in the human has been based on research done in the bovine and other mammals. This has lead to some misinterpretation of human data. An important understanding is that in humans secretory activation occurs after parturition rather than before. Only a small volume of colostrum is available during the first 24 to 48 hours after birth. Today in newborn nurseries fixation on technology and measurements have lead to determination of blood sugars and strict attention to intake. Human newborns are born with significant stores of energy in body fat and mobilize adequate energy from these sources. This suggests that the concentration of antibodies in the colostrum provides adequate surface protection for the gastrointestinal tract and the respiratory tree. This represents colostrum already secreted in the ducts and not the rapid synthesis and secretion of milk. Thus the awaiting of milk “coming-in” has been reported in the first 96 hours. Many women do not experience a sudden change, but a gradual one. When the timing of “milk coming in” is compared with the actual physiologic measurements of increase in lactose and the decrease in sodium, it is noted to lag behind these markers (see Figure 3-4). It is thought74 that the sensation of “milk coming in” is an “overshoot” seen more commonly in primiparas. The milk supply then has to downregulate to match the infant’s needs. Physiologically it is not a documentable event.


During active lactation the storage time of milk in the alveoli and ducts is about an hour in the human, but much longer in some other species, such as rabbits and sea mammals (to a maximum of 4 days). It is important to point out that the ejection reflex (see Figure 3-15) has been illustrated to imply that there is rapid synthesis and secretion with activation of both oxytocin and prolactin simultaneously. That is not the case. Secretory differentiation is independent of birth; secretory activation is closely associated with birth (see Figure 3-5 and 3-6). Progesterone drop in humans is associated with the delivery of the placenta; therefore it is after delivery that secretory activation begins, approximately 30 to 40 hours after delivery.88









Maternal Effects of Suckling


Effects of suckling on the mother include the stimulation of afferent nerves for the removal of milk.51 Reduction in sucking stimulus produces a reduction in prolactin and in milk synthesis.68 The lactating glands adjust the milk supply to demand, probably as a result of both a local and an endocrinologic mechanism. Variations in milk secretion are rapidly reflected in anatomic changes in the mammary gland. Mammary tissue shows regression after the first week or so, if unstimulated. Tissue regression proceeds at a rate parallel to the demand for secretory tissue. Thus, when a suckling infant signals needs, the breast will respond86 (Figure 3-20).
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Figure 3-20 Average change in breast volume during pregnancy, lactation, and after weaning (w) compared to preconception breast volume.


(From Kent JC, Mitoulas L, Cox DB et al: Breast volume and milk production during extended lactation, Exp Physiol 84:435-447, 1999.)





Effects on maternal behavior have been attributed to lactation. Maternal behavior is more easily defined in many other species, in which early nursing is initiated by the mother, who stimulates the neonate to suckle by grooming. She then presents her mammary gland to the offspring so that the nipple is located with minimal effort. All species of lactating females have a lessened response to stress. In humans, however, nursing behavior has a strong voluntary nature. When lactating women were stressed with graded treadmill exercise, significant decreases in plasma levels of ACTH, cortisol, and epinephrine were observed compared with a matched group of nonlactating women.9 Plasma glucose levels did not increase in either group. Oxytocin pulse in the plasma in response to suckling was also accompanied by a decrease in plasma ACTH and cortisol in the lactating women.


Oxytocin administered intraventricularly to virgin rats induces maternal behavior. Local infusion of oxytocin antagonists to appropriate regions of the hypothalamus during parturition blocked the dams from pup retrieval, a measure of maternal behavior in rats.79 Similar observations have been made in sheep.80 The neurophysical mechanism is under study in humans. Oxytocin promotes the development of human maternal behavior and mother-infant bonding.78 Some effects of oxytocin in the nipple and mammary gland appear to be caused by peptides released in the nipple from axon collaterals of somatosensory afferent nerves. Oxytocin is also present in neurons projecting to many areas in the brain and exerts many central actions. In addition to maternal behavior, oxytocin causes more nonspecific behavior changes, such as sedation or antistress effects, and optimizes transfer of energy to the mammary gland.78


Investigations of the agile wallaby, Macropus agilis, have revealed the let-down reflex because this species displays concurrent asynchronous lactation.54 The young, weighing 35 g, attach to the teat at birth. The lactating gland continues to grow for 200 days, increasing tenfold in size. At 200 to 220 days, weighing 2500 g, the young first leaves the pouch. Twenty-six days later a second young is born, although the older one continues to suckle intermittently for another 160 days at the original teat. The second young attaches to an unused nipple, which begins to develop, displaying complete autonomy. Measurements of oxytocin during the initial lactation show an increase in intraductal pressure response with a decline in sensitivity over time. This permits milk ejection in response to a small release of oxytocin to be confined to the mammary gland to which the neonate is continuously attached. The release of large quantities of oxytocin in response to the suckling of the juvenile would cause release in both glands.54


Mammals have thus evolved diverse strategies for survival. Tandem nursing in the human has not been so carefully studied, but, although the milk reverts to colostrum at the birth of the new infant, no known change occurs in let-down.


The spinothalamic tract is the most likely of the possible spinal and brainstem pathways by which the suckling stimulus reaches the forebrain. The areas of the forebrain influenced by the suckling stimulus include the hypothalamic structures that mediate oxytocin and prolactin release. The inhibition of milk ejection by visual and auditory stimuli, pinealectomy, and ventrolateral midbrain lesions in lactating rats has been studied to define further the neurohormonal pathways. In these experiments the pineal gland appeared to mediate an inhibitory visual reflex on both oxytocin release and milk ejection.34,82


A mechanism consisting of smooth muscle and elastic fibers acting as a sphincter at the end of the ducts in the nipple appears to prevent most unwanted loss of milk. Sympathetic control does not appear to be present in humans, although it is demonstrable in most other species.


As the end of pregnancy approaches, the breast is prepared to respond to the suckling offspring.83 In humans this is evidenced by increased sensitivity of the breast to tactile stimulation; increased responsiveness of the ductules to oxytocin, thus preparing to eject the milk; and increased response of the breast to signaling the release of prolactin to stimulate milk production. The signal for lactation occurs when the placenta is removed and the end organs in the breast can fully respond to the surge of prolactin resulting from suckling.105









Concentrations of Oxytocin in Milk


Human milk samples obtained by manual expression daily from the first to the fifth postpartum day were collected immediately before and after a feeding as well as 2 hours after nursing.99 The baseline mean oxytocin concentrations were 3.3 to 4.7 mg/mL, increasing significantly with nursing. Oxytocin in milk is fairly stable compared with that in maternal serum, which is inactivated by oxytocinase in plasma, liver, and kidney. When oxytocin was administered to rat dams, it was also found in the suckling offspring’s gastric contents, where it is stable in acid. Some is absorbed into the neonatal blood, where it is unstable. Levels of oxytocin in neonatal serum are produced predominantly by the neonate itself. Whether oxytocin has a physiologic role on the gut or other hormones is unknown.









Role of Prostaglandins as Milk Ejectors


Because prostaglandins have many physiologic effects and are known to increase mammary duct pressure, Toppozada et al102 investigated their role as milk ejectors.70 Comparison was made among three treatments: intravenous (IV) injections of oxytocin, prostaglandin (PG) E2 (PGE2), and 16-phenoxy-PGE2 given to one group of women on the third to sixth day postpartum; IV oxytocin, 15-methyl-PGF2α, and PGF2α tromethamine salt to a second group; and oxytocin and PGF intranasally to a third group. All combinations had some effect, with the IV route having a shorter latency period than the intranasal. PGF2α, the more potent of the prostaglandin preparations, was more potent via the nasal route than oxytocin nasally. The response lasted 25 minutes after intranasal instillation of 400 mg. PGE2 and PGF2α, orally administered, reduce prolactin levels and appear to be successful in suppressing lactation in the immediate postpartum period when given in large doses of 2 to 4 mg or in multiple doses to a maximum of 10 times greater. Although they are produced in larger quantities by the mammary gland in vitro and in vivo, the role of prostaglandins is still not clear, because these studies102 are in conflict with previous results by Vorherr.112 The practical application of this in-lactation failure has not been reported.


Milk-borne prostaglandins clearly survive in the environment of the infant’s gastrointestinal tract and are delivered in an active form to peripheral organs. The significance of this remains under investigation.46









Production of Hormones by Mammary Gland


Hormones synthesized by the mammary gland may have endocrine, autocrine, or paracrine effects within the mother. The chemical mediators known to be synthesized by the mammary gland are epidermal growth factor, progesterone, prolactin, estrogens, and relaxin. Other hormones are transported to the gland.76 These bioactive agents could have multiple roles in both mother and recipient infant. Insulin-like growth factors are found in high concentration in colostrum and at lower levels in mature milk. Milk factors other than nutrients are thought to control specific developmental processes in the infant. Because infants survive and grow on formula, this latter point is difficult to prove. Actions of milk regulatory substances are much more important in at-risk infants than in full-term infants.









Feedback Inhibitor of Lactation


The mammary gland is unique because, as an exocrine gland, it stores its secretion extracellularly. Storage within the gland’s lumen suggests a local level of control on the rate of secretion.65


As stated earlier, milk is produced as long as it is removed from the mammary gland. Further, prolactin and oxytocin are responsible for the production and release of milk, allowing the infant to extract milk by suckling. The rate of milk secretion may differ between breasts if one breast is suckled more frequently or for a longer time. When lactating goats have an extra daily milking, the secretory rate is increased even if the milk is immediately replaced with an inert solution to maintain the gland’s distention. The dilution of stored milk in the gland with an inert isotonic solution results in increased milk secretion, suggesting the dilution of a chemical inhibitor.


Identification of a factor that is produced and functions at the mammary level, FIL, has evolved from multiple studies.81 Wilde et al116 described autocrine regulation of milk secretion by a previously unknown protein in the milk. When this active whey protein, a FIL, was isolated and injected into the mammary gland of lactating goats, milk secretion was decreased temporarily. Similar work by Prentice et al81 confirmed the presence of FIL in humans. FIL is able to exert reversible concentration-dependent autocrine inhibition on milk secretion in the lactating gland. It controls secretion of all milk constituents simultaneously; that is, it affects secretion, not composition.


The search for the mechanism that explains regulation of milk supply continues. When goats were studied, it was noted that when milk accumulated in the mammary gland, production decreased. When the milk was removed and replaced with isotonic sucrose solution to volume, the rate of milk produced increased. This finding supports the concept that it is a compound in the milk and not distention of the mammary gland that regulates synthesis. This factor, FIL, is an autocrine mechanism.


FIL cannot be the sole control of milk synthesis, or removal of milk would not stimulate milk production (see Figure 3-20). Cregan and Hartmann speculate that the mechanism of local control of milk synthesis is related to the filling/emptying cycle of the alveoli.15 Milk accumulation changes the morphology of the lactocytes lining the alveoli. When the luminal volume of mammospheres increased, according to St. Reuli and Edwards, it altered the interaction of the lactocytes with the basement membrane inhibiting prolactin receptors and further milk synthesis.97









Maternal Adaptation to Lactation


The hormonal trigger for lactogenesis is a decrease in progesterone while prolactin levels are maintained. Postpartum prolactin levels are comparable in breastfeeding and nonbreastfeeding women for a few days (see Figures 19-2 to 19-4 and Figure 3-6). Thus, the basic process occurs regardless of whether breastfeeding is initiated. The mammary epithelium must be adequately prepared by the hormones of pregnancy to respond by synthesizing milk.


Each mammalian species has evolved its own lactational strategies to meet the nutritional needs of its offspring, with influences from both genetic and environmental forces. The endocrine signals promote mammary development, inhibit milk production during gestation, and then promote development of enhanced metabolic and transport functions in adipose tissue, visceral organs, and reproductive organs.75 Lactational adaptations of adipose tissue metabolism have been recognized in all species and may be most dramatic in seals, hibernating bears, and whales, who produce fat-rich milk from their fat stores while fasting. Lactation results in profound changes in adipose tissue metabolism to provide energy stores, modulate mammary development, affect appetite, and influence the immune system function.106


The substantial adaptation of the maternal intestine during lactation is the large increase in its size and complexity, which ensures adequate absorption of nutrients to meet the increased energy demand.32 A corresponding increase occurs in liver and heart performance. In addition to extra fat demands, calcium concentration must be sufficient to maintain maternal stores while providing for the demands of milk synthesis, which are greater than those of pregnancy.39 The estimated calcium requirement is 12 mg/kg per day in humans. The elevation in plasma dihydroxycholecalciferol, or 1,25-(OH)2D3, during late gestation continues during early lactation. As lactation progresses beyond 3 months, plasma 1,25-(OH)2D3 levels decline. This results in decreased calcium absorption, which is offset by greater maternal bone losses and reduced urinary calcium. Glucose requirements during lactation require major adjustments in glucose production and utilization in the maternal liver, adipose tissue, bone, muscle, and other tissues. Adaptation of folic acid metabolism is equally important, although less well studied.75


The mechanisms by which early pregnancy and lactation decrease the incidence of breast cancer are unclear. Close examination of the more differentiated mammary cell, which is less susceptible to the loss of growth regulation, is a next step, along with inspection of mucin, a glycoprotein and normal differentiation antigen expressed in both milk fat globules and mammary tumors.









Delay in the Onset of Lactogenesis


Clinically, it has been observed that delayed lactogenesis occurs in women who have diabetes, are stressed during delivery, and occasionally experience retained placenta. When signs of lactogenesis are absent in the first 72 hours, a cause should be sought. In women with diabetes extra effort should be made to ensure that the process goes well with good hydration, adequate dietary intake, insulin control, and attention to detail. A study of the impact of cesarean delivery on lactogenesis II found that early pumping did not help and may have interfered with the volume of milk produced.8 After stressful deliveries, it may be necessary to initiate pumping if the infant is unable to adequately stimulate the breast, but this needs further study. Again, close monitoring is essential before discharge. Retained placenta is discussed in Chapter 16. The treatment, dilatation and curettage, is definitive and dramatically therapeutic.


Anticipating problems and identifying early signals of faltering are key to ultimately improving lactogenesis.












Lactation: Synthesis of Human Milk


Computerized breast measurement (CBM) was developed by Hartmann et al37 because of the inaccuracy of the established methods for measuring milk synthesis. The three other techniques utilized are (1) weighing either the infant or the mother before and after every feeding for 24 hours; (2) isotope dilution used to estimate production over a 4- or 7-day period; and (3) breast expression in which a mother removes milk from breasts (this technique does not reflect the effect of the infant on milk production by suckling). CBM is designed to measure short-term rates of milk synthesis. This technique allows the appetite of the infant to dictate the amount of milk removed from the breast while also being able to measure the residual (Figure 3-21).


CBM measures changes in breast volume without interfering with the infant’s pattern of breastfeeding. CBM allows not only measurement of change in breast volume and volume of milk removed during a feeding but four additional parameters.


The first is the short-term rate of milk synthesis (S) between breastfeedings. The calculation takes the increase in breast volume from the end of one feeding (VB1) to the beginning of the next (VB2), divided by the time between these two measurements (T).
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The second measures storage capacity (SC), which is defined by the authors as the maximum breast volume (Vmax) minus the minimum breast volume (Vmin) observed over a 24-hour period (see Figure 3-21).
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Figure 3-21 Rate of milk synthesis and volume of milk produced in one breast by an exclusively expressing mother over a 24-hour period. The shaded columns indicate the overnight period that had the lowest rate of milk synthesis but the highest volume expressed.


(From Cregan MD, Hartmann PE: Computerized breast measurement from conception to weaning: Clinical implications, J Hum Lact 15:89, 1999.)
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The third measurement is the degree of fullness (F), which is the ratio of any particular breast volume (VB) divided by the storage capacity of the breast (SC).
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The range is from 1 when the breast is full to 0 when it is at minimum volume in a 24-hour period.


In addition, this CBM technology can be used to measure the increase in breast volume during pregnancy, thus measuring breast growth and breast involution after peak lactation.


The storage capacity was measured by Daly et al18 and varied from 80 to 600 mL. The rate of milk synthesis was minimal when the breast was full and maximum when the breast was emptied.


The function of the mammary gland is unique in that it produces a substance that makes tremendous demands on the maternal system without producing any physiologic advantage to the maternal organism. Because lactation is anticipated, the body prepares the breast anatomically and physiologically.93 When lactation begins, the mother’s metabolism changes greatly. The blood supply is redistributed, and the demand for nutrients increases, which requires an increased metabolic rate to accommodate their production. The mammary gland may need to produce milk at the metabolic expense of other organs. The supply of materials to the lactating breast for milk production and energy metabolism requires extensive cardiovascular changes in the mother. There is increased mammary blood flow, increased blood flow into the gastrointestinal tract and liver, and a high cardiac output. The mammary blood flow, cardiac output, and milk secretion are suckling dependent. Suckling induces the release of anterior pituitary hormones that act directly on breast tissue.


Milk is isosmotic with plasma in all species.50 Human milk differs from many other milks in that the concentration of major monovalent ions is lower and that of lactose is higher; in other milks, the higher the ions, the lower the lactose, and vice versa. Many disparities in the intermediary metabolism among species of animals can be linked to evolutionary adaptations involving the digestive process.49 Nonruminants rely on glucose, derived from carbohydrate in the diet. Ruminants, because of extensive fermentation in the rumen, absorb little glucose. The microbial fermentation products, which include acetate, propionate, and butyrate, play a significant part as energy and carbon sources for tissue metabolism. Amino acids are primary substitutes for glucose in ruminants.50


The biosynthesis of milk involves a cellular site where the metabolic processes occur. The epithelial cells of the gland contain stem cells and highly differentiated secretory alveolar cells at the terminal ducts. The stem cells are stimulated by hGH and insulin. Prolactin synergizes the insulin effect to stimulate the cells to secretory activity.


The cells of the acini and smaller milk ducts are active in milk synthesis and milk secretion into the alveoli and smaller milk ducts. Most milk is synthesized during the process of suckling; its production is stimulated by prolactin. Cortisol plasma levels are increased during suckling as well. The secretory cells are cuboidal, changing to a cylindric shape just before milk secretion, while cellular water uptake is increased. The cell’s single nucleus is at the base in the dormant cell but migrates to the apex just before milk secretion.


The differentiated structure of the functional cell is acquired gradually during pregnancy, differing little from species to species. Very early in lactation, mammary cells show active synthesis and secretion of proteins and fat. The cells are polarized with abundant rough endoplasmic reticulum and Golgi dictyosomes above the nucleus, which is smooth and rounded with many mitochondria. The apical surface has microvilli, and the basal surface is extensively convoluted for the active transport of materials from the bloodstream into the cell. Fat droplets are in the cytoplasm and bulging at the membrane. Proteins, lactose, calcium, phosphate, and citrate are packaged into secretory vesicles and pass into the lumen of the alveolus by exocytosis.


The cytoplasm is finely granular in the resting phase but striated as milk secretion begins. As secretion commences, the enlarged cell with its thickened apical membrane becomes clublike in shape. The tip pinches off, leaving the cell intact. The protein is thus free in the secreted solution, retaining a cap of membrane (Figure 3-22).
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Figure 3-22 Apocrine secretory mechanism for lipids, proteins, and lactose in milk.








Function of Cellular Components of Lactating Breast


The schema of the mammary secretory cell is represented in Figures 3-23 and 3-24.





[image: image]

Figure 3-23 Diagram of cycle of secretory cells from resting stage to secretion and return to resting stage.


(Modified from Vorherr H: The breast: Morphology, Physiology and Lactation, New York, 1974, Academic Press.)
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Figure 3-24 Schema of cytologic and biochemical interrelationships of secretory cell of mammary gland. LD, Lipid droplet; SV, secretory vesicle.








Nucleus


The nucleus is essential to the duplication of genetic material and the transcription of the genetic code.110 The nucleus is also considered a regulatory organelle in cell metabolism, transmitting the design of the cell’s enzymatic profile. The DNA and RNA content of the cellular nuclei increases during pregnancy and is highest during lactation.









Cytosol


The cytosol, which consists of the cytoplasm minus the mitochondrial and microsomal fractions, is also called the particle-free supernatant. The cytosol contains enzymes that involve key intermediates and cofactors essential to the process of milk synthesis.









Mitochondrial Proliferation


The alveolar cell population of the mammary gland must have a greatly expanded oxidative capacity during lactation. It is supplied by an increase in size and function of the cell’s mitochondrial population.43 Mitochondria are increased in the epithelial cell at the onset of the lactation process. Mitochondrial proliferation has been observed in all cells with a high metabolic rate and high oxygen utilization.


During the presecretory differentiation phase in late pregnancy and early lactation, each mitochondrion undergoes a type of differentiation in which the inner membrane and matrix expand greatly. As with other cells, the mitochondria are key to the respiratory activity of the cell. Mitochondria control some cellular metabolism through differential permeability to certain anions. The citrate in the mitochondria is a major source of carbon for fatty acid biosynthesis. Mitochondria also supply the carbon for synthesis of nonessential amino acids.









Microsomal Fraction


The microsomal fraction of the cell, which includes the Golgi apparatus, the endoplasmic reticulum, and the cell membranes, is involved in lipid synthesis. The role of the microsomal fraction is also to assemble the constituent parts (e.g., amino acids, glucose, fatty acids) into the final products of protein, carbohydrate, and fat for secretion.









Intermediary Metabolism of Mammary Gland


The pathways identified for milk synthesis and secretion in the mammary alveolus, as described by Neville et al,63 include four major transcellular pathways and one paracellular pathway (Figure 3-25):



1. Exocytosis of milk protein and lactose in Golgi-derived secretory vesicles



2. Milk fat secretion via the milk fat globule



3. Secretion of ions and water across the apical membrane



4. Pinocytosis-exocytosis of immunoglobulins



5. Paracellular pathway for plasma components and leukocytes
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Figure 3-25 Pathways for milk synthesis and secretion into mammary alveolus. I, Exocytosis of milk protein and lactose in Golgi-derived secretory vesicles. II, Milk fat secretion via milk fat globule. III, Secretion of ions and water across apical membrane. IV, Pinocytosis-exocytosis of immunoglobulins. V, Paracellular pathway for plasma components and leukocytes. MFG, Milk fat globule, RER, rough endoplasmic reticulum, SV, secretory vesicle.


(Modified from Neville MC: The physiological basis of milk secretion. Part I. Basic physiology. Ann NY Acad Sci 586:1, 1990.)












Carbohydrates


The major carbohydrate for most species is lactose, a disaccharide found only in milk. In addition to lactose, more than 50 oligosaccharides of different structures have been identified in human milk. One of the most important is glucose.


Glucose metabolism has a key function in milk production.4 Glucose serves as the main source of energy for other reactions as well as a critical source of carbon. Glucose is critical to the volume of milk produced and is used in the production of lactose. The synthesis of lactose combines glucose and galactose, the latter originating from glucose-6-phosphate.38


Lactose synthesis is carried out by the following equations:
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UDP is uridine diphosphogalactose. The catalyst in the first equation is a galactosyl transferase, N-acetyllactosamine synthetase. The reaction is activated by metal ions that bind to the galactosyltransferase.


Most of the intracellular glucose is derived from blood sugar. A specific whey protein, α-lactalbumin, catalyzes the lactose synthesis. It is a rate-limiting enzyme, which is inhibited by progesterone during pregnancy. In the absence of α-lactalbumin, little lactose is present. With the drop in progesterone and estrogen levels after the removal of the placenta at delivery, prolactin increases. The synthesis of α-lactalbumin becomes greater, and large amounts of lactose are produced from glucose. Progesterone regulates the onset of lactose synthesis, causing the initiation of production just as the infant is in need of nutrition.


Because lactose is synthesized only from glucose, maternal glucose utilization is increased by 30% in full lactation.63


Various aspects of lactose synthesis continue to be vigorously investigated.38 The molecular mechanism of lactose synthesis is activated by metal ions, manganese (Mn), and calcium (Ca). Lactose synthesis takes place within the Golgi apparatus (see Figure 3-25). The onset of copious milk secretion depends on rapid increase of lactose synthesis. Lactose synthetase performs the rate-limiting step in lactose synthesis, which is one of the few anabolic reactions involving glucose itself rather than a phosphorylated derivative.5 Although progesterone, thyroxine, and lactogenic hormones are important in controlling synthesis, it is not known how they act in this system. The areas available for investigation about lactose synthesis remain vast.









Fat


Fat synthesis takes place in the endoplasmic reticulum. The alveolar cells are able to synthesize short-chain fatty acids, which are derived predominantly from acetate. Long-chain fatty acids, derived chiefly from blood plasma, are used in milk fat. Triglycerides are utilized from the plasma, as well as synthesized from intracellular glucose oxidized via the pentose pathway. Synthesis of fat from carbohydrate plays a predominant role in fat production in human milk.41


Two enzymes, lipoprotein lipase and palmitoyl-coenzyme A (CoA) l-glycerol-3-phosphate palmitoyl transferase, increase greatly after delivery. The lipase acts at the walls of the capillaries to catalyze the lipolysis and uptake of glycerol into the epithelial cells. The transferase catalyzes the process of synthesizing glycerides to triglycerides. It is believed that the marked increase of the lipase and transferase is stimulated by prolactin. Hormonal control of the glycerol precursors and the enzymatic release of fatty acids, leading to the formation of triglycerides, have been associated not only with prolactin but also with insulin, which stimulates the uptake of glucose into the mammary cells.


Esterification of fatty acids takes place in the endoplasmic reticulum. The triglycerides subsequently accumulate into fat droplets in several cisternae. The small droplets sit on the base of the cell and coalesce to large droplets that move toward the apex of the cell. The fat droplets are engulfed in the apical membrane and project into the alveolar lumen. The discharge of fat droplets involves the bulging of the cell apex to envelop the fat globules, protein, and a small amount of cytoplasm; with the pinching off, the globule becomes detached into the lumen. The membrane of the fat globule contains all the normal plasma enzymes. The fat droplets contain predominantly polar lipid and phosphatidyl choline.


Fatty acid synthesis involves a source of substrates and associated enzymes for their conversion to acetyl-CoA and reduced nicotinamide-adenine dinucleotide phosphate in the cytoplasm of the cell and the conversion of acetyl-CoA to malonyl-CoA. The newly synthesized fatty acid is then released from the fatty acid-synthetase complex.


The milk-fat-globule membrane in human milk serves several roles. A layer of amphophilic (bipolar) substances at the globule/skim milk interface is required for the maintenance of emulsion stability of the fat globules.41 This physiochemical fact applies to all emulsions and to the fat globules in the milk of all species. The globules and the milk-fat-globule membrane are compartments within the emulsion component of milk. Once in place, the components of the milk-fat-globule membrane, which is the oil-water interfacial compartment, are more or less firmly held in place by a variety of chemical and electrical forces. The stabilizing membrane acts as a reactive barrier on the interface between the globule and milk serum.41 It is rate controlling for the binding of enzymes and trace elements, the controlled release of the products of lipolysis, the transfer of polar materials into milk serum, the maintenance of emulsion stability by the prevention of globule fission, and the availability of fatty acids and cholesterol for micellar absorption in the small intestine. All these interactions are dynamic. The envelopment mechanism involves rapid turnover of the plasma membrane lipids and proteins during milk production.









Protein


Most proteins in milk are formed from free amino acids in the secretory cells of the mammary gland. The definitive data confirming the origin of milk proteins have been accumulated since 1980. The vast majority of proteins present in normal milk are specific to mammary secretions and are not identified in any quantity elsewhere in nature.49


The formation of milk protein and mammary enzymes is induced by prolactin and further stimulated by insulin and cortisol. De novo synthesis of protein uses both essential and nonessential plasma amino acids. Nuclear RNA, induced by prolactin, stimulate synthesis of messenger RNA (mRNA) and transfer RNA (tRNA). The mRNA conveys the genetic information to the protein-synthesizing centers of the cells. The tRNA interprets the message to assemble the amino acids in the appropriate sequence of polypeptide chains of the specific milk proteins. The newly synthesized proteins are secreted into the milk during lactation. Casein, α-lactalbumin, and β-lactoglobulin from plasma amino acids are synthesized on the ribosomes of the endoplasmic reticulum, where they are condensed and appear as visible secretory granules moving toward the cellular apex.60


After some processing, the proteins pass to the Golgi complex, where they are further glycosylated and phosphorylated and then placed in secretory vesicles for export63; α-lactalbumin, a protein necessary for lactose synthesis by the enzyme galactosyltransferase, is among the proteins synthesized in the mammary gland. Lactose is synthesized within the trans-Golgi complex and secreted together with the major milk proteins. The casein micelle is formed with calcium within the Golgi compartment, which presents a high concentration of calcium, phosphate, and protein via the milk. Most of the casein is bound in this manner. This pathway I (see Figure 3-25) begins in the rough endoplasmic reticulum, where the proteins are inserted through the membrane into the lumen by exocytosis.63


The Golgi membrane is impermeable to lactose; thus the sugar is osmotically active. Water is drawn into the Golgi apparatus.75 Casein micelle formation begins in the terminal Golgi vesicles, adding calcium in the secretory vesicle. These secretory vesicles move to the plasma membrane and through exocytosis extrude their contents into the alveolar lumen.57


Human casein micelles are smaller in size (30 to 75 nm in diameter) than bovine casein (600 nm). Human milk contains only β-casein and β-casein. Only 6% of calcium in human milk is bound to casein, compared with 65% in bovine milk. The gene for human β-casein has been cloned and sequenced.75


Some merocrine secretion also occurs, in which proteins and other cellular constituents are secreted, leaving the cell membrane intact. Protein caps, or signets, protruding into alveolar lumen, have been described on the outside of the apical membrane. Protein and lactose secreted into the lumen cannot be reabsorbed (Table 3-3).


TABLE 3-3 Alveolar Epithelial Membrane Permeability






	Cell ↔ Alveolar Lumen

	Cell → Alveolar Lumen






	Glucose

	Lactose






	Water

	Sucrose






	Sodium

	Citrate






	Potassium

	Proteins






	Chloride

	Fat






	Iodine

	Calcium






	Sulfate

	Phosphate







The synthesis of proteins in the mammary gland follows the general pathway of all proteins under genetic control. Induction of synthesis is under hormonal control. This process involves synthesis from amino acids through the detailed system controlled by RNA and under genetic control of DNA. Glucocorticoid is required for the expression of the casein gene in the presence of prolactin. Cortisol is the limiting factor for casein gene expression.29 Shennan91 has reviewed the mechanisms of mammary gland ion transport.









Ions and Water


Sodium, potassium, chloride, magnesium, calcium, phosphate, sulfate, and citrate pass through the membrane of the alveolar cell in both directions.66 Water also passes in both directions, predominantly from the alveolar cells but also from the interstitial fluid. Plasma water passage depends on the amount of intracellular glucose available for lactose. The aqueous phase of milk is isosmotic to plasma. The major osmole of the aqueous phase of milk is lactose. The concentrations of sodium and chloride are less than those in plasma (Figures 3-26 and 3-27).
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Figure 3-26 Concentrations and secretion rates of several milk components during lactogenesis.


(Modified from Neville MC, Allen JC, Archer PC, et al: Studies in human lactation: milk volume and nutrient composition during weaning and lactogenesis, Am J Clin Nutr 54:81, 1991.)
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Figure 3-27 Comparison of relationship between milk volume and composition during lactogenesis (---) and weaning (—).


(Modified from Neville MC, Allen JC, Archer PC, et al: Studies in human lactation: milk volume and nutrient composition during weaning and lactogenesis, Am J Clin Nutr 54:81, 1991.)





Human milk differs from that of many other species in that the monovalent ions are in low concentration and lactose is in high concentration.51 The osmolarity is the same, that is, isosmotic with plasma; thus the higher the lactose, the lower the ions. It is presumed that the intracellular concentration of potassium is held high and that of sodium low by a pump on the basal membrane. The sodium and potassium ions are distributed according to the electrical potential gradient.66 Milk is electrically positive compared with intracellular fluid. The sodium/potassium ratio is 1:3 in both milk and intracellular fluid. Vorherr111,112 thinks that lactose secretion is responsible for the potential difference across the apical membrane, thus keeping sodium and potassium ion concentration low.


The variation among species in the concentration of lactose and ions is caused by the rate of lactose synthesis, the permeability of the membrane, and the number of fixed negative charges on the membrane. The potential difference is higher in the human mammary gland than in any other species evaluated to date.


The relationship between infrastructure and function in the mammary gland changes from pregnancy to lactation. The junction between alveolar cells has attracted much interest. Cell junctions do not merely hold cells together but enable epithelia to function as permeable barriers, allowing communication between cells and coordination of activities. The three functions of cell junctions are adhesion, occlusion, and communication, which are carried out by desmosomes, tight junctions, and gap junctions, respectively. Changes in tight junctions may provide the basis for a reduction in permeability between cells. For instance, at the initiation of lactation, a tight junction changing from “leaky” to very tight blocks the paracellular movement of lactose and ions. This requires transport across cells of these materials and the maintenance of control of high intracellular potassium and low intracellular sodium concentrations.22


Citrate is thought to be the harbinger of lactogenesis. Citrate plays a central role in the metabolism of all cells, but its significance and mode of secretion remain unknown.77 In the final stages of lactogenesis in ruminants, the previously quiescent epithelial cells suddenly start to secrete large quantities of protein, fat, and carbohydrates. The exact lactogenic trigger is unknown, although significant hormonal changes occur. In women the onset of copious milk secretion does not begin until 3 to 4 days postpartum. Significantly, citrate levels are low at delivery and rise quickly, reaching a peak on day 4 (see Figure 3-27).77 In cows and goats, copious production occurs at delivery, and the citrate levels begin to rise, increasing 10 to 100 times the baseline values.


Citrate is the main buffer system of milk.66 It is formed within the secretory cell, but how it is secreted into the milk is not clear. Citrate and lactose may be secreted by a similar route. After dilution of milk in the gland with isosmotic lactose, the equilibrium is restored across the apical membrane in experimental models by the entrance of sodium, potassium, and chloride into the milk. No citrate, calcium, or protein enters in excess of the normal secretion rate. Inorganic phosphate is the other major buffer system, but how it is secreted is also unknown (see Figure 3-26).


Calcium, much of which is bound to casein, enters the Golgi apparatus, where it is essentially trapped with casein in the micelle, and then enters the alveolar milk by unidirectional flow.


The mammary gland is unusual among exocrine glands because the rate of secretion slows and some secretion can be stored in its ducts.91 Direct neural control of secretion is lacking. The parenchyma of the gland also consists of ductal tissue in addition to secretory tissue. The ductal cells, however, are impermeable to the major milk ions during lactation, so in contrast to the ductal cells of other exocrine glands (e.g., sweat, salivary) they cannot modify the secretion (see Figure 3-27).55


A comparison of the levels of various constituents of the milk with corresponding plasma levels demonstrates the mechanism partly responsible for that mechanism (see Table 4-18).









Milk Enzymes


Some milk enzymes enter the alveolar milk from the mammary blood capillaries via the intercellular fluid. Others come from the breakdown of the mammary secretory cells. The milk enzymes, xanthine oxidase, aldolase, and alkaline phosphatase, are contained in the fat globule, membrane, and milk serum. The most significant enzyme, lipase, splits triglycerides.


Human milk contains both proteolytic enzymes and protease inhibitors.33 Amylase facilitates digestion of polysaccharides by the infant. Sulfhydryl oxidase catalyzes oxidation of sulfhydryl groups. Glutathione peroxidase facilitates the delivery of selenium to the infant. Lysozyme and peroxidase are bactericidal.









Cellular Components


Human milk has been called a “live fluid” by many and “white blood” in many ancient rites. Breast milk contains up to 4000 cells/mL, which have been identified with leukocytes and enter the milk via the paracellular pathway, pathway V.110 The cell number is particularly high in colostrum. The cells in greatest number are the macrophages, which secrete lysozyme and lactoferrin. Lymphocytes, neutrophils, and epithelial cells are also present. Lymphocytes produce IgA and interferon.


Macrophages constitute a major cellular component in milk compared with levels in blood and can survive under conditions simulating the infant’s gastrointestinal tract.35 Because they release secretory IgA in association with phagocytosis, it is thought they play a role in host defense. Macrophage colony-stimulating factor in human milk and mammary gland epithelial cells are thought to be responsible for expansion of the macrophages in milk.















Involution: Weaning and Apoptosis


During weaning, significant increases in milk protein, chloride, and sodium concentrations and a decrease in lactose occur when milk volumes fall below 400 mL per day. Glucose and magnesium levels are unchanged.65 This suggests that volume is regulated differently during weaning than during lactogenesis. No sentinel substance is a reliable predictor of volume in all stages, but normal ranges of milk components during full lactation are sodium, 3 to 18 mmol/L; chloride, 8 to 24 mmol/L; protein, 8 to 23 g/L; and lactose, 140 to 230 mmol/L. Values outside these ranges suggest mastitis or weaning. During gradual weaning, between 6 and 15 months postpartum, glucose, citrate, phosphate, and calcium levels decrease, whereas lipid, potassium, and magnesium increase66 (see Figure 3-27).


Postlactational involution of the mammary gland is characterized by two distinct physiologic processes.59 First, secretory epithelial cells undergo apoptosis and programmed cell death. Second, the mammary gland’s basement membrane undergoes proteolytic degradation. Apoptosis is almost absent during lactation but develops within 2 days of involution. In the initial phase of involution, apoptosis of fully differentiated mammary epithelial cells occurs without visible degradation of the extracellular matrix. The second phase consists of extracellular remodeling and altered mesenchymal-epithelial interactions followed by apoptosis of cells no longer differentiating.95 During postlactational mammary gland involution, most mammary epithelium dies and is reabsorbed.


In experimental models, apoptosis has been studied at weaning by using animals, removing the pups from the breast and studying the biochemical and genetic markers. Regulation of apoptosis during mammary gland involution is multifunctional. Forced weaning is used as a tool to accelerate and synchronize the involution process, thus allowing biochemical analysis. Apoptosis phenotypes resulting from specific gene deletions have been identified when these animal mothers are unable to nurse their pups.


When suckling ceases after lactation, the alveolar component of the gland involutes through a process that involves both apoptosis, and tissue remodeling which reconstructs the gland to prepregnancy state. In situations of forced weaning two phases occur. An initial apoptotic phase begins within 12 hours and persists for about 72 hours. The second phase involves further apoptosis, matrix degradation and gland remodeling. The first phase of involution before apoptosis is reversible and lactation can be reinstated within 2 days. During this time milk accumulates within the alveolar lumen, and the level of lactogenic hormones drop. The initiation of apoptosis and the degradation of nuclear DNA into fragments is the best understood of the process. The second phase begins where the gland remodeling takes place. The old connective tissue and the basement membrane are removed, then the ductal component is reformed. Apoptosis continues through this phase. High levels of tissue inhibitors of metalloproteinases are expressed preventing excess matrix metalloproteinase activity.31


Significant advances have been made in the knowledge of signaling pathways that regulate epithelial cell apoptosis in the first phase. The precise nature of the triggers for apoptosis and the ultimate perpetrators of cell death are unknown. The available information suggests a complex network of signal transduction pathways that control apoptosis in the involuting mammary gland.98









Summary


In humans, lactogenesis occurs slowly over the first few days postpartum as progesterone levels drop. Women experience “milk coming in” as a feeling of fullness between 40 and 72 hours, usually corresponding to the degree of parity, with multiparas sensing this more quickly than primiparas. The physiologic explanation of the increase in milk volume, however, suggests that the sensation of “milk coming in” is not “normal” but a sign of over shooting the mark. Not all women sense this special fullness but are excellent milk producers. Volume of milk increases over time for the first 2 weeks, starting at less than 100 mL per day and increasing to about 600 mL per day at 96 hours (Figure 3-28). This parallels the rise in citrate production, reflecting the metabolic activity of the mammary gland. Lactose, sodium chloride, and protein rise promptly, stabilizing at 24 hours and reflecting the closure of the pericellular pathway, which results in a decrease in direct flux into the milk. This suggests a two-step process of junctional closure followed by onset of secretory activity.
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Figure 3-28 Milk volumes during first week postpartum. Mean values from 12 multiparous white women who test-weighed their infants before and after every feeding for first 7 days postpartum.


(Redrawn from Neville MC: Determinants of milk volume and composition. In Jensen RG, editor: Handbook of Milk Composition, San Diego, 1995, Academic Press.)





The changes in permeability of the tight junctions; rate of synthesis of lactose, lipids, and nutrient proteins; transport of glucose into the alveolar cells; transcytosis of secretory IgA; movement of immune cells into the alveolar lumen; and secretion of lactoferrin represent the distinct metabolic and cellular modifications. Neville61 states, “The temporal sequence of these changes as they occur during lactogenesis suggests that they are either independently regulated or form part of an orderly cascade of temporally separate events.” Figure 3-29 graphically illustrates these changes.
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Figure 3-29 Summary model for temporal sequence of changes in mammary gland function during lactogenesis in women.


(From Neville MC: Determinants of milk volume and composition. In Jensen RG, editor: Handbook of Milk Composition, San Diego, 1995, Academic Press.)
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Chapter 4 Biochemistry of Human Milk


The biochemistry of human milk encompasses a mammoth supply of scientific data and information, most of which has been generated since 1970. Each report or study adds a tiny piece to the complex puzzle of the nutrients that make up human milk. The answers to some questions still elude us. A question as simple as the volume of milk consumed at a feeding remains a scientific challenge. The methodology must be accurate, reproducible, noninvasive, and suitable for home use night or day and must not interrupt breastfeeding. The precision analysis available for measuring the concentration of the most minuscule of elements, however, is remarkably accurate and reproducible in the laboratory.


Advances in analytic methods bring greater sensitivity, resolving power, and speed to the analysis of milk composition. Previously unknown and unrecognized compounds have been detected. We now know milk provides both nutrients and nonnutritive signals to the neonate. With few exceptions, all milks contain the nutrients for physical growth and development. When the offspring develops rapidly, the milk is nutrient dense; when it develops slowly, the milk is more dilute. All milks contain fat, carbohydrate, and proteins, as well as minerals, vitamins, and other nutrients. The organization of milk composition includes lipids in emulsified globules coated with a membrane, colloidal dispersions of proteins as micelles, and the remainder as a true solution.168 At no other time in life is a single food adequate as the sole source of nutrition.


The discussion in this chapter is limited to information perceived as immediately useful to the clinician. Considerable detail and species variability are overlooked to help focus attention on details directly influencing management. Extensive and exhaustive reviews are referenced to provide the reader with easy access to greater detail and validation of the general conclusions reported here.


Human milk is not a uniform body fluid but a secretion of the mammary gland of changing composition (Figure 4-1). Foremilk differs from hindmilk. Colostrum differs from transitional and mature milks. Milk changes over time of day and as time goes by. As concentrations of protein, fat, carbohydrates, minerals, and cells differ, physical properties such as osmolarity and pH change. The impact of changing composition on the physiology of the infant gut is beginning to be appreciated. Many constituents have dual roles, not only nutrition but infection protection, immunity, or a host of other effects.





[image: image]

Figure 4-1 A comparison of formula (left) and human milk (right). Human milk is a dynamic colloidal solution of perfect nutrients and growth factors for infant. Formula is a totally homogenized solution of nutrient chemicals.


(Courtesy Nancy Wight, MD, San Diego, Calif.)





The more than 200 constituents of milk include a tremendous array of molecules, descriptions of which continue to be refined as qualitative and quantitative laboratory techniques are perfected. Resolution of lipid chemicals has advanced dramatically in recent years, but new carbohydrates and proteins have been identified as well. Some of the compounds identified may well be intermediary products in the process that occurs within the mammary cells and may be only incidental in the final product.229 Milk includes true solutions, colloids, membranes, membrane-bound globules, and living cells.


Human and bovine milks are known in the greatest detail88; however, much information exists about the milk of rats and mice, as well as five other species: the water buffalo, goat, sheep, horse, and pig. Several are listed in Table 4-1. Miscellaneous data are available on the milk of 150 more species, but almost no data is available for another 4000 species. Jenness and Sloan117 have compiled a summary of 140 species from which a sampling has been extracted (Table 4-2). The constituents of milk can be divided into the following groups, according to their specificity117:



1. Constituents specific to both organ and species (e.g., most proteins and lipids)



2. Constituents specific to organ but not to species (e.g., lactose)



3. Constituents specific to species but not to organ (e.g., albumin, some immunoglobulins)




TABLE 4-1 Composition of Milks Obtained From Different Mammals and Growth Rate of Their Offspring
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TABLE 4-2 Constituents of Milk (g/100 g) of Specific Mammals
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Normal Variations in Human Milk


In defining the constituents of human milk, it is important to recognize that the composition varies with the stage of lactation, the time of day, the sampling time during a given feeding, maternal nutrition, and individual variation. Many early interpretations of the content of human milk were based on spot samples or even pooled samples from multiple donors at different times and stages of lactation. Samples obtained by pumping may vary from those obtained by the suckling infant because some variation exists in content among the various methods of pumping.


Daytime consumption of milk in a given infant varies between 46% and 58% of the total 24-hour consumption, so that reliance on less than a 24-hour sampling may be misleading. Data from samples taken every 3 hours showed a variation in milk concentration of nitrogen, lactose, and fat, and in the volume of milk, by time of day (Figure 4-2). Furthermore, statistically significant diurnal changes occurred in the concentration of lactose and in the volume within individual subjects, but the times of those changes were not consistent for each individual. Some individuals varied as much as twofold in volume production from day to day. These investigators also found a significant difference in the concentrations of fat, lactose, and the volume of milk produced by each breast. At the extreme, the less productive breast yielded only 65% of the volume of the other breast.
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Figure 4-2 Mean concentrations of nitrogen, lactose, and fat in human milk by time of day.


(Modified from Brown KH, Black RE, Robertson AD, et al: Clinical and field studies of human lactation: Methodological considerations, Am J Clin Nutr 35:745, 1982.)





The variation in the fat content has received some attention. Fat content changes during a given feeding, increasing at the end of the feeding. Fat content rises from early morning to midday; as reported in early studies, when feedings were controlled the volume increased from two to five times. Multiple studies in different countries and different decades, summarized by Jackson et al113 reveal that some of the variation is related to other factors. Demand feeding (mothers in 1988 in Thailand) has a different circadian variation than scheduled feeding (mothers in 1932 in the United States) (Figure 4-3). In the later part of the first year of lactation, fat content diminishes. Work done by Atkinson et al15 that was confirmed by other investigators showed that the nitrogen content of the milk of mothers who deliver prematurely is higher than that of those whose pregnancies reach full term. For a given volume of milk, the premature infant would receive 20% more nitrogen than the full-term infant if each were fed his or her own mother’s milk. Other constituents of milk produced by mothers who deliver prematurely have also been studied.
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Figure 4-3 Circadian variation in fat concentration of breast milk from published studies. (a) Thailand: Prefeed/postfeed expressed samples, 19 mothers studied for 24 hours each, infants aged 1 to 9 months. (b) The Gambia193: Demand feeding, pre/postexpressed samples, 16 mothers studied for 24 hours each, infants aged 1 to 18 months. (c) Bangladesh (Brown et al): Samples collected at scheduled intervals by total breast extraction (breast pump), seven mothers studied for 24 hours each, infants aged 1 to 9 months. (d) United Kingdom86: Prefeed/postfeed expressed samples, one mother studied for 72 hours. (e) United Kingdom (Hytten): Samples collected by total breast extraction (breast pump). Lower curve, 29 mothers studied for 24 hours each, infants aged 3 to 8 days. Upper curve, 20 mothers studied for 24 hours each, infants aged 21 days to 4 months. (f) United States (Nims et al): Samples collected by total breast extraction (manual), three mothers studied, but values given only for one mother, for 24 hours on six occasions and 72 hours on one occasion, infant aged 6 to 60 weeks. (g) New Zealand (Deem): Samples collected by total breast extraction (manual), 28 mothers studied for 24 hours each, infants aged 1 to 8 months. (h) Germany (Gunther and Stainier): Collection of samples by total breast extraction (manual), two mothers studied for 24 hours each, six mothers studied for 52 hours each, infants aged 8 to 11 days.


(Modified from Jackson DA, Imong SM, Silprasert A, et al: Circadian variation in fat concentration of breast milk in a rural northern Thai population, Br J Nutr 59:349, 1988; see article for complete bibliography.)





An additional consideration in reviewing information available on the levels of various constituents of milk is the technique used to derive the data. In 1975, Hambraeus88 reported less protein in human milk than originally calculated. The present techniques of immunoassay measure the absolute amounts; earlier figures were derived from calculations based on measurements of the nitrogen content. Of the nitrogen in human milk, 25% is nonprotein nitrogen (NPN). Cow milk has only 5% NPN.


A major concern about variation in content of human milk is related to the mother’s diet. Maternal diet is of particular concern when the mother is malnourished or eats an unusually restrictive diet. Malnourished mothers have approximately the same proportions of protein, fat, and carbohydrate as well-nourished mothers, but they produce less milk. Levels of water-soluble vitamins, such as ascorbic acid, thiamin, and vitamin B12, are quickly affected by deficient diets. “From a nutritional perspective, infancy is a critical and vulnerable period. At no other stage in life is a single food adequate as a sole source of nutrition,” writes Picciano.188 This results from the immaturity of the tissues and organs involved in the metabolism of nutrients, which limits the ability to respond to nutrition excesses and deficiencies. The system is species-specific and depends on the presence of the self-contained enzymes and ligands to facilitate digestion at the proper stage while preserving function (such as secretory immunoglobulin A). The system continues to facilitate absorption and utilization.


Mother’s milk is recommended for all infants under ordinary circumstances, even if the mother’s diet is not perfect, according to the Committee on Nutrition during Pregnancy and Lactation of the Institute of Medicine.167,199









The Cyles of Lactation


Two distinct phases occur during pregnancy, which have been identified as mammogenesis and lactogenesis I. Mammogenesis is the developmental differentiation that begins in early pregnancy. It included the proliferation of the ductal tree, which results in the sprouting of multiple alveoli.


Mammogenesis results in the enlargement of the breast during pregnancy due to the proliferation of the ductoalveolar structure. Careful study of this development has been documented utilizing computerized breast measurement, first reported by Cox et al43 in 1999. Computerized breast measurement is an accurate noninvasive technology that is being used to determine changes in the size of human breasts (see Chapter 8, p. 261). A longitudinal study using computerized breast measurement from before conception through pregnancy and lactation showed that growth began at week 10 of pregnancy. It was found that seven of eight women studied had an increase in breast size of about 170 mL with considerable individual variation on rate of change. Most women continued to grow immediately postpartum; at one month postpartum they had an average 211 mL of growth. The authors correlated this growth through pregnancy with an increase in placental lactogen.43


Stage I lactogenesis is the onset of milk secretion and begins with the early changes in the mammary gland during pregnancy and continues until full lactation has occurred after delivery. Stage I begins when small quantities of milk components such as casein and lactose are secreted. This amount is held in check by high levels of circulating progesterone. The first milk obtained by the newborn at birth is called colostrum and the milk produced in the first 10 days is called transitional milk. Full volume is obtained in the next stage, lactogenesis II. Neville et al173 state that the terms “colostrum” and “transitional milk” do not describe the mammary secretion product during the first 4 days or from days 4 to 10 postpartum. It has always been recognized that the content changes rapidly in the first 4 days and then more slowly in the next 6 days or so as a continuum. They suggest the abandonment of these terms. Colostrum and transitional milk are convenient clinical terms that are useful descriptive terms. The terms will be used in this text for clinical purposes (Figure 4-4).
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Figure 4-4 Progesterone withdrawal initiates lactogenesis II in women. The increase in lactose concentrations associated with increased synthesis of milk components coincides with a rapid decrease in progesterone concentration when the placenta is removed at parturition.


(Modified from Kulski JK, Harman PE, Martin JD, et al: Effects of bromocriptine mesylate on the composition of the mammary secretion in non-breastfeeding women, Obset Gynecol 52:38, 1978; Czank C, Henderson jj, Kent JC, etal: Hormonal control of lactation cycle. In: Hale TW, Hartmann PE: Textbook of location, Amarillo, TX, 2007, Hale Publishing.)









Prepartum Milk


Prepartum milk is the first stage of lactogenesis and is especially conspicuous in other species, such as the goat.5 It provides evidence that the junctions between alveolar cells are “leaky” during pregnancy, allowing fluid and solutes to flow between the milk space and the interstitial fluid of the mammary gland. Figure 4-5 illustrates the composition of this milk in humans. The lactose concentration is directly correlated with that of potassium, but sodium and chloride are inversely related to lactose (Tables 4-3 to 4-7).
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Figure 4-5 Model for directions of major fluxes of several macronutrients during pregnancy and lactation in women.


(From Neville MC: Determinants of milk volume and composition. In Jensen RG, editor: Handbook of Milk Composition, San Diego, 1995, Academic Press.)







TABLE 4-3 Composition of Prepartum Human Milk∗
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TABLE 4-4 Average Milk Volume Outputs (mL/24 hr) of Well-Nourished Mothers Who Exclusively Breastfed Their Infants
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TABLE 4-5 Yield and Composition of Human Colostrum and Milk From Days 1 to 28
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TABLE 4-6 Composition of Human Milk From Days 1 Through 36 Postpartum (Mean ± SD), British and German Donors
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TABLE 4-7 Fat Distribution in Milk
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Colostrum


The stages in the continuum of human milk in traditional nomenclature are colostrum, transitional milk, and mature milk, and their relative contents are significant for newborns and their physiologic adaption to extrauterine life.


The mammary secretion during the first few days consists of a yellowish, thick fluid: colostrum. The residual mixture of materials present in the mammary glands and ducts at delivery and immediately after is progressively mixed with newly secreted milk, forming colostrum. Human colostrum is known to differ from mature milk in composition, both in the nature of its components and in the relative proportions of these components. The first changes are in sodium and chloride concentrations and an increase in lactose, probably as a result of the closure of the tight junctions. The specific gravity of colostrum is 1.040 to 1.060. The mean energy value is 67 kcal/dL compared with 75 kcal/dL of mature milk. The volume varies between 2 and 20 mL per feeding in the first 3 days. The total volume per day also depends on the number of feedings and is reported to average100 mL in the first 24 hours (which is different from the first day, depending on the time of delivery) (see Table 4-4). Tables 4-5 and 4-6 list the yield and composition of colostrum (1 to 5 days) and mature milk 14 days and beyond. The increased production of citrate is paralleled by the increase in volume (Figures 4-6 and 4-7). The result is a decrease in sodium and chloride and an increase in lactose concentration due to water dilution.
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Figure 4-6 Changes in concentration of citrate in human milk in early postpartum period compared with increase in milk volume.


(Data replotted from Neville et al, 1991.163 Neville MC: Determinants of milk volume and composition. In Jensen RG, editor: Handbook of Milk Composition, San Diego, 1995, Academic Press.)
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Figure 4-7 Milk volumes during first week postpartum. Mean values from 12 multiparous white women who test-weighed their infants before and after every feeding for first 7 days postpartum.


(From Neville MC, Keller R, Seacat J, et al: Studies in human lactation: Milk volumes in lactating women during the onset of lactation and full lactation, Am J Clin Nutr 48:1375, 1988.)





The antepartum milk glucose level is 0.35 ± 0.16 mmol/L (see Table 4-3). Glucose levels vary among individuals. Glucose decreases during a feed as aqueous phase decreases and lipid increases. In early colostrum, glucose passes into the milk via the paracellular pathway and parallels lactose. When lactation is fully established, glucose levels are unrelated to lactose levels.120 In mature milk, the level is 1.5 ± 0.4 mmol/L.


Dewey et al52 clearly demonstrate that in a well-established milk supply, volume depends on infant demand, and the residual milk available at each feeding is comparable in both low-intake and average-intake dyads. Infant birth weight, weight at 3 months, and total time nursing were positively associated with intake. The volume also varies with the mother’s parity. Women who had other pregnancies, particularly those who previously nursed infants, have colostrum more readily available at delivery, and the volume increases more rapidly.


The yellow color of colostrum results from β-carotene. The ash content is high, and the concentrations of sodium, potassium, and chloride are greater than those of mature milk. Protein, fat-soluble vitamins, and minerals are present in greater percentages than in transitional or mature milk. Secretory immunoglobulin A (sIgA) and lactoferrin increase in concentration. The complex sugars, oligosaccharides, also increase, adding to the infection protection properties at this stage. It has been suggested that the mammary gland is actually evolved in part as an inflammatory response to tissue damage and infection and that the nutritional function then followed the protective function.216


The higher protein, lower fat, and lactose solution is rich in immunoglobulins, especially sIgA. The number of immunologically competent mononuclear cells is at its highest level. Fat, contained mainly in the core of the fat globules, increases from 2% in colostrum to 2.9% in transitional milk and to 3.6% in mature milk. Concentration of fat in the prepartum secretion is only 1 g/dL, and the distribution among classes of lipids differs. Prepartum milk is 93% triglycerides, increasing to 97% in colostrum, with diglycerides, monoglycerides, and free fatty acids all increasing from prepartum to postpartum secretions. Phospholipid levels decline during the same period. Prepartum secretions contain higher amounts of membrane components such as phospholipids, cholesterol, and cholesteryl esters, which decline from colostrum to mature milk.


Cholesterol appears to be synthesized in the mammary gland. Beyond its use in brain tissue development, the myelinization of nerves, and as the base of many enzymes, the role of cholesterol in colostrum remains elusive. Little research has been done on cholesterol in colostrum.


Colostrum facilitates the establishment of Lactobacillus bifidus flora in the digestive tract. Colostrum also facilitates the passage of meconium. Meconium contains an essential growth factor for Lactobacillus bifidus and is the first culture medium in the sterile intestinal lumen of the newborn infant. Human colostrum is rich in antibodies, which may provide protection against the bacteria and viruses that are present in the birth canal and associated with other human contact. Colostrum also contains antioxidants, which may function as traps for neutrophil-generated reactive oxygen metabolites.26


The progressive changes in mammary secretion in both breastfeeding and nonbreastfeeding women between 28 and 110 days before delivery and up to 5 months after delivery were followed by Kulski and Hartmann139 to study the initiation of lactation. During late pregnancy the secretion contained higher concentrations of proteins and lower concentrations of lactose, glucose, and urea than those contained in milk secreted when lactation was well established. The concentrations of sodium, chloride, and magnesium were higher and those of potassium and calcium lower in colostrum than in milk. The osmolarity was relatively constant throughout the study. The authors139 described a two-phase development of lactation, with an initial phase of limited secretion in late pregnancy and a true induction of lactation in the second phase, 32 to 40 hours postpartum. Comparison with the nonlactating women revealed similar secretion during the first 3 days postpartum. This, however, was abruptly reversed during the next 6 days as mammary involution progressed. Obtaining samples in these women, however, may have served to prolong the period of production. The authors139 point out that although breastfeeding was not necessary for the initiation of lactation in this study, it was essential for the continuation of lactation.


The yield of milk has been calculated from absolute values to demonstrate the increase in output of milk constituents during lactogenesis (Figure 4-8). Dramatic increases occurred in the production of all the milk constituents. The components synthesized by the mammary epithelium (lactose, lactalbumin, and lactoferrin) increased at a rate greater than those for IgA or proteins derived from the serum wMw (IgM). The greatest difference inwyield between day 1 and day 7 postpartum was for glucose.171
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Figure 4-8 Relative increase in yield of milk components from day 1 to day 7 postpartum. Values presented are for day 7 expressed as percentage increase over day 1.


(Modified from Kulski JK, Hartmann PE: Changes in human milk composition during the initiation of lactation, Aust J Exp Biol Med Sci 59:101, 1981.)





A survey of the fatty acid components shows the lauric acid and myristic acid contents to be low in concentration the first few days. When the lauric and myristic acids increased, C18 acids decreased. Palmitoleic acid increased at the same rate as the myristic acid. From this it was concluded that the early fatty acids are derived from extramammary sources, but the breast quickly begins to synthesize fatty acids for the production of transitional and mature milk (see Table 4-7). The total fat content may have a predictive value. It was shown that 90% of the women whose milk contained 20 g or more of fat per feeding on the seventh day were successfully breastfeeding 3 months later. Women who had only 5 to 10 g of fat on the seventh day had an 80% dropout rate by 3 months.


Colostrum’s high protein and low fat are in keeping with the needs and reserves of the newborn at birth. Although the content of total nitrogen or any amino acid in breast milk in 24 hours is grossly related to the volume produced, the concentration in milligrams per deciliter (mg/dL) is not so related.121 The relative distribution of the individual amino acids in each deciliter (100 mL) of milk differs in each mother. The colostrum may actually reflect a transitional maternal blood picture, which is associated with nitrogen metabolism of the postpartum period. The postpartum period is one of involution of body tissue and catabolism of protein in the mother (Figure 4-9).
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Figure 4-9 The levels of milk constituents prepartum and postpartum change to reflect the maturation from colostrum to fully mature milk. Volume is driven by lactose production.


(Modified from Dumas BR: Modifications of early milk composition during early states of lactation in nutritional adaptations of the gastrointestinal tract of the newborn. In Kretchmer N, Minkowski A, editors: Nutritional Adaptation of Gastrointestinal Tract of the Newborn, vol 3, New York, 1983, Nestlé Vevey/Raven.)





Colostrum contains at least two separate antioxidants, an ascorbate-like substance and uric acid.26 These antioxidants may function in the colostrum as traps for neutrophil-generated, reactive oxygen metabolites. The aqueous human colostrum interferes with the oxygen metabolic and enzymatic activities of the polymorphonuclear leukocytes that are important in the reaction to acute inflammation.26 This supports the belief that human milk is antiinflammatory.


The mineral and vitamin reserves of the newborn infant are related to the maternal diet. A fetal supply of vitamin C, iron, and amino acids is adequate because infant blood levels exceed those of the mother. Colostrum is rich in fat-soluble vitamin A, carotenoids, and vitamin E. The average vitamin A level on the third day can be three times that of mature milk. Similarly, carotenoids in colostrum may be 10 times the level in mature milk, and vitamin E may be two to three times greater than in mature milk.


Studies that looked at multiparas versus primiparas showed that the volume of milk was significantly greater on day 5 with earlier appearance of the casein band in multiparas (Figure 4-10).37





[image: image]

Figure 4-10 Effect of parity on measures of lactogenesis. Data show the mean time at which fullness of the breast was observed (solid bar), the day on which the casein band first appeared (crosshatched bar) in an electrophoretic analysis of daily milk samples, and the volume of milk produced on day 5 (hatched bar) by primiparous women delivered vaginally (n = 19), primiparous (primip) women delivered by cesarean section (n = 5), and multiparous (multip) women delivered vaginally (n = 16). ∗Significant difference (p <0.05) between multiparous and primiparous women delivered vaginally. The distance between the error bars represents two SEM.


(Data from Chen DC, Nommsen-Rivers L, Dewey KG, et al: Stress during labor and delivery and early lactation performance, Am J Clin Nutr 68:335, 1998; Neville MC, Morton J, Umemura S: Breastfeeding 2001: The evidence for breastfeeding, Pediatr Clin North Am 48:35, 2001.)















Sodium as a Predictor of Successful Lactogenesis


Early in lactogenesis, the sodium levels are high but quickly drop from 60 mmol to 20 mmol by day 3 in women who have been fully feeding their infant. Observations by Morton162 have shown that high breast milk sodium concentrations on day 3 are suggestive of impending lactation failure. Even women who remove only a small amount of milk daily for research purposes have the physiologic drop in sodium.












Lactogenesis Stage II


Even though best practices recommend breastfeeding shortly after birth and frequently thereafter, Kulski et al139 showed that milk removal is not needed for the programmed physiologic changes in mammary epithelium to trigger lactogenesis II. Studies by Woolridge234 confirmed this when no effect of breastfeeding in the first 24 hours was observed on later milk transfer to the infants. However, time of first breastfeeding and frequency of breastfeeding on day 2 are correlated with milk volume by day 5.37 No relationship between concentration of prolactin in the plasma and the rate of milk synthesis in either the short or long term was found by Cox et al.44






Transitional Milk


The milk produced between the colostrum and mature milk stages is transitional milk; its content gradually changes. The transitional phase is approximately from 7 to 10 days postpartum to 2 weeks postpartum. The concentration of immunoglobulins and total protein decreases, whereas the lactose, fat, and total caloric content increases. The water-soluble vitamins increase, and the fat-soluble vitamins decrease to the levels of mature milk.


In a study of transitional milks, breast milk samples were obtained from healthy mothers of term infants on the 1st, 3rd, 5th, 8th, 15th, 22nd, 29th, and 36th days of lactation by Hibberd et al,102 who defined the first day of lactation to be the third day postpartum. The researchers pooled 24-hour samples for analysis, and the remainder was fed to the baby. The authors102 found a high degree of variability, not only among mothers but also within samples from the same mother. The maximum value in almost every case was more than twice the minimum. They were able to show, however, that the changes in composition were rapid before day 8, and then progressively less change took place until the composition was relatively stable before day 36 (see Tables 4-5 and 4-6).









Mature Milk






Water


In almost all mammalian milks, water is the constituent in the largest quantity, with the exception of the milk of some arctic and aquatic species, who produce milks with high fat content (e.g., the northern fur seal produces milk with 54% fat and 65% total solids) (see Table 4-2). All other constituents are dissolved, dispersed, or suspended in water. Water contributes to the temperature-regulating mechanism of the newborn because 25% of heat loss is from evaporation of water from the lungs and skin. The lactating woman has a greatly increased obligatory water intake. If water intake is restricted during lactation, other water losses through urine and insensible loss are decreased before water for lactation is diminished. Because lactose is the regulating factor in the amount of milk produced, the secretion of water into milk is partially regulated by lactose synthesis. Investigations by Almroth5 show that the water requirement of infants in a hot, humid climate can be provided entirely by the water in human milk.


Human milk is a complex fluid that scientists have studied by separating the several phases by physical forces.114 These forces include settling; short-term, low-speed centrifugation; high-speed centrifugation; and precipitation by micelle-destroying treatments, such as using the enzyme rennin (chymosin) or reducing the pH. On settling, the cream floats to the top, forming a layer of fat (about 4% by volume in human milk) (Table 4-8).108 Lipid-soluble components such as cholesterol and phospholipid remain with the fat. With a slow-speed spin, cellular components form a pellet. The high-speed spin brings the casein micelles into a separate phase or forms a pellet. On top of the protein pellet is a loose pellet referred to as the “fluff,” composed of membranes.169,170 Casein precipitation (0.2% by weight) is caused by acid destruction of the micelles. The aqueous phase is whey, which also contains milk sugar, milk proteins, IgA, and the monovalent ions.




TABLE 4-8 Estimates of the Concentrations of Nutrients in Mature Human Milk
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Lipids


Intense interest in the lipids in human milk has been sparked by the reports from long-range studies of breastfed infants that show more advanced development at 1 year,153 8 to 10 years,154 and now 18 years of age106 compared with formula-fed infants. This attention has resulted from the interest in supplementing formula with various missing factors, such as cholesterol and docosahexaenoic acid (DHA).184 These compounds function in a milieu of arachidonic acid, lipases, and other enzymes, and no evidence indicates that they are effective in isolation or that more is better. The value of supplementing the mother’s diet in pregnancy and lactation is an equally important question, because dietary DHA levels have declined in the last half century as women have reduced eggs and animal organs in their diet (see Chapter 9).


Lipids are a chemically heterogeneous group of substances that are insoluble in water and soluble in nonpolar solvents. Lipids are broken into many classes and thousands of subclasses. The main constituents of human milk are triacylglycerols, phospholipids, and their component fatty acids, the sterols. Jensen, a renowned milk lipidologist, and his coauthors,121 remind readers, in a comprehensive review of the lipids in human milk, of the nomenclature, such as palmitic acid (16:0), oleic acid (18:1), and linoleic acid (18:2). The figure to the left of the colon is the number of carbons and to the right is the number of double bonds. Polyunsaturated fatty acids (PUFAs) have a designation for the location of the double bond; in human milk, the designation is cis (c), which identifies the geometric isomer. Because milk is an exceptionally complex fluid, Jensen et al119,120 and other scientists have found it helpful to classify components according to their size and concentration, with solubility in milk or lack thereof as additional categories (Table 4-9). The lipids fulfill a host of essential functions in growth and development,23,24 provide a well-tolerated energy source, serve as carriers of messages to the infant, and provide physiologic interactions, including the following118:



1. Allow maximum intestinal absorption of fatty acids.



2. Contribute about 50% of calories.



3. Provide essential fatty acids (EFAs) and PUFAs.



4. Provide cholesterol.




TABLE 4-9 Compartments and Their Constituents in Mature Human Milk∗
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By percentage of concentration, the second greatest constituent in milk is the lipid fraction. Milk lipids provide the major fraction of kilocalories in human milk.118,121


Lipids average 3% to 5% of human milk and occur as globules emulsified in the aqueous phase. The core or nonpolar lipids, such as triacylglycerols and cholesterol esters, are coated with bipolar materials, phospholipids, proteins, cholesterol, and enzymes. This loose layer is called the milk-lipid-globule membrane, which keeps the globules from coalescing and thus acts as an emulsion stabilizer.121 Globules are 1 to 10 mm in diameter, with 1-mm globules predominating.122


Fats are also the most variable constituents in human milk, varying in concentration over a feeding, from breast to breast, over a day’s time, over time itself, and among individuals (Table 4-10). This information is significant when testing milk samples for energy intake, fat-soluble constituents, and physiologic variation and when clinically managing lactation problems.91 Much of the early work was based on lactation in women who “nursed by the clock” rather than tuned into infant needs. When circadian variation in fat content was studied in a rural Thai population who had practiced demand feeding for centuries, Jackson et al113 found fat concentrations in feeds in the afternoon and evening (1600 to 2000 hours) were higher than those during the night (400 to 800 hours). When Kent et al131 reexamined volume, frequency of breastfeedings, and the fat content of the milk throughout the day in 71 mother-infant dyads, they found similar trends. They found, however, that fat content was 41.1 ± 7.8 g/L and ranged from 22.3 to 61.6 g/L. It was not related to time after birth or number of breastfeedings during the day. No effect on the average milk fat content was related to the sex of the infant, clustered breastfeedings, or whether the infant fed at night. Fat content was higher during the day and evening compared with night and early morning. They recommended that infants be fed on demand day and night and not by schedule.


TABLE 4-10 Factors That Influence Human Milk Fat Content and Composition






	Factor

	Influence






	Duration of gestation

	Shortened gestation increases the long-chain polyunsaturated fatty acids secreted






	Stage of lactation (↑)

	Phospholipid and cholesterol contents are highest in early lactation






	Parity (↓)

	High parity is associated with reduced endogenous fatty acid synthesis






	Volume (↓)

	High volume is associated with low milk fat content






	Feeding (↑)

	Human milk fat content progressively increases during a single nursing






	Maternal diet

	A diet low in fat increases endogenous synthesis of medium-chain fatty acids (C6 to C10)






	Maternal energy status (↑)

	A high weight gain in pregnancy is associated with increased milk fat







(↑) increase; (↓) decrease.


Modified from Picciano MF: Nutrient composition of human milk. Breastfeeding 2001, Part I: The evidence for breastfeeding, Pediatr Clin North Am 48:53, 2001.


When milk of the mothers of preterm infants was measured (6.6% ± 2.8%), the fat content was significantly higher in the evening (7.9% ± 2.9%) than morning (D <0.001).150


It is speculated that the altered posture at night, horizontal and relatively inactive, may redistribute fat. The larger the milk consumption at a feed, the greater is the increase in fat from beginning to end of the feed. Less fat change occurs during “sleep” feeds than in the daytime. Unless 24-hour samples are collected by standardized sampling techniques, results will vary. During the course of a feeding, the fluid phase within the gland is mixed with fat droplets in increasing concentration. The fat droplets are released when the smooth muscle contracts in response to the let-down reflex.


The lipid fraction of the milk is extractable by suitable solvents and may require more than one technique to extract all the lipids.119,120 Complete extraction in human milk is difficult because the lipids are bound to protein. From 30% to 55% of the kilocalories are derived from fats; this represents a concentration of 3.5 to 4.5 g/dL. Milk fat is dispersed in the form of droplets or globules maintained in solution by an absorbed layer or membrane. The protective membrane of the fat globules is made up of phospholipid complexes.108 The rest of the phospholipids found in human milk are dispersed in the skim milk fraction. Vitamin A esters, vitamin D, vitamin K, alkyl glyceryl ethers, and glyceryl ether diesters are also in the lipid fraction but do not fall into the classes listed.


Renewed interest in defining the constituents of human milk lipid has developed as investigators look for the causes of obesity, atherosclerosis, and other degenerative diseases and their relationship to infant nutrition. A number of reports of historic value have technical problems of sampling. Because the fat content of a feeding varies with time, spot samples give spurious results. Ferris and Jensen65 have reviewed the literature exhaustively and describe the fractionated lipid constituents in detail.


Most studies on fat content of milk have been based on a geographically limited population. Milk fat changes with diet and maternal adipose stores; Yuhas, Pramuk, and Lien238 studied milk samples from nine countries (Australia, Canada, Chile, China, Japan, Mexico, Philippines, the United Kingdom, and the United States). Saturated fatty acids were constant across countries, and monounsaturated fatty acids varied minimally. Arachidonic acid (C20: 4n-6) were also similar. Docosahexaenoic acid, DHA (22: 6n-3), however, was variable everywhere, but was dramatically different with milk from Japan having the highest values and the United States and Canada having the lowest values. Of note is the fact that the timing of collections were comparable in all countries. All samples were collected be electric pump, except in Japan where they were hand expressed.238


The average fat content of pooled 24-hour samples has been reported from multiple sources to vary in mature milk from 2.10% to 5.0% (Table 4-11). Maternal diet affects the constituents of the lipids but not the total amount of fat. A minimal increase in total lipid content was observed when an extra 1000 kcal of corn oil was fed to lactating mothers. A diet rich in polyunsaturated fats will cause an increased percentage of polyunsaturated fats in the milk without altering the total fat content. When the mother is calorie deficient, depot fats are mobilized, and milk resembles depot fat. When excessive nonfat kilocalories are fed, levels of saturated fatty acids increase as lipids are synthesized from tissue stores.




TABLE 4-11 Lipid Class Composition of Human Milk During Lactation
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When fish oil supplementation is given during pregnancy it significantly alters the early postpartum breastmilk fatty acid composition (W-3 PUFA). Levels of omega-3 fatty acids are increased as are IgA and many other immunomodulatory factors (CD14).57


A 2-week crossover study of three nursing women was done by Harzer et al,93,94 alternating high fat/low carbohydrate and the reverse. The first diet was 50% fat, 15% protein, and 35% carbohydrate for a total of 2500 calories, which resulted in a reduction of triglycerides (4.1% to 2.6%) and an increase in lactose (5.2% to 6.4%) (Table 4-12).




TABLE 4-12 Effects of Dietary Cholesterol, Phytosterol, and Polyunsaturate (P)/Saturate (S) Ratio on Human Milk Sterols
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The U.S. Department of Agriculture (USDA) has reported that the average American diet now includes 156 g of fat per day, up from 141 g in 1947. The significant change is from animal to vegetable fat, which is now 39% of total dietary fats, especially resulting from the switch from butter and lard. A change in fatty acid content to more long-chain fatty acids and a twofold to threefold increase in linoleic acid have occurred. Except for 18:2 content in mature milk, the fatty acid composition is remarkably uniform unless the maternal diet is unusually bizarre.


Polyunsaturated fats include C18:2 and C18:3, or linoleic and linolenic acid. The bovine ratio of polyunsaturated to saturated fats (P/S ratio) is 4. The P/S ratio has shifted as a result of recent dietary changes to 1.3 from 1.35 in human milk. The P/S ratio is significant in facilitating calcium and fat absorption. Calcium absorption is depressed by a 4:5 P/S ratio. The breast can dehydrogenate saturated and monounsaturated fatty acids in milk synthesis.


At least 167 fatty acids have been identified in human milk; possibly others are present in trace amounts. Bovine milk has 437 identified fatty acids. Major dietary changes would greatly change fatty acid composition.


Milk from vegetarians (lacto-ovo) contained a lower proportion of fatty acids derived from animal fat and a higher proportion of PUFAs derived from dietary vegetable fat. Women who consumed 35 g or more of animal fat per day had higher C10:0, C12:0, and C18:3 but lower levels of C16:0 and C18:0. Finley et al67 suggest that a maximum amount of C16:0 and C18:0 can be taken up from the blood and subsequently secreted into milk (Table 4-13).




TABLE 4-13 Effects of Maternal Vegetarian Diets on Saturated and Unsaturated Fatty Acids (wt%) in Human Milk Lipids (Mean ± SEM)
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The milk of strict vegetarians has extremely high levels of linoleic acid, four times that of cow milk (see Table 4-13).206 Some researchers include other long-chain fatty acids (e.g., C20:2, C20:3, C24:4, C22:3) as essential nutrients because they are structural lipids in the brain and nervous tissue. The effects of diet are also discussed in Chapter 9.


One important outcome of linoleic and linolenic acids is the conversion of these compounds into longer-chain polyunsaturates. These metabolites have been shown to be important for fluidity of membrane lipids and prostaglandin synthesis. They are present in the brain and retinal cells. Long-chain polyunsaturates are needed for development of infant brain and nervous system.67 When Gibson and Kneebore75 studied fatty acid composition of colostrum and mature milk at 3 to 5 days and later at 6 weeks postpartum, they reported that mature milk had a higher percentage of saturated fatty acids, including medium-chain acids, lower monounsaturated fatty acids, and higher linoleic and linolenic acids and their long-chain polyunsaturated derivatives.


Infant intake of fatty acids from human milk over the first year of lactation (solids were started at 4 to 6 months) was studied by Mitoulas et al159 among mothers and infants in Australia. They determined the volume, fat content, and fatty acid composition of milk from each breast at each feed over 24 hours at 1, 2, 4, 6, 9, and 12 months. Volume of production was greater in the right breast (414 to 449 versus 336 to 360). Fat content also varied between breasts. Amounts of fat per 24 hours did not differ in the first year and only arachidonic acid and DHA differed between mothers. Changes in proportions of individual fatty acids may not result in commensurate changes in 24-hour infant intakes. The authors131,159 note their findings were similar to Jensen’s work in 1995 in the United States.


When this same group of investigators in Australia (Kent131, Mitoulas159) measured volume of milk, frequency of feedings and fat content at 1 to 6 months of age in a normal group of mothers using demand feeding, they concluded infants should be fed on demand, day and night. They observed no relationship between total number of feeds and total volume. Furthermore fat content was 41.1 ± 7.8g/L (range 22.3 to 61.6 g/L). Total fat was independent of frequency of feeding.


Prolonged lactation has long been suspected of providing reduced nutrition. It has been established that infection protection continues, but now there is evidence that high nutrition persists as well; 34 mother-baby dyads and 27 control dyads were studied by Mandel et al.158 The mothers who were breastfeeding beyond 1 year (12 to 39 months) were older (34.4 ± 5.1 years) lighter (59.8 ÷ 8.7 kg) with lower BMI (22.1 ± 3.0) than controls (breastfeeding 2 to 6 months; age 30.7 ± 2.9 years, weight 66.3 ± 11.8 kg, and BMI 24.5 ± 3.9.) Feeding frequency per day was 5.9 ± 3.3 versus 7.36 ± 2.65 (controls).The milk of mothers who were breastfeeding beyond a year had significantly increased fat and increased energy content compared with controls158.


Factors affecting fatty acid composition include the stage of lactation, especially in specific fatty acids probably due to the recruiting of body fat stores. Milk from mothers of premature infants differs from that of mothers of full-term infants in fat content with higher levels of medium-chain fatty acids in premature milk. The significance of circadian rhythm on fatty acid composition is contradictory in the literature; therefore studies of fat content should consider this in sample collection.46 Diet, on the other hand, has an extensive impact on fat content of milk with up to 85% derived from diet in the form of chylomicrons. This has led to dietary supplementation, especially utilizing the omega-3 fatty acids.212









Brain Development


To address the issue of nutrition during brain development, it is important to consider the different periods of brain development that have been described biochemically. First, cell division occurs, with the formation of neurons and glial cells, and second, myelination. In the rat brain 50% of polyenoic acids of the gray matter lipids were laid down by the fifteenth day of life. The fatty acids characteristic of myelin lipids appeared later. Gray matter is largely composed of unmyelinated neurons, whereas white matter contains a very high proportion of myelinated conducting nerve fibers. Normal brain function depends on both. The synthesis and composition of myelin can be influenced by diet in the developing rat brain.


Myelin-specific messenger ribonucleic acid (mRNA) levels are developmentally regulated and influenced by dietary fat. The neonatal response to dietary fat is tissue specific at the mRNA level.53


The fatty acids characteristic of gray matter (C20:4 and C22:6) accumulate before the appearance of fatty acids characteristic of myelin (C20:1 and C24:1) in the developing brain. Arachidonic acid (C20:4) and DHA (C22:6) are synthesized from linoleic and linolenic acids, respectively, but the latter two must be obtained in the diet.


During the first year of life, the human brain more than doubles in size, increasing from 350 g to 1100 g in weight. Of this growth 85% is cerebrum; 50% to 60% of this solid matter is lipid. Cortical total phospholipid fatty acid composition in both term and preterm infants is greatly influenced by dietary fat intake. Phospholipids make up about one quarter of the solid matter and are integral to the vascular system on which the brain depends.63 Brain growth is associated with an increase in the incorporation of long-chain PUFAs into the phospholipid in the cerebral cortex.114 The transition from colostrum to mature milk leads to an increase sphingomyelin and a decrease in phosphatidylcholine in milk of mothers who deliver prematurely, along with a decrease in phospholipid content. Phospholipids are essential to brain growth, especially in a premature infant. Sphingomyelin and phosphatidylcholine are a source of choline, a major constituent of membranes in the brain and nervous tissue. Extreme dietary alterations in animal experiments have demonstrated an altered PUFA composition of the developing brain.


Such studies cannot be done in humans. Farquharson et al63 therefore examined the necropsy specimens of cerebrocortical gray matter obtained from 20 term and 2 premature infants, all of whom died within 43 weeks of birth. All were victims of sudden death and were genetically normal. The infants had either received exclusively breast milk or exclusively formula. The latter group was divided by formula type into three groups: mixture of formulas, SMA, or CGOST (cow milk or Osterfeed). (SMA and CGOST are formulas or mixtures of formulas sold in the United Kingdom.) Breastfed infants had greater concentrations of DHA in their cerebrocortical phospholipids than formula-fed infants in all groups. A compensatory increase in n-6 series fatty acids (arachidonic, docosatetraenoic, and docosapentaenoic) occurred in the SMA group. No significant differences were seen between saturated and monounsaturated fatty acids. The two premature infants had the lowest levels of DHA.


Cerebrocortical neuronal membrane glycerophospholipids are composed predominantly (95%) of phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine.114 After birth, neuronal membranes and retinal photoreceptor cells derive most of their phospholipid DHA from diet and liver synthesis and not from fat reserves. Neither the liver nor the retinal and neuronal cells can synthesize DHA without reserves or a dietary supply. α-Linolenic acid, an EFA, is the precursor. If the enzymes are not activated or are inactivated by an excess of n-6 fatty acids, synthesis does not take place. Human milk provides the DHA and arachidonic acid.90


Dietary supplementation with fish oil in the latter part of pregnancy resulted in increased DHA status at birth when measured in the umbilical blood.156 When postpartum women were supplemented with DHA by capsule in a blind study, breast milk levels of DHA ranged from 0.2% to 1.7% of total fatty acids, increasing with dose. Arachidonic acid levels and antioxidant status of plasma arachidonic acid and levels were unaffected.


Although DHA is essential to retinal development, levels peak in the retina at 36 to 38 weeks’ gestation, suggesting that the most rapid rate of retinal accumulation occurs before term.98 This further suggests that the premature infant is especially vulnerable to dietary deficiencies of DHA.


Dietary omega-3 (ω-3) fatty acids may not be essential to life, reproduction, or growth, but they are important for normal biochemical and functional development.198 Long-chain ω-3 fatty acids, DHA in particular, form a major structural component of biologic membranes. When the ratio of omega-6 (ω-6) is high compared to ω-3, fatty acids aggravate the deficiency. Studies in monkeys have shown that DHA deficiency affects water intake and urine excretion, as well as ω-3 fatty acid levels in red blood cells.198 Much remains to be learned about the effects of ω-3 fatty acids and DHA deficiency on developing human infants.227


The EFAs, linoleic and linolenic acids, may have greater significance in the quality of the myelin laid down. Dick,54 observing the geographic distribution of multiple sclerosis worldwide, noted that the disease is rare in countries where breastfeeding is common. He postulated that the development of myelin in infancy is critical to preventing degradation later. Dick investigated the difference between human milk and cow milk in relation to myelin production in multiple sclerosis.54


Experimental allergic encephalitis is a demyelinating condition and can be produced by shocking animals that have been sensitized to central nervous system (CNS) antigens. Newborn rats deficient in EFAs are more susceptible to this disease, which has been described as resembling multiple sclerosis pathologically.


Widdowson et al233 analyzed the body fats of children from Britain and Holland. At birth, body fat was 1.3% linoleic acid for both groups of children. British infants received cow milk formulas that contained 1.8% linoleic acid. The Dutch infants received corn oil formulas that were 58.2% linoleic acid. The Dutch infants had body fat that was 25% linoleic acid at 1 month of age and 32% to 37% at 4 months of age. The British infants, receiving cow milk formulas, had 3% or less linoleic acid in their body fat. The Dutch infants had lower serum cholesterol levels. At approximately 10 years of age, the children appeared to be entirely normal.233






Other influences on fat content


Infections will alter milk composition. Mastitis does not alter fat content but does lower volume and lactose and increase sodium and chloride.


Parity has been cited as a major influence on fat content, with primiparous women having more fat than multiparous women. Prentice et al193 found a significant relationship between fat content and triceps skinfold thickness. The authors found seasonal changes in the Gambia, where volume and fat were lowest following the rainy season, when nutrient resources are scarce.









Hyperlipoproteinemias


Milk from women with type I hyperlipoproteinemia has been investigated.122 Because the primary deficiency is serum-stimulated lipoprotein lipase in the plasma, resulting in reduced transfer of dietary long-chain fatty acids from blood to milk, levels of fat as fatty acids were abnormally low (1.5%) and the amounts of 10:0 and 14:0 higher than normal (see Chapter 16).









Cholesterol


Cholesterol is an essential component of all membranes and is required for growth, replication, and maintenance. Infants fed human milk have higher plasma cholesterol levels than formula-fed infants. Animal studies suggest that early postnatal ingestion of a diet high in cholesterol protects against high-cholesterol challenges later.235


The cholesterol content of milk is remarkably stable at 240 mg/100 g of fat when calculated by volume of fat. The range, depending on sampling techniques, is 9 to 41 mg/dL. The amount of cholesterol changed slightly over time, decreasing 1.7-fold over the first 36 days, as reported by Harzer et al,94 and stabilizing at approximately day 15 postpartum at 20 mg/dL. This resulted in a change in the cholesterol/triglyceride ratio. The authors found no uniform pattern of circadian variations between mothers.94


Neonatal plasma cholesterol levels range between 50 and 100 mg/dL at birth, with equal distribution of low-density lipoprotein (LDL) and high-density lipoprotein (HDL). Plasma cholesterol increases rapidly over the first few days of life, with LDL predominating regardless of mode of feeding.111 In breastfed infants, however, plasma cholesterol progressively increases compared with that in infants fed low to no cholesterol and high-PUFA formulas. This may have a lasting effect on the individual’s ability to metabolize cholesterol, a point yet to be confirmed.112 Low-birth-weight (LBW) premature infants are at risk for stimulation of endogenous cholesterol biosynthesis, resulting in marked elevations in plasma cholesterol as a result of intravenous nutrition.


The effect of breastfeeding on plasma cholesterol, body weight, and body length was studied longitudinally in 512 infants by Jooste et al.125 Breastfed infants had higher plasma cholesterol than the formula-fed infants, created by a direct mechanism that persisted for as long as the infants were breastfed. Body length was similar in breastfed and formula-fed infants, but formula-fed infants weighed more.


Cholesterol has been a factor of great concern because of the apparent association with risk factors for atherosclerosis and coronary heart disease. At present, commercial formulas have high P/S ratios and little or no cholesterol compared with those of human milk. Dietary manipulation does not change the cholesterol level in the breast milk.192 When the dietary cholesterol level is controlled, however, a fall in the infant’s plasma cholesterol level is associated with an increase in the amount of linoleic acid present in the milk.189


Kallio et al129 followed 193 infants from birth, measuring concentrations of cholesterol, very-low-density lipoprotein (VLDL), LDL, HDL2, and, on a limited group of 36 infants, HDL3 and apoprotein B. The largest differences between exclusively breastfed and weaned infants were at 2 months (0.8 mmol/L), 4 months (0.6 mmol/L), and 6 months (0.5 mmol/L). The LDL and apoprotein B concentrations were lower in weaned infants. VLDL and HDL3 were independent of diet. The authors concluded that the low intake of cholesterol and high intake of unsaturated fatty acids greatly modify the blood lipid pattern in the first year of life.129


In a retrospective epidemiologic study of 5718 men in England born in the 1920s, 474 died of ischemic heart disease.62 The infant-feeding groups were divided into those breastfed but weaned before 1 year, breastfed more than a year, and bottle fed. The first group had the lowest death rate from ischemic heart disease and had lower total cholesterol, LDL cholesterol, and apolipoprotein B than those who were weaned after a year and especially those who were bottle fed. In all feeding groups, serum apolipoprotein B concentrations were lower in men with higher birth weights and weights at 1 year.165


In a study of breastfed and formula-fed baboons that ate a high-fat carnivorous diet instead of their usual vegetarian fare, breastfeeding showed no protective effect.


No long-range effect of serum cholesterol level has been identified, although Osborn183 described the pathologic changes in 1500 young people (newborns to age 20). He observed the spectrum of pathologic changes from mucopolysaccharide accumulations to fully developed atherosclerotic plaques. Lesions were more frequent and severe in children who had been bottle fed. Lesions were uncommon or mild in the breastfed children.


Animal investigations indicated that rats given high levels of cholesterol early in life were better able to cope with cholesterol in later life and maintained a lower cholesterol level.53


In a study of six breastfed and 12 formula-fed infants, ages 4 to 5 months, Wong et al235 measured the fractional synthesis rate. The breastfed infants had higher cholesterol intakes (18.4 ± 4.0 mg/kg/day) than formula-fed infants (only 3.4 ± 1.8 mg/kg/day). Plasma cholesterol levels were 183 ± 47 versus 112 ± 22 mg/dL; LDL cholesterol levels were 83 ± 26 versus 48 ± 16 mg/dL. An inverse relationship existed between the fractional synthesis rate of cholesterol and dietary intake of cholesterol. The authors235 concluded that the greater cholesterol intake of breastfed infants is associated with elevated plasma LDL cholesterol concentrations. In addition, cholesterol synthesis in human infants may be efficiently regulated by coenzyme A (CoA) reductase when infants are challenged with dietary cholesterol.235


A carefully designed, well-controlled longitudinal study is needed to determine the long-range impact of cholesterol because it is a consistent constituent of human milk throughout lactation.









N-3 fatty acids


The n-3 fatty acids are important components of animal and plant cell membranes and are selectively distributed among the lipid classes. The role of DHA (22: n-3) in infantile nerve and brain tissue and retinal development has been discussed. It is also found in high levels in testis and sperm. Human milk contains DHA, and studies to evaluate the effects of “fish oil” supplements to the diet suggest an elevation of the dose-dependent levels.


Eicosapentaenoic acid (20: 5n-3) is part of another group of n-3 fatty acids, the eicosanoids, which comprise two families: the prostanoids (prostaglandins, prostacyclins, and thromboxanes) and the leukotrienes.122 The prostanoids are mediators of inflammatory processes. Leukotrienes are key mediators of inflammation and delayed hypersensitivity. The eicosanoids are highly active lipid mediators in both physiologic and pathologic processes.208 Eicosanoids provide cytoprotection and vasoactivity in the modulation of inflammatory and proliferative reactions. Their precursors, long-chain PUFAs, can affect the generation of eicosanoids. The role of eicosanoids in physiologic and pathophysiologic processes is beginning to be identified. It clearly goes beyond adding a little DHA to the brew. Sellmayer and Koletzko208 reviewed this work.


In other species, restriction of n-3 fatty acids results in abnormal electroretinograms, impaired visual activity, and decreased learning ability. The influence of dietary n-3 fatty acids on visual activity development in very-low-birth-weight (VLBW) infants was evaluated by Birch et al,22 using visual-evoked response and forced-choice preferential-looking procedures at 36 and 57 weeks postconception. Feeding groups were randomized to one of three diets: corn oil (only linoleic), soy oil (linoleic and linolenic), and soy/marine oil (added n-3 fatty acids). The marine oil group matched the “gold standards” of VLBW infants fed human milk. Visual activity parameters in the other infants who did not receive n-3 oils were considerably lower.


The n-3 fatty acids appear to function in the membranes of photoreceptor cells and synapses. Jensen and Jensen110 suggest a daily intake of 18: 3n-3 (0.5% of calories) with the inclusion of n-3 long-chain PUFA, which is available in human milk. Many studies affirm the value of n-3 fatty acids in the diet and as protection against heart disease, chronic inflammatory disease, and possibly cancer.214 When synthetic DHA and arachidonic acid are added to infant formula, the measurements of visual acuity do not match that of human milk. The tolerance for these formulas is still undocumented and long-range outcomes unreported.















Proteins


All milks have been evaluated for their protein contents, which vary from species to species. Proteins constitute 0.9% of the contents in human milk and range up to 20% in some rabbit species. Proteins of milk include casein, serum albumin, α-lactalbumin, β-lactoglobulins, immunoglobulins, and other glycoproteins. Eight of 20 amino acids present in milk are essential and are derived from plasma. The mammary alveolar epithelium synthesizes some nonessential amino acids. Human milk amino acids occur in proteins and peptides, as well as a small percentage in the form of free amino acids and glucosamine3 (Table 4-14; Figure 4-11).




TABLE 4-14 Free Amino Acid Concentrations in Human Milk
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Figure 4-11 Distribution of main protein fractions (top) and whey protein (bottom) in human and bovine milk.


(Modified from Dumas BR: Modifications of early human milk composition during early states of lactation in nutritional adaptation of the gastrointestinal tract of the newborn. In Kretchmer N, Minkowski A, editors: Nutritional Adaptation of Gastrointestinal Tract of the Newborn, vol 3, New York, 1983, Nestlé Vevey/Raven.)





Tikanoja et al224 reported that postprandial changes in plasma amino acids in breastfed infants were proportional to dietary intake and were highest for the branched-chain amino acids. This was also found to be true for most semiessential and nonessential amino acids. The blood urea levels also reflect dietary intake, with values in breastfed infants being substantially lower than levels in bottle-fed infants.48 The sum of plasma free amino acids rose and the glycine/valine ratio fell after a feed. When breastfed and formula-fed infants were compared by Järvenpää,116 concentrations of citrulline, threonine, phenylalanine, and tyrosine were higher in formula-fed than in breastfed infants. Concentrations of taurine were lower in the formula-fed infants. The peak time was different for formula-fed and breastfed infants, which points out the need to standardize sampling times.


The DARLING (Davis Area Research on Lactation, Infant Nutrition, and Growth) Study was the first longitudinal study to follow a large group of mother-infant dyads to 12 months.52 The investigators report protein intake to be positively associated with milk lipid concentrations after 16 weeks. Milk protein concentration was negatively related to milk volume at 6 and 9 months and positively related to feeding frequency at these times. Milk composition is more sensitive to maternal factors such as body composition, diet, and parity during later lactation than during the first few months.177









Casein


Milk consists of casein, or curds, and whey proteins, or lactalbumins. The term casein includes a group of milk-specific proteins characterized by ester-bound phosphate, high-proline content, and low solubility at pH of 4.0 to 5.0.119,148 Caseins form complex particles or micelles, which are usually complexes of calcium caseinate and calcium phosphate. When milk clots or curdles as a result of heat, pH changes, or enzymes, the casein is transformed into an insoluble caseinate-calcium phosphate complex. Physiochemical differences exist between human and cow caseins.148 Casein has a species-specific amino acid composition.


When Lönnerdal and Forsum148 originally measured the casein content of human milk by three different methods—isoelectric precipitation, sedimentation by ultracentrifuge, and indirect analysis—they consistently had three separate results.


Utilizing two newer techniques, Kunz and Lönnerdal141 report confirming results revealing that casein synthesis is low or absent in early lactation, then increases rapidly, and then decreases. The concentration of whey proteins decreases from early lactation. The whey protein/casein ratios change accordingly from 90:10 in early milk to 60:40 in mature milk and 50:50 in late lactation. The authors suggest whey and casein are regulated by different mechanisms.141









Methionine/cysteine ratio


The cysteine content is high in human milk, whereas it is very low in cow milk. Because the methionine content is high in bovine milk, the methionine/cysteine ratio is two to three times greater in cow milk than in the milk of most mammals and seven times that in human milk. Human milk is the only animal protein in which the methionine/cysteine ratio is close to 1. Otherwise, this ratio is seen only in plant proteins.


Two significant characteristics of amino acid composition of human milk are the ratio between the sulfur-containing amino acids methionine and cysteine and the low content of the aromatic amino acids phenylalanine and tyrosine. Newborns and especially premature infants are poorly prepared to handle phenylalanine and tyrosine because of their low levels of the specific enzymes required to metabolize them.









Taurine


Taurine, 2-aminoethanesulfonic acid (so named because it was first isolated from the bile of the ox), is a third sulfur-containing amino acid that has been found in high concentrations in human milk and is virtually absent in cow milk. It is now being added to some prepared formulas. Free taurine and glutamic acid have been measured in breast milk in high concentration. Taurine has been associated in the body at all ages with bile acid conjugation; in newborns, bile acids are almost exclusively conjugated with taurine.


Sturman et al220 suggest that taurine may also be a neurotransmitter or neuromodulator in the brain and retina. Taurine in the nutrition of human infants was reviewed by Gaul,174 who reports that evidence is accumulating that taurine has a more general biologic role in development and membrane stability.


Taurine is found in very high concentrations in the milk of cats.196 Kittens deprived of taurine by feeding with purified taurine-free casein diets after weaning develop retinal degeneration and blindness. The process can be reversed by feeding taurine, but not by feeding methionine, cysteine, or inorganic sulfate.157 The structural integrity of the retina of the cat has been shown to be taurine dependent. The taurine levels were more severely depleted in the brain tissue, but the significance of this finding has not yet been determined.228 Both humans and cats are unable to synthesize taurine to any degree as newborns and young infants and are therefore wholly dependent on a dietary supply. The process requires cystathionase and cysteine-sulfinic acid decarboxylase, which are enzymes that convert methionine, cysteine, or cystine to taurine.


In studies of amino acid levels, only the concentrations of taurine in plasma and urine of breastfed term infants were higher than those of preterm infants fed formula. Levels in term infants were higher than those of preterm infants fed pooled human milk at a fixed volume. The effects of feeding taurine-deficient formula to human infants, which occurred before the addition of taurine to infant formula, are not as severe as seen in the kitten. The presence of taurine in human milk and predominance of taurine conjugates in the gut at birth suggest that bile acid conjugate status may be a controlling factor. When bile acid metabolism was measured in infants fed human milk, the infants consistently had higher intraluminal bile acid concentrations at all ages (1 week to 5 weeks) than did formula-fed infants with and without additional taurine. Human milk also facilitated intestinal lipid absorption.230


Human infants conjugate bile acids predominantly with taurine at birth but quickly develop the capacity to conjugate with glycine. Those infants fed human milk continue to conjugate with taurine, whereas those fed formulas soon conjugate with glycine predominantly. The cat, in contrast, uses only taurine throughout life.230 In humans the various pools of taurine in the body cannot be predicted by measurement of plasma taurine alone.


Since 1968, when scientists’ attention was drawn to taurine, more than a thousand reports, including reviews, have been published.74 The physiologic actions of taurine have been reviewed exhaustively by Huxtable.109 Nonmetabolic actions such as osmoregulation, calcium modulation, and interactions with phospholipid protein and zinc are reported. Taurine is also observed to be a product of metabolic action and a precursor of many other metabolic actions. All these actions demonstrate the careful balance in nature of a number of interdependent constituents. Taurine does not function in isolation. Because of the growing evidence for the role of taurine during development, the requirement for taurine for the neonate remains under investigation.220









Whey proteins


When clotted milk stands, the clot contracts, leaving a clear fluid called whey, which contains water, electrolytes, and proteins. The ratio of whey proteins to casein is 1.5 for breast milk and 0.25 for cow milk; that is, 40% of human milk protein is casein and 60% lactalbumin, and cow milk is 80% casein and 20% lactalbumin.148


Human milk forms a flocculent suspension with zero curd tension. The curds are easily digested. The total amount of protein has been recently measured to be 0.9%, which is lower than the previously reported 1.2%. The discrepancy is caused by recalculation of the data, in which the total amount of protein was determined by measuring the nitrogen content and multiplying by 6.25. Of the nitrogen content, 25% is NPN, whereas in bovine milk, 5% of the nitrogen is from NPN. Hambraeus88 has reported the composition of the nonprotein fraction to be urea, creatine, creatinine, uric acid, small peptides, and free amino acids (Table 4-15).




TABLE 4-15 Composition of Protein Nitrogen and Nonprotein Nitrogen in Human Milk and Cow Milk∗
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Closer examination of the whey proteins shows α-lactalbumin and lactoferrin to be the chief fractions, with no measurable β-lactoglobulin, which is the chief constituent of cow milk. The term lactalbumin includes a mixture of whey proteins found in bovine milk and should not be confused with α-lactalbumin, which is a specific protein that is part of the enzyme lactose synthetase. The α-lactalbumin content parallels lactose levels in different species. Human milk is high in both lactose and α-lactalbumin. Many investigators, however, have continued to measure nitrogen compounds in human milk (see Table 4-15).









Lactoferrin


Lactoferrin is an iron-binding protein that is part of the whey fraction of proteins in human milk. Structurally, lactoferrin is a 78 to 80 kDa single peptide consisting of two lobes, each of which binds a molecule of iron.221 It appears in very low amounts in bovine milk. Lactoferrin has been observed to inhibit the growth of certain iron-dependent bacteria in the gastrointestinal (GI) tract. It has been suggested that lactoferrin protects against certain GI infections in breastfed infants. Giving iron to newborn infants appears to inactivate the lactoferrin by saturating it with iron and promoting the growth of Escherichia coli in particular. It has other functions including cell growth regulation, DNA binding, transcriptional activation of specific DNA sequences, natural killer cell activation, and antitumor activity. Lactoferrin also has enzyme activity. Those identified are protease, deoxyribonuclease, ribonuclease, ATPase, phosphatase, and oligosaccharide hydrolysis. The role of these enzymes in lactoferrin’s antimicrobial functions is under study.46


When lactoferrin is digested in the stomach by pepsin, the polypeptides produced also have biological functions including antimicrobial, antiviral, antitumor and immunological functions. These proteins are under continued study because of their potential for commercial use.76















Immunoglobulins


The immunoglobulins in breast milk are distinct from those of the serum, but are the key mechanism by which a mother passes immunity to the infant.66 The main immunoglobulin in serum is IgG, which is present in the amount of 1210 mg/dL. IgA is found in the serum at 250 mg/dL, one fifth the level of IgG. The reverse is true of human colostrum and milk. Colostrum IgA is 1740 mg/dL, and milk IgA level is 100 mg/dL. Colostrum has 43 mg/dL of IgG, and milk has 4 mg/dL. The IgA and IgG in human milk are derived from serum and from synthesis in the mammary gland.


Lactation is associated with the appearance of catalytically active antibodies or abzymes (Abzs) with DNAse, RNAse, ATPase, amylolytic, protein kinase, and lipid kinase activities in breast milk. Odintsova et al180 have demonstrated that the immune system of clinically healthy mothers can generate IgAs with β-casein-specific serine protease-like activity.


sIgA is the principal immunoglobulin in colostrum and milk and all human secretions. sIgA contains an antigenic determinant associated with a secretory component. It is synthesized in the gland from two molecules of serum IgA linked by disulfide bonds. sIgA levels are very high in colostrum the first few days and then decline rapidly, disappearing almost completely by the fourteenth day. sIgA is stable at low pH and resistant to proteolytic enzymes. It is present in the intestine of breastfed infants and provides a protective defense against infection by keeping viruses and bacteria from invading the mucosa. The protective qualities are further described in Chapter 5.









Nonimmunoglobulins


Human milk contains numerous nonimmunoglobulins that are being identified and their actions isolated and quantified.236 Mucins and sialic acid-containing glycoproteins have been isolated and demonstrated to inhibit rotavirus replication and prevent experimental gastroenteritis. The rotavirus has been observed to bind to the milk mucin complex, inhibiting its replication both in vitro and in vivo. (See later discussion of oligosaccharides and glycoconjugates.)









Lysozyme


Lysozyme is a specific protein and basic polypeptide with lytic properties97 found in high concentration in egg whites and human milk but in low concentration in bovine milk. It has been identified as a nonspecific antimicrobial factor. This enzyme is bacteriolytic against Enterobacteriaceae and gram-positive bacteria. It has been found in concentrations up to 0.2 mg/mL. Lysozyme is stable at 100° C (212° F) and at an acid pH. Lysozyme contributes to the development and maintenance of specific intestinal flora of the breastfed infant. (See later discussion of enzymes and Chapter 5.)









Polyamines


Polyamines are ubiquitous intracellular cationic amines recognized as participants in cell proliferation and differentiation in many tissues, especially those of intestinal tract development, absorption, and biologic activity, in both sucklings and adults of the species.191 The synthesis of polyamines is an active process in the mammary gland throughout lactation.16


Putrescine, spermidine, and spermine have been identified and quantitated in human milk by Pollack et al.191 They reported mean values per liter of 0 to 615 nmol putrescine, 73 to 3512 nmol spermidine, and 722 to 4458 nmol spermine. In contrast, levels in formula are low and dependent on the protein source. Levels of spermine and spermidine increase greatly during the first few days of lactation, plateauing at levels 12 and 8 times, respectively, the levels immediately postpartum.14 These findings have been confirmed by Romain et al,201 who noted that levels in human milk remained stable throughout lactation. They demonstrated the effects of spermine or spermidine on maturation and “gut closure” and suggest a protective effect of spermine against alimentary allergies.









Nonprotein Nitrogen


Nonprotein nitrogen (NPN) accounts for 18% to 30% of the total nitrogen in human milk,33 compared with only 3% to 5% in cow milk. The NPN fraction of human milk is traditionally identified as the acid-soluble nitrogen remaining in the supernatant after protein precipitation or as the dialyzable nitrogen after dialysis of whole milk.16 Because large-molecular-weight glycoproteins are also soluble in the acid, the fraction should be called acid-soluble nitrogen.164


Although there are large interindividual variations, acid-soluble nitrogen ranges from 350 to 530 mg/L. The total nitrogen ranges from 1700 to 3700 mg/L, depending on length of gestation, duration of lactation, and maternal diet. Some of the nitrogen contributes to the pool available for synthesis of nonessential amino acids in the neonate. Those compounds having more specialized roles are peptide hormone/growth factors, epidermal growth factor (EGF), amino sugars of oligosaccharides, free amino acids, amino alcohols of phospholipids, nucleic acids, nucleotides, and carnitine. Their importance is not based on percentage of concentration, because they may serve roles as catalysts. Many protein factors in human milk serve roles other than growth, such as the host resistance factors (lactoferrin, sIgA, and lysozyme).


Table 4-16 presents the significance of these compounds and their relative concentrations. The wide variety of nitrogenous compounds within the fraction of human milk is only beginning to be investigated and understood. This information clearly widens the chemical gap between human milk and proprietary formulas. Increasing evidence suggests that the premature infant reaps even more benefit than the term infant from mother’s milk, based on the investigations of NPN alone.33




TABLE 4-16 Levels and Significance of Nonprotein Nitrogen (NPN) Constituents of Human Milk
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While glutamic acid and taurine are the most abundant free amino acids in colostrum, taurine remains constant throughout lactation, glutamic acid and glutamine increased from 2.5 to 20 times in the first 3 months in studies in 16 healthy lactating women.3 The total content of free amino acids remains stable during that period so that over 50% of the total is glutamine and glutamic acid at 3 months. These components have been associated with growth and development, protecting intestinal mucosa and potentiating immune responses.


Maternal milk production and the protein nitrogen (but not NPN) fraction of human milk are well preserved when lactating women are subjected to marginal dietary protein intakes in the short term.164 In nitrogen balance studies on poor Mexican women who were lactating, equilibrium was attained at 178.9 ± 25.8 mg nitrogen (1.1 g protein/kg body weight/day), which is close to current dietary standards.50


Interest in urea levels has been stimulated because women with various stages of renal failure were concerned about the effect of high serum levels of urea on their milk urea levels. Urea is 30% to 50% of the NPN in milk. Levels increase from colostrum to mature milk (3.2 g/dL nitrogen in colostrum to 1.7 g/dL in milk. If the original milk urea was provided solely by passive diffusion from the maternal blood, a constant level of urea nitrogen would be anticipated at all stages of lactation instead of increasing from colostrum to mature milk.16









Nucleotides


Increased attention has been paid to the presence and role of nucleotides in human milk, as their relative absence in bovine milk has led to experimental supplementation of some infant formulas. Nucleotides have been identified as playing key roles in biochemical processes within the cell, acting as metabolic regulators and altering enzyme activities. A dietary requirement has not been established because they can be synthesized de novo in the adult. Human milk provides 20% of NPN as nucleotides; furthermore, human milk provides a larger percentage (30%) of nitrogen as NPN, three times more than other species. The daily intake from human milk is 1.4 to 2.1 mg of nucleotide nitrogen.195 Cytidine, adenine, and uridine compose the majority of soluble nucleotides.


Nucleotides are compounds derived from nucleic acid by hydrolysis and consist of phosphoric acid combined with a sugar and a purine or pyrimidine derivative. The level and components of acid-soluble nucleotides of several species, including humans, have been studied extensively. Work has shown a characteristic nucleotide composition in the milk that differs from that of the mammary gland. The large numbers of purine and pyrimidine nucleotides present in various tissues have a number of functions in the cell. They are part of nucleic acid synthesis and metabolism and are also part of milk synthesis. It is well known that adenosine triphosphate (ATP) supplies usable energy for biosynthetic reactions.


Free nucleotides in human milk have been recorded at 6.1 to 9.0 mmol/dL.194,195 The levels in colostrum and mature milk are similar. The conspicuous difference in quality and quantity of nucleotides between the mammary gland and its secretion would indicate that nucleotides are secreted from the epithelial cells of the gland into the milk. Distinct species differences exist in composition and content of nucleotides as well. Cytidine monophosphate and uracil are the nucleotides in the highest concentration in human milk, which also contains uridine diphosphate-N-acetyllactosamine and other oligosaccharides. Human milk contains only a trace of orotic acid and no guanosine diphosphate fucose. Orotic acid is the chief nucleotide of bovine milk. Nucleotide levels fall rapidly in bovine milk to minimal levels in mature bovine milk. Synthetic nucleotides produced for formula have a very different profile.


When the nitrogen fraction of human milk was further identified over time at 2, 4, 8, and 12 weeks, a variance was noted in the pattern of nucleotides (Table 4-17).195 Levels of cytidine-5′-monophosphate and adenosine-5′-monophosphate declined from 594 to 321 mg/dL and from 244 to 143 mg/dL, respectively, whereas levels of inosine-5′-monophosphate increased from 158 to 290 mg/dL. The total nucleotide nitrogen remained constant, accounting for 0.10% to 0.15% of the total NPN. The average intake per day of a normal breastfed infant would be 1.4 to 2.1 mg of nucleotide nitrogen. Measurement of adenosine-5′-monophosphate and cyclic guanosine monophosphate showed variation in concentration within 15 minutes, which fluctuated throughout 24 hours.195 Milk concentration differed widely from maternal plasma levels collected at the same time.


TABLE 4-17 Nucleotide Content of Human Milk






	Nucleotide

	Mean∗ (mg/dL)






	Cytidine monophosphate

	461 (17.9)






	Uridine monophosphate

	179 (19.8)






	Adenosine monophosphate

	175 (12.8)






	Inosine monophosphate

	228 (14.5)






	Guanosine monophosphate

	138 (8.5)






	Uridine diphosphate

	174 (12.8)






	Cytidine diphosphate

	474 (41.5)






	Adenosine diphosphate

	69 (17.9)






	Guanosine diphosphate

	96 (8.9)







∗ Mean nucleotide content of human milk at weeks 2, 4, 8, and 12 of lactation.


From Hendricks K: Semin Pediatr Gastroenterol Nutr 2:14, 1991; Modified from Janas LM, Picciano MF: The nucleotide profile of human milk. Pediatr Res 16:659, 1982.


The biologic effects of dietary nucleotides involve the immune system, the intestinal microenvironment, and the absorption and metabolism of certain other nutrients (see Table 4-17) that they are considered “semiessential” for newborns.77 Whether inosine-5′-monophosphate contributes to the superior iron absorption is still unanswered.


Metabolic disturbances in nucleotide metabolism can result in abnormal accumulation of specific intermediates in cells and tissues, causing a variety of diseases.194 An example is Lesch-Nyhan syndrome, a genetic disease characterized by mental retardation, self-mutilation, and gout, which is caused by the absence of the purine salvage enzyme. On the other hand, disturbances from lack of nucleotides in the diet have not been identified.


Nucleotides are formed by de novo synthesis by capturing or scavenging partially degraded nucleotides or are obtained completely from diet. Dietary nucleotides are absorbed by action of the microvillus membrane as nucleosides. The developing neonate has a reduced capacity to synthesize or salvage nucleotides. Exogenous nucleotides are potential stimuli, modulating not only the gene control of their own metabolism but also that of a number of functions in cardiovascular, neurologic, and immune systems.38 Nucleotides are important as coenzymes for the processes involved in the metabolism of lipids, carbohydrates, and proteins.


Nucleotides are recognized as an integral part of the immune system, acting as the host defense against bacteria, viruses, and parasites, as well as various malignancies.19


Nucleotides are important in the process of protein synthesis, which is enhanced in the newborn infant by a dietary supply of nucleotides. A statistically significant increase in weight was observed by György et al84 in 1963 when weanling rats who had been fed a low-protein diet (10% casein) were given added nucleotides compared with control rats without supplements of nucleotides. A high protein diet (20%) did not produce significant growth increase when nucleotides were added. This result may explain the satisfactory growth pattern of breastfed infants on relatively low protein intake and the more efficient protein utilization of breastfed infants.


Study of the exact role of nucleotides continues in vivo, although some effort to supplement formula with synthetic nucleotides has already begun.









Carnitine


Carnitine is γ-trimethylamino-β-hydroxybutyrate and is essential for the catabolism of long-chain fatty acids. Only two conditions in life have been described when carnitine is indispensable: total parenteral nutrition lasting more than 3 weeks and early postnatal life. In older individuals it is synthesized in liver and kidney from essential amino acids lysine and methionine. Carnitine serves as an essential carrier of acyl groups across the mitochondrial membrane to sites of oxidation and therefore has a central role in the mitochondrial oxidation of fatty acids in humans.182


Newborns undergo major metabolic changes during transition from fetal to extrauterine life, including the rapid development of the capacity to oxidize fatty acids and ketone bodies as fuel alternatives to glucose. The fatty acids derived from high-fat milk and endogenous fat stores become the preferred fuel of the heart, brain, and tissues with high-energy demands. In addition, a dramatic increase occurs in serum fatty acids in the first hours of life. After the interruption of the fetoplacental circulation and in the absence of an exogenous supply of carnitine, neonatal plasma levels of free carnitines and acylcarnitines decrease very rapidly. Carnitine administration seems to act by increasing ketogenesis and lipolysis.178 When serum carnitine and ketone body concentrations were measured in breastfed and formula-fed newborn infants, lower carnitine levels were found in infants fed formulas than in those fed breast milk.178


The levels of carnitine range from 70 to 95 nmol/mL in breast milk (up to 115 nmol/mL in colostrum) and from 40 to 80 nmol/mL in commercial formula (Enfamil). The bioavailability of carnitine in human milk may be a significant factor in the higher carnitine and ketone body concentrations in breastfed babies. In omnivorous mothers, l-carnitine levels do not vary considerably over time.20 Levels in the milk of lacto-ovovegetarian mothers were always consistently lower than those of omnivores. The lower serum level of lysine in these women is a possible cause of lower carnitine.


The carnitine levels in human milk were followed for 50 days postpartum and the mean level was found to be 62.9 nmol/mL (56.0 to 69.8 nmol/mL range) during the first 21 days and 35.2 ± 1.26 nmol/mL until days 40 to 50. Levels were not related to volume of milk secreted.178









Carbohydrates


The predominant carbohydrate of milk is lactose, or milk sugar. It is present in high concentration (6.8 g/dL in human milk and 4.9 g/dL in bovine milk). Lactose is a disaccharide compound of two monosaccharides, galactose and glucose. Lactose is synthesized by the mammary gland.


A number of other carbohydrates are present in milk. They are classified as monosaccharides, neutral and acid oligosaccharides, and peptide-bound and protein-bound carbohydrates. Small amounts of glucose (1.4 g/dL) and galactose (1.2 g/dL) also are present in breast milk. Other complex carbohydrates are present in free form or bound to amino acids or protein, such as N-acetylglucosamine. The concentration of oligosaccharides is about 10 times greater than in cow milk. This difference arises from biosynthetic control mechanisms yet to be described. These carbohydrates and glycoproteins possess bifidus factor activity. Fucose, which is not present in bovine milk, may be important to the early establishment of Lactobacillus bifidus as gut flora. The nitrogen-containing carbohydrates are 0.7% of milk solids.


In a study of carbohydrate content over the first 4 months of lactation, Coppa et al39 observed that lactose concentrations increased from 56 ± 6 g/L on day 4 to 68.9 ± 8 g/L on day 120. Oligosaccharide levels decreased from 20.9 ± 5 g/L to 12.9 ± 3.30 g/L. Monosaccharides were only 1.2% of the total carbohydrates. The authors describe carbohydrate synthesis by the mammary gland as a dynamic process. Oligosaccharides represent a low osmolar source of calories, stimulate the growth of L. bifidus flora, and inhibit bacterial adhesion to epithelial surfaces, competing with cell receptors in the binding of pathogenic agents.39


Lactose is hydrolyzed selectively by a brush border enzyme called lactase located predominantly in the tip of the intestinal villi. Digestion of lactose is the rate-limiting step in its absorption. Although lactase activity develops later in fetal life than that of other disaccharidases, it is present by 24 weeks of fetal life. Lactase concentration is greatest in the proximal jejunum. Levels continue to increase throughout the last trimester, reaching concentrations at term two to four times those levels at 2 to 11 months of age. Premature infants rapidly increase their lactase levels given a lactose challenge. A well-fed breastfed infant ingesting 150 mL of milk/kg/day receives 10 g of lactose/kg/day, which ensures the normal unstressed infant at least 4 mg/kg/min of glucose, which is considered the optimal rate.144


Lactose does appear to be specific, however, for newborn growth. It has been shown to enhance calcium absorption and has been suggested as being critical to the prevention of rickets, in view of the relatively low calcium levels in human milk. Lactose is a readily available source of galactose, which is essential to the production of the galactolipids, including cerebroside. These galactolipids are essential to CNS development.


Interesting correlations have been made betweenthe amount of lactose in the milk of a species and the relative size of the brain (Figure 4-12).138 Because lactose is found only in milk and not in other animal and plant sources, its high level in human milk is even more significant. Lactose levels are relatively constant throughout the day in a given mother’s milk. Even in poorly nourished mothers, the levels of lactose do not vary. Because lactose is influential in controlling volume, the total output for the day may be diminished, but the concentration of lactose in human milk will be 6.2 to 7.2 g/dL.171 An adequate source of carbohydrate is important for optimal lactation, which suggests that excessive amounts of sugar substitutes may have an effect on volume.135





[image: image]

Figure 4-12 Concentration of lactose varies with source of milk. In general, less lactose, more fat, which can also be used by newborn animals as an energy source.


(From Kretchmer N: Lactose and lactase, Sci Am 227:73, 1972. Copyright ©1972 by Scientific American, Inc. All rights reserved.)












Oligosaccharides and Glycoconjugates


Oligosaccharides are the third largest solid component in milk after lactose and triglyceride. Most of the milk oligosaccharides contain lactose at the reducing end of the structure and may also contain fucose or sialic acid at the nonreducing end.40 More than 130 neutral and acidic oligosaccharides have been identified.175 One liter of milk contains 5 to 10 grams of unbound oligosaccharides. The high amount and structural diversity are unique to humans.25


Biochemically, oligosaccharides result from the sequential addition of monosaccharides to the lactose molecule in the mammary gland by glycosyl transferases. The presence and quantity of different types of oligosaccharides in human milk are genetically determined.41 Of the 21 oligosaccharides studied in depth, the highest amount is present by day 4 with gradual decreasing by 20% by day 30. The physiologic role of human milk and oligosaccharides had been limited to the enhancement of the growth of L. bifidus flora and indirectly to the protection against GI infections. It is now known they have an important role in defenses against viruses, bacteria, and their toxins. It is their receptor-like mechanism that prevents the adhesion of the pathologic to the epithelial cells. Real efficacy has been demonstrated in core oligosaccharides against Streptococcus pneumoniae, Helicobacter pylori, E. coli, and influenza viruses.


The association between maternal milk levels of two-linked fucosylated oligosaccharide and the prevention of diarrhea as a result of campylobacter, caliciviruses, and diarrhea of all causes in breastfed infants was studied by Morrow et al.161 Evidence was found that human milk oligosaccharides may offer clinically relevant protection against diarrhea.


Glycoproteins, glycosylated major milk proteins, include lactoferrin, immunoglobulins, and mucins. Their protective characteristics have been described to act as receptor homologs, inhibiting the binding of enteropathogens to their host receptors. Research continues to link specific carbohydrate structures with protection against specific pathogens. These nonimmunoglobulin agents are also active against whole classes of pathogens.168 The protective glyconjugates and oligosaccharides are unique to human milk and to date have not been replicated synthetically. They are synthesized exclusively in the mammary gland and only during lactation. Human oligosaccharides are distinct from other species with respect to quantity, quality, and diversity, which makes the use of animal models unsatisfactory.25









Minerals


Minerals represent a special category of constituents of which the pathways into milk vary from simple diffusion to both positive and negative pump mechanisms.2 Table 4-18 records the measurements of the constituents in human milk compared with maternal serum. By examining this relationship, it can be estimated how the particular constituent reaches the milk, that is, by passive diffusion or positive or negative pump.




TABLE 4-18 Difference in Composition of Human Milk and Blood Plasma


[image: image]




The total ash content of milk is species specific and parallels the growth rate and body structure of the offspring. A number of metallic elements and organic and inorganic acids are present in milk as ions, un-ionized salts, and weakly ionized salts. Some are bound to other constituents. Sodium, potassium, calcium, and magnesium are the major cations. Phosphate, chloride, and citrate are the major anions.34


The monovalent ions are sodium, potassium, and chloride. The divalent ions are calcium, magnesium, citrate, phosphate, and sulfate.14 The monovalent ions are among the most prevalent and contribute 30 mosmol, or one tenth of the total osmolarity of human milk.11 The sum of the concentrations of the monovalent ions is inversely proportional to the lactose content across species. Monovalent ion concentration is regulated chiefly by the secretion mechanism in the alveolar cell, with humans having the highest lactose and lowest ion content.174 This maintains osmolality close to that of serum.


Daily intakes of calcium, phosphorus, zinc, potassium, sodium, iron, and copper from breast milk were found to decrease significantly over the first 4 months of life, with only magnesium increasing. Despite seemingly low mineral intakes, growth during this time was found to be satisfactory by Butte et al.28 High mineral content is associated with a rapid growth rate of specific species.









Potassium and sodium


Potassium levels are much higher than those of sodium, which are similar to the proportions in intracellular fluids (Table 4-19). Although sodium, potassium, and chloride are present as free ions, the other constituents appear as complexes and compounds. Ions can pass through the secretory cell membrane in both directions and in and out of the lumen. Intracellular sodium, chloride, and potassium are in equilibrium with the ions of the plasma and alveolar milk. An apical pumping mechanism has been calculated for chloride release, whereas sodium, potassium, and intracellular chloride pass into milk because of their electrochemical gradients. The cellular pumping mechanism maintains the ionic concentrations in the extracellular fluid and alveolar milk.




TABLE 4-19 Minerals in Human Milk and Cow Milk (Per Deciliter)


[image: image]




The Committee on Nutrition of the American Academy of Pediatrics8 has stated that the daily requirement of sodium for growth is 0.5 mEq/kg/day between birth and 3 months of age, decreasing to 0.1 mEq/kg/day after 6 months of age (Table 4-20). To cover dermal losses, an additional 0.4 to 0.7 mEq/kg/day is needed, with little for urine and stool losses. Infants fed human milk receive enough sodium to meet their needs for growth, dermal losses, and urinary losses. Studies by Keenan et al130 have demonstrated an apparent regulation in the levels of milk sodium and potassium concentrations by adrenocorticosteroids as well as a circadian rhythm.




TABLE 4-20 Recommended Dietary Intake of Electrolytes for Infants


[image: image]




Sodium levels in cow milk are 3.6 times those in human milk (human: 7 mEq/L or 16 mg/dL; bovine: 22 mEq/L or 50 mg/dL). Hypernatremic dehydration has been associated with cow milk feedings. Experiments with newborn rats on high salt intakes have shown that hypertension can develop.


The diurnal variation in milk electrolytes was found to vary between 22% and 80%.130 These changes varied as the lactation period progressed but were independent of mother’s diet. Sodium restriction did not influence milk levels. In a longitudinal study, sodium levels fell from 20 mEq/L to 15 mEq/L in the first week. On day 8, levels were 8 mEq/L, and by the fifth week they were stabilized at 6 mEq/L.165 Time-dependent changes in milk composition are also reported by Allen et al4 as a 25% or greater decrease in sodium, potassium, and citrate from 1 to 6 months. Calcium and glucose increase by 10% or more over this time. The authors suggest milk composition is always in transition.5


At a constant sodium intake, decreasing the sodium/potassium (Na/K) ratio in the diet by increasing potassium lowers blood pressure. The dietary Na/K ratio has an important role in determining the severity, if not the development, of salt-induced hypertension. The mechanism of potassium’s antihypertensive effect is unclear, but the higher potassium and lower sodium levels of breast milk appear to be physiologically beneficial.









Chloride


Little attention has been paid to the adequacy of chloride in the diet, and it has always been assumed to be sufficient until recent events focused attention on this cation.


Chloride deficiency in infants has become associated with a syndrome of failure to thrive with hypochloremia and hypokalemic metabolic alkalosis. This was first described in infants fed formula that was deficient in chloride but has also been described in a breastfed infant whose mother’s milk contained less than 2 mEq/L chloride (normal is greater than 8 mEq/L).13 This is a rare phenomenon caused by unexplained maternal production. This mother had previously successfully nourished five other infants.









Total Ash


Cow milk has three times the total salt content of human milk (Table 4-21). All the minerals that appear in cow milk also appear in human milk.117 The phosphorus level is six times greater in cow milk; the calcium level is four times higher (Table 4-22).


TABLE 4-21 Principal Salt Constituents in Bovine and Human Milks






	Constituent

	Bovine (mg/dL)

	Human (mg/dL)






	Calcium

	125

	33






	Magnesium

	12

	4






	Sodium

	58

	15






	Potassium

	138

	55






	Chloride

	103

	43






	Phosphorus

	96

	15






	Citric acid

	175

	20-80






	Sulfur (total)

	30

	14 ± 2.6 (4.5 mmol/L)






	Carbon dioxide

	20

	–







From Jenness R, Sloan RE: Composition of milk. In Larson BL, Smith VR, editors: Lactation, vol 3, Nutrition and Biochemistry of Milk/Maintenance, New York, 1974, Academic Press.




TABLE 4-22 Recommended Dietary Intake of Minerals for Infants∗


[image: image]




The renal solute load of cow milk is considerably higher than that of breast milk. This is magnified by the metabolic breakdown products of the high protein content, which are in increased amounts as well. This is shown in the high urea levels in formula-fed infants (Table 4-23). Although the mean urea levels in breast milk are 37 mg/dL and only 15 mg/dL in cow milk, the blood urea levels in breastfed infants are about 22 mg/dL, whereas those of infants fed formula are 47 mg/dL and those of infants fed formula plus solids are 52 mg/dL (see Table 4-23).48 The plasma osmolarity of infants fed breast milk is lower and approximates the physiologic level of plasma.




TABLE 4-23 Statistical Analysis by Student’s T-test of Blood Urea Levels in 61 Healthy Infants Age 1 to 3 Months


[image: image]











Calcium/phosphorus ratio


The calcium/phosphorus (Ca/P) ratio is considerably lower in cow milk (1:4) than in human milk (2:2). Many investigators have studied calcium and phosphorus values in human milk and found some variation from mother to mother and from study to study. The Ca/P ratio varied from 1.8 to 2.4, with the absolute values for calcium varying from 20 to 34 mg/dL and those for phosphorus varying from 14 to 18 mg/dL. Fetal and newborn plasma concentrations for calcium decline sharply from 10.4 mg/dL at birth to 8.5 mg/dL by day 4. Unlike calcium, phosphorus concentrations rise in the postnatal period. The drop in serum calcium levels in the bottle-fed infants was more marked than in the breastfed infants. Infant serum phosphorus concentrations rise during the postnatal period. When gestation is prolonged or the mother has preeclampsia, the concentrations are even higher at birth.


Longitudinal studies by Greer et al,82 measuring calcium and phosphorus in human milk and maternal and infant sera, have shown progressive increases in infant serum calcium in association with decreasing phosphorus content of breast milk and infant serum. Maternal serum calcium also increased, although the mother’s dietary intake was below recommended levels for lactating women. Calcium uptake in the maternal duodenum is enhanced during lactation.


Although the Ca/P ratio has been stressed in the past, recent investigations have not found a statistical correlation between the calcium and phosphorus contents of plasma and corresponding breast milk Ca/P ratio. This suggested that Ca/P ratio is not critical in the low mineral loads present in breast milk. Calcium and phosphorus decrease over time during lactation.9 When human milk was fractionated and analyzed for distribution of calcium, whole milk contained 241.2 ± 61.9 mg/mL, with most of the calcium in the skim fraction.45 Significant amounts were also found in the fat; less than 4% was found in the casein. A low-molecular-weight fraction contained 34% calcium, which may explain calcium’s bioavailability. The total calcium requirements for maximum growth have been questioned by those who think the total amount of calcium is too low in breast milk. The fact that rickets has not been seen in infants totally breastfed by well-nourished mothers is supportive circumstantial evidence. Bone mobilization is present in the mother during lactation and recovery of bone mass during and after weaning.218


Lactating women contribute 210 mg of calcium per day in breast milk. A study of intestinal calcium absorption of women during lactation and after weaning revealed that serum calcium and phosphorus concentrations were greater in lactating compared with nonlactating postpartum women, but levels were the same after weaning.126,127 Calcitriol, however, was greater in women after weaning compared with postpartum control subjects. Kalkwark et al128 concluded that lactation stimulates increases in fractional calcium absorption and serum calcitriol after the onset of menses or after weaning. Observations of these women using bone mineral content and bone mineral density technology showed that lactating women lost significantly more bone throughout the body and in the lumbar spine than nonlactating postpartum women in the first 6 months.128 After weaning, the lactating women regained significantly more bone in the lumbar spine than nonlactating women. Early resumption of menses was associated with a smaller loss and greater increase after weaning.45 Parathyroid hormone concentrations are reported to be higher only after weaning.


Calcium supplementation does not prevent bone loss during lactation and only slightly enhances the gain in bone density after weaning.127 Supplementation did not affect levels in the milk. Krebs et al137 reported that excesses of protein have a negative effect on calcium absorption in lactating women. The calcium/protein ratio appears to be critical to efficient utilization. Estradiol stimulated the osteoblastic proliferation and enhanced the collagen gene expression. Calcium was shown to be well absorbed in 5- to 7-month-old breastfed infants who had begun to receive beikost (solids and semisolids).
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Component (g/dL}

Day Tolalprotein Laclose Triacylglyceroh
1 2.95 + 0.86 407 £0.98 2.14:0.86
3 1.99 £ 0.22 498+0.76 3.01£0.77
5 1.82+0.21 5.13£0.54 3.06£0.45
8 1.73£0.27 538+0.97 3.73%0.70
15 1.56 = 0.42 542+0.76 3.59 +0.86
22 1.51 £0.27 5.34+096 3.87 £0.68

29 1.5+027 401113 401113
36 1.4£026 5.34+131 4.01+1.20
Modified from Hibberd CM, Brooke DG, Carter ND, et al:

Variation in the composition of breast milk during the first
five weeks of lactation, Arch Dis Child 57:658, 1982.
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Moified from Saint L, Smith M, Hartmann PE: The yield and nutrient content of colostrum and milk of women giving birth
to 1 month postpartumn, Br  Nutr 52:87, 1984,
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Duration of Breastfeeding (Full and Partial)

T3 1336 2739 3052
Never  Weeks  Weeks  Weeks  Weeks  >52 Weeks
(0=246) (=164) (=49 (=71 (1=60)  (n=30)
013 157 166 22 35 63 77
1426 180 203 86 91 72 35
2739 216 210 137 134 160 7.4
4052 23 127 79 142 17 134

From Forsyth JS: I it wonthwhile breastieeding? £ur / Clin Nutr 46(suppl 1)519, 1992.
*Adjusted for social class, maternal age, and parental smoking.

p <0.05.

1p <0.01.

5 <0.003.
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Common illnesses

Acute diarthea Breasted <3 mo

Lower respiratory ract  Breastied <4 molsharing
infections bedroom

Preumoni No breastecding

Earinfections (recurring  Breastied <6 mo
vs.acute)

Asthma Breastied <4 mo.

Aopy Breasted <4 mo.

Less common illnesses

Necrotzing enterocolitis  39% formula 7%

breastied

Urinary tract infections ~ Never breasted

Insulin-dependent diabe-  Breastied <4 mo.
tes melltus

Acute lymphoblasic  Nover bressted
el

Suddon nfandesth et -
yndrome formula-ecding
Cholera Notbresseecing
Immanolgic diese

Celiac disease. Breastied <3 mo.
Crohns disesse Lackof restding
Utceraive colis Lackof restding
Jovenile heumatoid  Lack of reastding
s

Mulipl coross breasted <7 o
Deveopment

Conitive developmentin  Lack of breastieeding
preterm

Cardiovascular disease Lack of breasteding
Metabolic development  Lack of breasteding
Obesity Breastiod <6 mo.

6.10(4.1-9.0)
329(1.86.0)

167(7.7,36.0)
1610.27,1.79°

125(1.02,1.52)
130 (1,04, 1.61)

4503.00, 6,001

1620135, 178"

16301

,217)
12211109, 130
135,09, 154
1,70 (p <0.0001)*
163136, 1707
190150, 3.60
150(1.10,2.10)
160119, 1.80)
1.62(1.26,1.81)

£ Mean 1Qof 8.3 ps”

1 Mean total cholesterol*
1 ApoB values®
12501.02,143)

Reference(s)

Victoria and Barros, 2000
Wrightetal, 1989

César etal, 1999
Duncan etal, 1993

Oddy et al, 1999
Oddy et al, 1999

Lucas and Cole, 1990

Mirild, Jodal, and Hanson,
1990; Mrild, Jodal, and
Mangelus, 1989; Pisacane.
etal, 1992

Fortetal, 1986
Shu etal, 1999
Ford etal, 1993

Clemens etal, 1990

Falih-Magnusson et a, 1996;
Peters etal, 1996

Cormao et al, 1998; Koletzko
etal, 1989

Cormao et al, 1998; Koletzko
etal, 1991

Mason etal, 1995

Pisacane etal, 1994

Lucas etal, 1992

Bergstrom et al, 1995

Bergstrom et al, 1995

von Kries et al, 1999

From Oddy W: The impact of reastmilk on infant and child health, Breastieeding Rev 105, 2002,
*The risk ratios have been adjusted to reflect  level ofrsk of infant formula rather than protection of breast milk.
This was done to ensure consistency of esults. Some results ae given as p value or other measurement effect.

ApoB, Apoplipoprciain 8.
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Protein nitrogen 143 ©9) 53 61.4)

Casein nitrogen 040 @5) 437 @73)

Whey protein 103 ©4) 093 6.8
nitrogen

fLactalbumin 042 @6 017 an

Lactoferrin 027 a7 Traces

Prlactoglobulin - 057 66

Lysozyme 008 ©3) Traces

Serum albumin o008 ©5) 007 ©04)

A 016 a0 0,005 ©03)

G 0005 ©03) 0.09% ©06)

M 0.003 ©02) 0,005 ©03)

Nonprotein nitrogen 050 028

Urea nitrogen 025 013

Creatine nifrogen 0037 0,009

Creatinine nitrogen 0035 0.003

Uric acid nitrogen 0005 0.008

Glucosamine 0047 ?

a-Amino nitrogen 013 0048

Ammonia nitrogen 0.002 0.006

Nitrogen from other components. ? 0,074

Total nitrogen 193 531

From Forsum E, Lonnerdal B: Protein evaluation of breast milk and breast milk subsitutes with special referenceto the non-
protein nitrogen: Effect of protein intake on protein and nitrogen composition of breast milk, Am / Clin Nutr 33:1809, 1980.
Wakoes réler 1o arrr of nitsomen per BN vadoes within Basonthessa, reler 10 euis of bictel Der. liter:
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= SE (mg/dL)

: breasticd 12 2272168 o ot

B: artficial milk alone 16 47.4220f 2 758

C: atiicial milk + solid 33 51918 29 8
foods

From Davies DP, Saunders R: Blood urea: Normal values i carly infancy related to feeding practices, Arch Dis Child
48:563, 1973,

“When compared with group B and group C: p <0.001 (t= 9.7) and p <0.001 (t = 11.5), respectively.

+When compared with group B and group C: p <0.001 (t = 6.9) and p <0.001 (t = 15.5), respectively.

#When compared with group C: p >0.05 (t = 1.6).

§When compared with group C: p >0.05 t=1.1).
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Mortality Rate (per 1000)

Breastied __ Artifically Fed

Berlin, Germany 1895-1896 57 376 943 624 319
Bremen, Gemany 1905 68 379 932 621 an
Hanover, Germany 1912 9% 296 904 704 200
Boston, Mass. 1911 30 1 970 788 182
Fight USS. ctiest 1911-1916 76 255 924 745 179
Paris, France. 1900 140 310 860 690 170
Cologne, Germany  1908-1909 7 241 027 759 168
Amsterdam, Holland 1904 144 304 856 6% 160
Liverpool, England 1905 84 134 916 866 144
Eight UsS. citiest 19111916 76 215 924 785 139
Derby, England 1900-1903 70 198 930 802 128
Chicago, Il 19241929 2 8 998 916 82
Liverpool, England  1936-1942 10 57 990 943 47
Great Brtain 1946-1947 9 18 991 982 9

From Knodel |: Breastieeding and population growth, Science 101
tion for the Advancement of Science.
*Mostof these rates do not include deaths in thefirst few days or weeks of life; morality rateis therefore underestimated
and survival rate overestimated. Only the rates for the eight U.S. cities in 1911-1916 represent mortality rate from birth;
deaths that occurred before any feeding are proportionately allocated to the two feeding categories. The rates for Berlin,
Bremen, Hanover, Cologne, and the eight US. cities were derived by applying lfe table techniqes to mortalty rates
given by single moniths of age.
+Comparison of breastied infants with

11, 1977. Copyright © 1977 by the American Associa-






OEBPS/OEBPS/images/B9781437707885100033_t0010.jpg
jon _ Local Factors _ Description
? Fat pad Epithelial bud develops in 18- to-19-week-old
nec fetus, extending short distance into
for ductal mammary fat pad with blind ducts that
extension become canalized; some milk secretion
may be present at birth.

Puberty Estiogen, GH 1GE-1, hGF, Ductal extension into mammary pad;

Before onset of menses  Estrogen, TGF, 2 branching morphogenesis

After onset of menses others Lobular with formation of

1 F!:l i

terminal duct lobular unit (TDLUNformation
of terminal duct lobular unit (TDLU)

Mammogenesis Anatomic development
Pregnancy. Progesterone, PRL,  HER, Zothers  Alveolus formation; partal cellular
hPL differentiation
Lactogenesis esterone Not known Onset of milk secretion
withdrawal, PRL, Stage I: midpregnancy
glucocorticoid Stage I: parturiion
Lactation PRL, oxytocin AL ‘Ongoing milk secretion
Involution PRL withdrawal Milkstasis, 2 L Alveolar epithelium undergoes apoptosis and
ing; gland reverts to prepregnant
state

Modified from Neville MC. Mammary gland biology and lactation. 3 short course. Presented at biannual meeting of the Interna-
tonal Socicty for Rescarch on Human Milk and Lactation, Plymouth, Mass, October, 1997.
et etk
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Intent: at 1 Week Postpartum, Action: at 10 Weeks,
Mothers Were Asked Mothers Were Asked:
Wiryouhavea () I youTiave T Tryou had a problem () If you stopped

problem with nurs-  already had a prob-  with nursing, and continued  nursing, whom did
ing, whom will you  lem, whom did you  nursing, whom did you go to you go to for advice?

Source of advice _call? (n=113) (%) _call? (n=19) (%) __for advice? @ =23) (%) (n=26) (%)
Pediarician 36 2 5 6
Support group 2 » s )
Family 12 5 4 o
Friends 10 o )
Obsteician/ 3 o 4
gynecologist

Nurse/midwiie 6 21 9 o
Noone o 0 17 50
Do not know 3 o - -

From Ferris AM, McCabe LT, Allen LH, et al: Biological and sociocultural determinants of successful lactation among
wosen In eaitem Conneciicut. ] Am Dike Assoc 872316 1987
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Mammalian Species
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Black rhinoceros 81 00 11 03 - 61 03
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Domestic dog 25 129 58 21 < 12
Norway rat 20 103 64 20 - 26 13
‘Whitetail jackrabbit 08 139 197 40 = 17 s

Modiied from Jenness R, Sloan RE: Composition of milk. In Larson BL, Smith VR, editors: Lactation, Vol 3, Nutrition and
Blochernistry of nili/mainenance, New York. 1974, Academic Press.
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From Hambraeus L: Proprietary milk versus human breast milk in infant fecding: A critical appraisal from the nutriional
boint of view, Pediatr Clin North Am 24:17, 1977.
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Percentage of Children  Percentage of Children  Percentage of Children
(2000-2006) Who Are  (2000-2006) Who Are (2000-2006) Who Are
Exclusively Breastied  Breastied With Comple-  Still Breastieeding

Country Groups Months) mentary Food (6-9 Months) (2023 Months)

Cenural and Eastern Europe, Com- 19 7 23
‘monwealth of Independent States

Developing countries 38 56 40
East Asia and Pacific a3 45 27
Eastern and Southern Africa 39 7 56
Industrialized countries - - -
Latin America and Caribbean = = =

Least developed countries 35 64 6
Middle East and North Africa 2 57 25
South Asia 45 55 -
Sub-Saharan Africa 30 67 50
Western and Central Africa 2 63 6
World 38 56 39

World Health Organization Popul:

tion Reports, Geneva, 2004,
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Potassium

Age Sodium (mg)  (mg)

To6mo  115-350(11.5 350-925  275-700
mg/kg)

6mo-1yr  250-750 (23 425-1500  400-1200
mg/kg)

From Food and Nutrition Board, National Research
Council, National Academy of Sciences: Recommended
Dietary Allowances, ed 10, Washington, DC, 1989, U.S.
Government Printing Office.
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Percentage of Total Lipids at Lactation Day

Lipid Class

Totllipid, % inmilk® 2042132 2894031 3452037 3192043 4872062
Phospholipid 1 08 08 06 06 081
Monoacylglycerol - - — - ND
Free faty acids = = - = 0.08
Cholesterol (mg/dL)# 13645  07002) 05073  0507.3) 040195 034
1,2-Diacylglycerol - - - - - 001
1,3-Diacylglycerol = = — = ND
Tracylglycerol 976 95 9.7 9.9 990 98.76
Cholesterol esters (g

Number of women 39 Bl 2 18 8 6

From Jensen RG, Bitman J, Carlson SE: Milk lipids. In: Jensen RG, editor: Handbook of Milk Composition, San Diego, 1995,
Academic Press.

ND, Not done.

*Mean = SEM.

+Total cholesterol content ranges from 10 to 20 mg/L after 21 days in most milks.

#Not reported, but in Bitman et al (Bitman ), Wood DL, Mehta NR, et al: Comparison of the cholesteryl ester composition
of human milk from preterm and term mothers, / Pediatr Gastroenterol Nutr 5:780, 1986), it was 5 mg/dL. at 3 days and
1 maidl. st 21 days and thesealter.
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From Neville MC: Breastfeeding, part I: the evidence for breasfecding: Anatomy and physiology of actation, Peiar Cix North A

4813, 2001

2and . posibly, , unknown, L. Feedback inhibitor of sctation; GH, growth hormone, HER, herregulin, HGE human growth
factor; IGF-1, insulin-like growth factor-1, PRL prolactin; TGF- transforming growth factor.
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Bangladesh 85 07 a7
Belarus 100 97 0
Cameroon 70 82 212
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Malawi 7 10 129 567
Peru 84 120 a4 639
United Kingdom 100 29 82 10

United States 99 321 153 19
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erals Colostrum tional ~ Mature

Calcium 39 46 35
(mg)

Chlorine 85 16 40 108
(mg)

Copper (ug) 40 50 40 14

Iron (ug) 70 70 100 70

Magnesium 4 4 4 12
(mg)

Phosphorus 14 20 15 120
(mg)

Potassium 74 64 57 145
(mg)

Sodium 48 29 15 58
(mg)

Sulfur (mg) 22 20 14 30

Total ash - - 200 700
(mg)

From Food and Nutrition Board, National Research
Council, National Academy of Sciences: Recommended
Dietary Allowances, ed 10, Washington, DC, 1989, U.S.
Government Printing Office.
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From Lammi-Keefe CJ, Jensen RG: Lipids in human milk: a review. / Pediatr Gastroenterol Nutr 3:172, 1984.
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6mo-lyr 600 500 60 10 5 50

From Food and Nutriion Board, National Research Council, National Academy of Sciences: Recommended Dietary
Allowances, ed 10, Washington, DC, 1989, U.S, Government Printing Office.
*Because itle information is available on which to base allowances, these amounts are provided in the form of ranges of
stmh oo diby
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Number 12 7 19 5 21

Saturates

60 = = = = =

80 0162003 0222001 = - -

100 1562013 1572009 184040 132051 04

120 7075078 547066 662054 322049 172035

140 8162100 6582073 69058 522050 452035

160 15312073 20481064 1812134 2122107 2512078

180 4482037 8142055 494036 742035 972068

200 0542002 0572003 = = =

total 3728 4299

Monounsaturates

16:1 1662014 3351028 491024 292037 342035

181 26895147 347086 3225106 3532194 3872127

total 2855 38.06 3710 382 421

Polyunsaturates

N-6 series

182 8822139 14472198 2382140 195362 1092096

202 0722003 0502003 = =

203 0622003 0562003 044003 0422007 040008

204 0682003 0682003 0324002 0382005 0352003

total 3084 1621 314 275 184

N-3 series

183 2762016 1852016 136018 1252022 0492006

26 0222008 0272008 0142006 0302005 0362007

total 305 212 150 155 086
Dictary Information

Vegetarian (col. 2): whole cereal grains, 50%-60%; soup,  Vegan: No foods of animal or

5% vegetables, 20%-25%; beans and sea vegetables,
'5%10%; macrobiotic diet for a mean of 81 months; no
‘meat or dairy products; occasional seafood, nuts, and fuit

Contro: typical dict in the United States Vegetarian (col. 5): Exclude meat and fish

Omivore: typical Western diet

From Jensen RG, Bitman}, Caron E: Mk lpcs In ensen RG,edor: Handbook of Milk Composiion, San Diego, 1995,
Academic Press.

“Modified from Specker BL, Wey HE, Miller D: Differences in faty acid composition of human milk in vegetarian and
nonvegetarian women: Long ferm effectof dit, | Peciatr Gastroenterol Nuly 6:764, 1987.

New England donors: Vegetarians, 3 o 13 months postpartum; control subjects, 1 to 5 months; capilary gas-liquid chro-
matography colums.

#Modified from Sanders TA, Reddy S: The influence of a vegetarian diet on the fatty acid composition of human milk
and the essential faty acid status of the infant, | Peciatr 120:571, 1992. Brtish donors: 6 weeks postpartum; packed GLC
e heacdy
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From Carlson SE: Human milk nonprotein nitrogen: Occur-
rence and possible function, Adv Pediatr 32:43, 1985.
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Nutrient Human

liter = SD wler = SD
720225 Vitamin A, RE 67022002230 1U)
Vitamin D 05520.10
390240 Vitamin K 21201
mg/lier = SD Folate 852374
Calcium 280226 Vitamin 8.2 0978
Phosphorus 14022 Biotin 421
Magnesium 3522 Todine 110240
Sodium 180 = 40 Selenium 2025
Potassium 525235 Manganese 622
Chloride 42060 Fluoride. 1625
ron 03201 Chromium 5025
Zine 12202 Molybdenum NR
Copper 0252003
Vitamin E 23210
Vitamin € 40+10
Thiamin 021020035
Riboflavin 03500025
Niacin 1500 £0.200
Vitamin B, 93289
Pantothenic acid 1.800 0,200

From Report of Subcommitee, Institute of Medicine: Nutition During Lactation, Washington, DC, 1991, National Academy
Press.

*Data from Pediatrc Nutition Handbook, ed 2, Elk Grove Village, ll, 1985, AAP, p 363, unless otherwise indicated
Values are representative of amounts of nultients present in human milk; some may difer slightly from those reported by
investigators cited in text.

#From Brown CM, Smith CM, Picciano MF: Forms of human milk folacin and variation patterns, / Pediatr Gastroenterol
Natr 5:278, 1986,

$From Sandberg DP, Begley JA, Hall CA: The content, binding, and forms of itamin B, in milk. Am | Clin Nutr 34:1717,
1981

sStandard deviation not reported; range 0.33 to 3.20.

From Styslinger L, Kirksey A: Effects of different levels of vitamin B-6 supplementation on vitamin B-6 concentrations in
human milk and vitamin B-6 intakes of breastied infants, Am / Cin Nutr 41:21, 19¢
IU, International units: NR. not reported: RE. retinol eauivalents: SO, standard den
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“Exclusive:breast milk only.
4Predominant breast milk and water and other nonmilk lquids.

4Complemented: breast milk and ol orsemisolid oods

iContinued: any breasticeding, independent oftype of supplements.

9Data NA for 1998 survey.

BE Breasieding; NA, not avilable.

Brcasiceing is considered exclusive when a child feceives o food orliguid othr than breast milk. Predominani breast-
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No fooc-based luids other than rut uice o sugar wate ae allowee under this definition (Labbok and World Health
Otgankiation. W Possudation Ssoris.
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Compartment

Aaueous phase 870 Compounds of Ca, Mg, POy, Na, K, C1, €Oy, 0.2asash
citrate, casein

True solution (1 nm)

Whey proteins (3-9 nm) Whey proteins: a-lactalbumin, lactoferrin, IgA, 0.6
Iysozyme, serum albumin
Lactose and oligosaccharides; 7.0 and 1.0% 80

Nonprotein nitrogen compounds: glucosamine, 3550 mg N
urea, amino acids; 20% of total N

Miscellaneous: B vitamins, ascorbic acid

Colloidal dispersion (11-55 nm, 03 Caseins: beta and kappa, Ca, PO 0203
10%/ml)
Emulsion
Fat globules (4 ym, 1.11%mL) 40 Fat globules: tracylglycerols,sterol esters 40
Fatglobule membrane. 20 Milk-fat-globule membrane: proteins, phospho- 2% of total
Interfacial layer lipids, cholesterol, enzymes, trace minerals, lipid
fat-soluble vitamins
Cells (8-40 pm, 10%-10%mb) Macrophages, neutrophils, lymphocytes, epithe-
Tl cells

From Jensen RG: The Lipids of Human Milk, Boca Raton, Fla, 1989, CRC.
eAll flcxes are spirosimele:
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