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INTRODUCTION

Noél Cameron

This book has its origins in my own lectures on human growth and develop-
ment given to undergraduates attending British and South African universities over
the last 25 years. In 1976, while studying for my doctoral degree under the super-
vision of James Tanner at London University’s Institute of Child Health, I was asked
to give an annual series of lectures to Biological Anthropology students at Cam-
bridge University. The late William Marshall, who had been the “reader” in Tan-
ner’s department before taking the professorship and chair in Human Biology at
Loughborough University, had previously given these lectures. At about the same
time, the geneticist Alan Bittles, then a senior lecturer in Human Biology at Chelsea
College, London University, asked me to provide a similar series of lectures to
his students.

Faced with the prospect of two series of lectures, I searched the available lit-
erature to determine what I could use as sources to write the lectures and what I
could recommend to students.

In the 1970s, there were a number of texts, almost exclusively from America,
describing the growth and development of children. Ernest Watson and George
Lowrey, pediatricians at the University of Michigan Medical School, had first writ-
ten the Growth and Development of Children in 1951." Physical anthropologist
and human biologist Stanley Garn, then chairman of the “Physical Growth Depart-
ment” at the Fels Research Institute in Ohio, collaborated with Israeli pediatrician
Zvi Shamir, from Jerusalem, to write Methods for Research in Human Growth in
1958.2 Donald Cheek of Johns Hopkins University wrote Human Growth: Body
Composition, Cell Growth, Energy, and Intelligence, published in 19683; and the
very useful Child Growth, by Wilton Krogman, recently retired from the Univer-
sity of Pennsylvania, was published in 1972.# In 1966, a landmark work edited by
Frank Falkner was destined to be the forerunner to a number of more recent texts
in similar style. Called simply Human Development, it was, I think, the first vol-
ume to use different “authorities” (29 in this case) to provide the breadth and depth
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X1V INTRODUCTION

required to understand this most diverse of subjects.> However, with some notable
exceptions, almost all of these volumes had been written by pediatricians inter-
ested in the clinical aspects of the subject rather than the biology of growth. In
addition to the usual descriptions of the pattern of human growth, they were replete
with diagnostic criteria and assessment procedures. They had little in the way of
discussion of broader topics and the biological and conceptual basis of growth and
development.

In the United Kingdom, Tanner’s Growth at Adolescence, first published in 1959
and in a second edition in 1962,° was, as it is now, the classic core text to be sup-
plemented by a variety of scholarly scientific reviews and research papers to cover
preadolescent growth and some other areas in greater depth. Later, his Foetus into
Man (1978)7 partially made up for this deficit, but it was to some extent an intro-
ductory text and there was still the need for greater depth to be added through spe-
cific references. In the same year (1978), Frank Falkner collaborated with his friend
and previous colleague Jim Tanner to edit the three volume series Human Growth:
A Comprehensive Treatise,® which was an excellent library resource but far too
expensive for the undergraduate or graduate student. Clearly by the 1970s many
of the earlier texts were becoming dated and my solution was to cite a variety of
individual chapters from these various authorities and supplement them with more
up to date research papers.

During my sojourn in South Africa, between 1984 and 1997, I lectured to large
classes of 400 or more students studying medicine and the allied medical disci-
plines (dentistry, physiotherapy, occupational therapy, and nursing) in addition to
smaller classes of medical science students. The large formal lecture classes pre-
sented a relatively restricted opportunity for discussion and the need to portray
the biology of human growth in an immediate, vivid way in five or six lectures.
The smaller medical science classes allowed me the freedom to “discuss” rather
than “teach” human growth and development and to do so in an expansive series
of 15 lectures covering half the academic year. By this time, I was invariably rec-
ommending Tanner’s Growth at Adolescence and Foetus into Man in addition to
specific contributions from Falkner and Tanner’s “comprehensive treatise.” Barry
Bogin’s Patterns of Human Growth became an accepted alternative text for this
audience on its publication in 1988.° However, like Foetus into Man, it suffered
from being written from the perspective and knowledge of a single author and so
lacked the breadth, and at times the depth, to be universally recommended.

Out of these experiences came the awareness that a course-work reference text
was needed for undergraduate and graduate students but that no single scientist
could hope to properly cover the different aspects of human growth and develop-
ment with the breadth and depth required. Rather, what was needed was a team
of lecturers and, if it was to be the best possible text, this team would have to be
recognized international experts in their fields of interest. They would indeed be
a “dream team” that would, in effect, be invited into the lecture theater to provide
a one-hour discourse on their subject. The target audience was the senior under-
graduate or immediate postgraduate student; that is, the American graduate stu-
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dent. Therefore, a basic understanding of human biology was expected: human
evolution, Mendelian genetics, anatomy, physiology, and descriptive statistics. The
text would not only cover the important issues in human growth and development
but allow the students the freedom to investigate the subject further through a good
annotated reference list and a variety of recommended websites.

Thus, this particular volume was conceived. The contributors were requested
to design their manuscript as a lecture that could be given in approximately 60
minutes. Each lecture is augmented by a list of appropriate reference material that
the lecturer and students can use to extend any particular aspect of the lecture and
provide both breadth and depth to the studies. Most, but not all, lecturers provided
a summary or conclusion and some have annotated specific references that they
feel contain core information. The limited time for each lecture is based on the
duration of a normal university lecture of approximately 60 minutes and forces
the lecturer to focus on the essential information. Through the reference list, the
lecturer may guide the students toward extending their knowledge.

THE LECTURES AND LECTURERS

The first four lectures provide the core of a course on human growth in which
the biological process of growth from birth to adulthood is described. My first chap-
ter forms an introduction to the pattern and biology of human growth and devel-
opment; the major areas that will be covered by the following 17 chapters.

This broad overview reflects my own breadth of experience and research in
human growth and development. Doctoral study supervised by James Tanner at
the Institute of Child Health at London University initiated my own background
in human growth research. Concurrently, I acted as the clinical auxologist for Tan-
ner’s growth disorder clinics at the Hospital for Sick Children, Great Ormond Street,
in which I assessed the growth and skeletal maturation of each child attending the
clinics. With this dual role, I received probably the best available education and
experience in the research techniques applied to both normal and abnormal growth.
A lectureship in the same department followed the successful completion of my
doctorate, and in time, I found myself being drawn toward the idea of working in
a developing country. In this way, I felt that I could put my knowledge and expe-
rience to work in a demanding environment in which human growth was the clear-
est measure of the health and well-being of children.

Keen to put my theory into practice, I went to South Africa in 1984, a time when
the black population of that country had experienced almost 40 years of active dis-
crimination. The policy of apartheid had resulted in a society divided not only by
color but by differential qualities of health care, access to education, living con-
ditions, and economic empowerment. However, it was clear to those living in South
Africa that the end of apartheid was drawing close, and with it, the need for knowl-
edge of the health and well-being of children through information on their growth
and development was of primary importance. I initiated two longitudinal studies
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of rural black children in 1985 and 1986. These set the baseline for comparisons
to children in the notorious “township” of Soweto (in fact a city of about 1.5 mil-
lion people called the “SOuth WEst TOwnship”’; hence, Soweto). The national cen-
sus of 1983 had identified the increasing migration of the black population into
urban areas; 14 million were predicted to migrate to urban areas by 2000 and those
areas were expected to double in size by 2010. With this realization, the need for
relevant up-to-date information on the maternal and child health of these new urban
dwellers was intensified; and with clinical and epidemiological colleagues, I ini-
tiated the Birth to Ten birth cohort study in 1990. Out of all the births in Soweto
and Johannesburg over a 6-week period, over 4000 (74%) were voluntarily enrolled
into what is now one of the largest and most detailed studies of child health and
growth in the world. Thus, I bring to this book my broad and, I hope, profound
experience of normal and abnormal growth in both developed and developing soci-
eties and my experience of the assessment of maturity.

Professor Horacio Lejarraga, from Buenos Aires, who provides the second lec-
ture on growth in infancy and childhood, is a pediatric endocrinologist with an inter-
est in child growth that extends over the last 40 years. Having qualified in medicine,
he earned a Ph.D. under James Tanner’s supervision in London before returning to
Argentina to develop an awareness of the importance of human growth among the
pediatric community. As president of Argentina’s 10,000-strong Society of Paedi-
atrics, he is responsible for Argentina’s national growth studies and growth refer-
ence charts. Thus, while covering the basic pattern of growth in infancy and
childhood, he also brings a clinical perspective to the area of preadolescent growth.

Chapter 3 is provided by Professor Roland Hauspie, from the Free University
of Brussels. Hauspie is recognized as an international expert on the mathematical
modeling of the human growth curve and plays a prominent role in European aux-
ology. Knowledge of the pattern, magnitude, duration, and variability of adoles-
cent growth was considerably enhanced by modeling techniques, and these are
expertly described in Hauspie’s lecture.

Peter Ellison, a professor at Harvard College and dean of the Graduate School
of Arts and Sciences, is an anthropologist with an international reputation for
research on reproductive biology. A spate of recent books (e.g., On Fertile Ground'?)
established him as the leading reproductive physiologist of his generation. His chap-
ter on puberty reflects this research interest in addition to demonstrating his strong
reputation as a communicator and teacher.

Chapters 5 and 6 address the control of the process of growth through the
endocrine system and genetics. Peter Hindmarsh, coauthor of the core text on pae-
diatric endocrinology,'! has for some time been the leading pediatric endocrinol-
ogist at London University’s Institute of Child Health. He brings both a biological
and clinical approach to the endocrinology of growth. Brad Towne, Ellen Demerath,
and Stefan Czerwinski work within America’s leading center for human growth
research at Wright State University and, in many respects, form the “rising stars”
of our dream team. Brad Towne is a physical anthropologist by undergraduate train-
ing but an epidemiological and statistical geneticist by postgraduate experience
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and international reputation. Following a postdoctoral position in the early 1990s
with Dr. John Blangero’s team at the highly respected Southwest Foundation in
Texas, he continues to be closely associated with their work. Ellen Demerath and
Stefan Czerwinski are thoroughbred anthropologists, coming from excellent sta-
bles. The former is from Harvard and the University of Pennsylvania under the
influence of Peter Ellison (Chapter 4) and Francis E. Johnston (Chapter 9), respec-
tively; the latter is from the University of New York and the laboratory of Lawrence
M. Schell (Chapter 8) in addition to a recent postdoctoral position at the South-
west Foundation. They provide an excellent and detailed chapter that thoroughly
introduces the theory and methods of auxological genetics.

Chapters 7 through 9 examine factors that affect human growth through the envi-
ronment: nutrition, the physical environment, and the socioeconomic environment.
Nick Norgan, my colleague at Loughborough University, first taught me almost
30 years ago, as he began his postdoctoral academic career. He is a human biol-
ogist specializing in human energetics and body composition. His international rep-
utation has been founded on population studies in the United Kingdom, Europe,
India, Australia, and Papua, New Guinea, and surveys and studies of diet, nutri-
tional status, anthropometry, physical activity, energy expenditure, and body com-
position. Currently he is the reader in Human Biology at Loughborough University,
teaching courses on introductory physiology, the ecology of nutrition, and specialized
courses in human energetics. Lawrence Schell has had a distinguished academic
career in anthropology. His interest in human growth and, particularly, the effects
of environmental stressors began almost 30 years ago, during his doctoral studies
under the supervision of Francis E. Johnston at the University of Pennsylvania.
At that time, the effect of aircraft noise on the growth, health, and well-being of
infants living near airports was his primary concern. Now, he is recognized as the
leading authority on the effect of environmental pollutants on human growth. Fran-
cis E. Johnston is a giant in the research and teaching on human growth. Falling
under the academic influence of Wilton Krogman during his graduate studies, he
has since had an enormous influence on the current generation of biologists and
anthropologists interested in human growth and development. That influence is
evidenced by the fact that five of his former doctoral students contributed to this
volume (Bogin, Demerath, Lampl, Schell, and Zemel); and he continues to actively
nurture and guide the science of auxology.

Chapters 10 and 11 are specifically aimed at preclinical and clinical students.
John S. Parks is a professor of Pediatrics at Emory University and America’s lead-
ing pediatric endocrinologist. He has a major interest in the genetics underlying
and controlling the process of human growth and demonstrates his recognized abil-
ity as a teacher within his highly readable chapter. Michael A. Preece is a profes-
sor of Child Health and Growth at London University’s Institute of Child Health,
a position he occupied following the retirement of James M. Tanner. Thus, his aca-
demic history within human growth is distinguished. His early contributions were
in endocrinology and statistics (particularly mathematical modeling), but later he
moved toward molecular genetics and teaches within that theme in this volume.
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Chapters 12 through 15 provide insight into specific topics within auxology
that I believe should not be excluded from a thorough consideration of the sci-
ence. The achievement of growth through the process of saltation and stasis was
first demonstrated by Michelle Lampl in 1992.12 T think this discovery is one of
the most profound contributions to auxology in the latter part of the last century.
It gives focus to the way in which we think about the control of human growth
and answers many questions about the relationship between growth at the molec-
ular, cellular, tissue, organ, and whole body levels. Babette Zemel, from the Uni-
versity of Pennsylvania, who writes about body composition and human growth,
brings the expertise of both the anthropologist and clinical scientist to bear on
this important area. Her early training in human growth was under the supervi-
sion of Francis Johnston. Following her doctoral studies in Papua, New Guinea,
she became increasingly involved in the assessment of the growth and develop-
ment of children with clinical disorders—much like my own training with Tan-
ner as a clinical auxologist. Her contributions to our knowledge of the changes
in the body composition of children compromised by disease and disorders are
internationally recognized. Barry Bogin’s Patterns of Human Growth was first
published in 1988.° In some respects, that volume was a vehicle for his evolu-
tionary and biocultural approach to human growth and development and has rightly
become a recognized inclusion in university reading lists. Here, he expands specif-
ically on the evolution of the pattern of human growth and, in so doing, raises
important questions about how this biological process is modified by evolution-
ary and environmental forces. Robert M. Malina holds two doctoral degrees, in
Anthropology and Physical Education. It is not surprising therefore that his con-
tribution to our knowledge of human growth and development has been in the
relationship of exercise to the process of growth and maturation. Recognized as
the world authority in this area, his contributions have spanned four decades and
given rise to a global awareness of the central role played by exercise in main-
taining normal growth.

Finally, Chapters 16 through 19 describe the methodological basis of research
in human growth and development: how we assess growth and maturation and
how we convert these data to usable growth references and standards. Cameron
Chumlea was a student of Robert M. Malina before taking up a position as research
scientist at the Fels Research Institute, Wright State School of Medicine, in 1978.
He was heavily involved in managing the day-to-day running of the Fels Longi-
tudinal Study, involving anthropometry, body composition, and skeletal maturity
assessments. As the Fels Professor in the Departments of Community Health and
Pediatrics, his experience is broad and his contributions cover not only human
growth but also measurement of the elderly. Tim J. Cole is Britain’s leading expert
in the statistical analysis of growth data. His LMS method for creating the cen-
tiles required for growth reference charts has been accepted throughout the world,
and he is in charge of producing the World Health Organization’s new growth
charts for global use.
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USING THIS BOOK

The chapters or lectures within this volume have been designed so that a “core”
course can be extracted that provides information on the most important issues.
For example, assuming that the first introductory chapter is always included, a class
of human biologists or anthropologists would also need the lectures on infancy
and childhood, adolescence, and puberty to understand the underlying biology. To
these could be added the environmental lectures and the methodological lectures
to equip them with the skills for fieldwork. Preclinical or clinical students would
need to understand the basic biology but also lectures on endocrinology, growth
disorders, and assessment procedures. In this way, a series of lectures can be cre-
ated to cater to the needs of a variety of audiences, such as medical, allied medi-
cal disciplines (physiotherapy, occupational therapy, nursing, etc.), dentistry,
anthropology, human biology, education, sports science, sociology, psychology,
and any other course dealing with children that will necessarily include informa-
tion on human growth and development. Almost all the lectures carry their own
reference list or bibliography but I have also grouped annotated texts into one sec-
tion to allow the reader to browse, as if in a bookstore, and glean something of
the essence of each book that may be useful.

Final-year students, graduates, and those who have wandered in the vale of
academe for many years will appreciate the old adage that “organizing academics
is like herding cats.” Their very independence of thought and action is what makes
them the free thinkers they are. Therefore, to get them all to conform to a specific
style is not even a remote possibility. This results in a series of lectures that vary
in format. Some lecturers have chosen to lecture as they would present a schol-
arly textbook chapter; others have been more expansive and less formal. In any
case, I consider this variability to be a strength. The student will not be faced by
a stereotyped series of lectures just as, in the university lecture theater, no two lec-
turers are the same.

As editor, I have had the mostly pleasurable experience of seeking some degree
of rationality, of attempting to create an ordered series of lectures that would be
of major benefit to students and lecturers alike. I thank all the contributors for their
willingness to cooperate in this venture and appreciate that most have been under
considerable pressure but have nevertheless been timely and gracious in their deal-
ings with me. I thank my friends and colleagues within the science of auxology
who have encouraged me to complete this task and hope that their confidence in
my ability to produce a worthwhile volume has not been misplaced. Finally, I thank
my partner, Anette, and my children Jamie and Beth for their forbearance of my
ready willingness to leave them in search of new audiences for my research. This
book is dedicated to them, for it would not have been possible without them.

I hope that students find within these pages a biological story that excites and
fascinates them as it has me for the last three decades. The process of growth and
maturation is one that every living thing in the history of our planet has experienced.
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I do not think that the complexity of that process has reached or will reach an end
point with Homo sapiens, because the process of human growth is constantly
dynamic and constantly changing in response to the changes in the environment,
both global and local, in which we live. For me, this plasticity, resulting in the
wonderfully varied species we see around us, makes the process of human growth
so fascinating.
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HUMAN GROWTH CURVE,
CANALIZATION, AND
CATCH-UP GROWTH

Noél Cameron, M.Sc., Ph.D., CBiol., FIBiol.

Professor of Human Biology, Department of Human Sciences, Loughborough
University, Leicestershire, United Kingdom

HISTORICAL BACKGROUND

This introduction to the curve of human growth and development begins in the
Age of Enlightenment in eighteenth century France. Between the death of Louis
XIV in 1715, and the coup d’état of November 9, 1799, which brought Napoleon
Bonaparte to power, philosophy, science, and art were dominated by a movement
away from monarchial authority and dogma and toward a more liberal and empir-
ical attitude.' Its philosophers and scientists believed that people’s habits of think-
ing were based on irrationality, polluted by religious dogma, superstition, and
overadherence to historical precedent and irrelevant tradition. The way to escape
from this, to move forward, was to seek for true knowledge in every sphere of
life, to establish the truth and build on it. People’s minds were, literally, to be
“enlightened.” Its prime impulse was in pre-Revolutionary France within a group
of mostly aristocratic and bourgeois natural scientists and philosophers, who
included Rousseau, Voltaire, Diderot (whose Encyclopedia was the first literary
monument to the Enlightenment), and the Compte de Buffon. Georges Louis LeClerc
(Figure 1-1), the Compte de Buffon, was a core member of this group, often known
collectively as the Encyclopedists, because of their contributions to Diderot’s work.

Buffon was born on September 7, 1707, at Montbard in Bourgogne, the provin-
cial capital of Dijon in southwest France. His father, described by the biographer
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FIGURE 1-1 Georges Louis LeClerc, Compte de Buffon (1707-1788).
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Franck Bourdier as “un homme sans grand charactere,” was a minor parliamen-
tary official married to an older woman, Anne-Christian Martin.? She died of tuber-
culosis when Buffon was only 7 years old. However, an extremely wealthy uncle,
Georges Blaisot, had financially favored his niece Anne-Christian, and on her death
she left her husband and son with a considerable fortune. Monsieur Leclerc used
these funds in 1717 to buy the land of Buffon and the “chatellenie” of Montbard
at Dijon. Georges Louis was educated by the Jesuits at the Colleges de Godran,
where he demonstrated an aptitude for mathematics. In 1728, he moved to the Uni-
versity of Angers and thence suddenly to England following a duel with an offi-
cer of the Royal-Croates over “une intrigue d’amour.” He traveled in Switzerland,
France, and Italy during the next 4 years, returning to Dijon in 1732 to reach a
financial settlement with his father, with whom he had long argued following the
latter’s remarriage. He inherited his maternal ancestral estate at Montbard and
divided his time between Paris and the country, pursuing his interests in mathe-
matics, natural science, and sylviculture. By the age of 32, he was recognized as
the premier horticulturist and arborealist in France and was appointed by King
Louise XV as the director of the Jardin du Roi in 1739. This position was the equiv-
alent of being the chief curator of the Smithsonian Institution or the British Museum
of Natural History—it was the most prestigious governmental scientific position
in the “natural sciences” that Buffon could have obtained. During the next few
years, Buffon started to work on an immense project that was to include all that
was known of natural history. Histoire Naturelle, Générale et Particuliére would
be a vast undertaking, but one that Buffon, who from all accounts was a man of
no small ego, appears to relish and that, by his death, was composed of 36 vol-
umes. There were 15 volumes on quadrupeds (1749-1767), 9 on birds
(1770-1783), 5 on minerals (1783—-1788), and 7 “supplementary volumes.” Eight
further volumes prepared by E. de Lacepede were added posthumously between
1788 and 1804 and included two volumes on reptiles (1788-1789), five on fish
(1798-1803), and one on Cetacea (1804). However, the supplement to volume 14,
published in 1778, is particularly interesting to us.

On page 77 of this supplement is the record of the growth of a boy known sim-
ply as De Montbeillard’s son. The friendship between Philibert Geuneau De Mont-
beillard and Buffon had been secured by a common interest in the natural sciences.
Between 1770 and 1783, De Montbeillard coauthored the nine volumes of His-
toire Naturelle devoted to birds. He was also a correspondent of Diderot and clearly
recognized as one of the Encyclopedists. Given the desire of these central scien-
tific figures of the Enlightenment to measure and describe the natural world as it
is and to find the truth, it is not too surprising that De Montbeillard would take
an empirical interest in the growth of his own son. Nor is it inconceivable that his
friend and colleague Buffon would wish to include this primary evidence of the
course of human growth within his opus magnum.

De Montbeillard had been measuring the height of his son about every 6 months
from his birth in 1759 until he was 18 years of age in 1777. The boy’s measurements
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of height were reported in the French units of the time: pieds, pouces, and lignes,
which correspond roughly to present day units as a foot, inch, and 12th part of an
inch. (Tanner,* p. 470, notes that, “The Parisian pied, or foot, divided into 12 pouces,
or inches, each divided into 12 lignes, was longer than the English foot. [saac New-
ton . . . found 1 pied equal to 12.785 inches, but the later official conversion, on
the introduction of the metre, gave it as 12.7789 inches. The pouce, then, equals
2.71 cm whereas the English inch equals 2.54 cm.”)

Not until an American anatomist, R. E. Scammon, at the University of Min-
nesota, translated these measurements into centimeters and his results were pub-
lished in the American Journal of Physical Anthropology under the title “The First
Seriatim Study of Human Growth,” could we look on the growth of De Mont-
beillard’s son in the form of a chart.

THE DISTANCE CURVE OF GROWTH

By joining together the data points at each age, Scammon produced a curve
that described the height achieved at any age, which became known as a height
distance or height-for-age curve (Figure 1-2). We use the term distance to describe
height achieved, because it is easy to visualize and understand that a child’s height
at any particular age is a reflection of how far that child has progressed toward
adulthood. It embodies the sense of an ongoing journey that we are, as it were,
interrupting to take a “snapshot.” The resulting curve is interesting for a number
of reasons. First, when growth is measured at intervals of 6 months or a year, the
resultant curve is a relatively smooth and continuous process. It is not character-
ized by periods of no growth and then by dramatic increases in stature. Second,
growth is not a linear process. We do not gain the same amount of height during
each calendar year. Third, the curve of growth has four distinct phases (or five if
we include the mid-growth spurt, see later), corresponding to relatively rapid growth
in infancy, steady growth in childhood, rapid growth during adolescence, and very
slow growth as the individual approaches adulthood. Fourth, growth represents a
most dramatic increase in size. De Montbeillard’s son, for instance, grew from about
60 cm at birth to over 180 cm at adulthood. The majority of that growth occurs
during infancy and childhood, but perhaps the most important physical changes
occur during adolescence. Fifth, we cease growing, or reach adult height, during
our late teenage years, at 18 or 19 years of age.

The pattern of growth that we see from this curve is a function of the frequency
of data acquisition. For instance, if we were to measure a child only at birth and
at 18 years, we might believe, by joining up these two data points, that growth
was a linear process. Clearly, the more frequently we collect data, the more we
can understand about the actual pattern of growth on a yearly, monthly, weekly,
or even daily basis. Naturally, such high-frequency studies are logistically very
difficult, and therefore only a very few are in existence. The most important is prob-
ably that of Lampl, Veldhuis, and Johnson, who were able to assess growth in length,
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FIGURE 1-2 The growth of De Montbeillard’s son 1759-1777: Distance. (Redrawn from
Tanner JM. Growth at Adolescence, 2nd ed. Oxford: Blackwell Scientific Publications, 1962.)

weight, and head circumference on a sample of 31 children on daily, biweekly,
and weekly measurements.® The resulting data demonstrated that growth, in height
at least, may not be a continuous phenomenon but actually occur in short bursts
of activity (saltation) that punctuate periods of no growth (stasis) (see Chapter 12).
However, the data we have for De Montbeillard’s son was collected approximately
every 6 months and thus, at best, can tell us only about half-yearly or yearly pat-
terns of growth.

It is clear that the pattern of growth that results from these 6-monthly mea-
surements is composed of several different curves. During “infancy,” between birth
and about 5 years old, there is a smooth curve that we can describe as a “decay-
ing polynomial,” because it gradually departs negatively from a straight line as
time increases. During childhood, between 5 and about 10 years old, the pattern
does not depart dramatically from a straight line. This pattern changes during ado-
lescence, between about 10 and 18 years old, into an S-shaped, or sigmoid, curve,
reaching an asymptote at about 19 years old.

The fact that the total distance curve may be represented by several mathematical
functions allows us to apply mathematical “models” to the pattern of growth. These
models are parametric functions that contain constants, “parameters.” Once we have
found an appropriate function that fits the raw data, we can analyze the parame-
ters and, by so doing, learn a good deal about the process of human growth (see
Chapter 3). For instance, in the simplest case of two variables, such as age (X)
and height (Y), being linearly related between, say, 5 and 10 years of age (i.e., a
constant unit increase in age is related to a constant unit increase in height), the



6 HUMAN GROWTH AND DEVELOPMENT

mathematical function Y = a + bX describes their relationship. The parameter a
represents the point at which the straight line passes through the Y-axis and is called
the intercept; b represents the amount that X increases for each unit increase in Y
and is called the regression coefficient. Fitting this function to data from different
children and subsequent analysis of the parameters can tell us about the magni-
tude of the differences among the children and lead to further investigations of
the causes of the differences. Such time series analysis is extremely useful within
research on human growth because it allows us to reduce large amounts of data
to only a few parameters. In the case of De Montbeillard’s son, 37 height mea-
surements were made at 37 different ages, yielding 74 data items for analysis. The
fitting of an appropriate parametric function, such as the Preece-Baines function,’
which we discuss later (see Chapter 3), reduces these 74 items to just 5. Because
of their ability to reduce data from many to only a few items, such parametric solu-
tions are said to be parsimonious and are widely used in research into human growth.

THE VELOCITY GROWTH CURVE AND GROWTH SPURTS

The pattern created by changing rates of growth is more clearly seen by actu-
ally visualizing the rate of change of size with time; that is, “growth velocity,” or
in this particular case, “height velocity.” The term height velocity, coined by Tan-
ner,’ was based on the writings of D’ Arcy Wentworth Thompson (1860-1948).
D’ Arcy Thompson was a famous British natural scientist, who published a land-
mark biology text, Growth and Form, in 1917 with a second edition in 1942 %10
In the later edition (p. 95), Thompson wrote that, while the distance curve “showed
a continuous succession of varying magnitudes,” the curve of the rate of change
of height with time “shows a succession of varying velocities. The mathematicians
call it a curve of first differences; we may call it a curve of the rate (or rates) of
growth, or more simply a velocity curve.” The velocity of growth experienced by
De Montbeillard’s son is displayed in Figure 1-3. The Y-axis records height gain
in cm/yr~'; and the X-axis is the chronological age in years. We see that, follow-
ing birth, two relatively distinct increases in growth rate occur at 6-8 years and
again at 11-18 years. The first of these “growth spurts” is called the juvenile or
mid-growth spurt (see Chapter 2) and the second is called the adolescent growth
spurt (see Chapter 3).

There is, in fact, another growth spurt that we cannot see because it occurs prior
to birth. Between 20 and 30 weeks of gestation, the rate at which the length of the
fetus increases reaches a peak at approximately 120 cm/yr~!, but all we can observe
postnatally is the slope of decreasing velocity lasting until about 4 years of age.
Similarly, increase in weight also experiences a prenatal spurt but a little later, at
3040 weeks of gestation. Of course, information on the growth of the fetus is
difficult to obtain and relies largely on two sources of information: extrauterine
anthropometric measurements of preterm infants and intrauterine ultrasound mea-
surements of fetuses. Ultrasound assessments of crown-rump length indicate that
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FIGURE 1-3 The growth of De Montbeillard’s son 1759-1777: Velocity. (Redrawn from Tan-
ner JM. Growth at Adolescence, 2nd ed. Oxford: Blackwell Scientific Publications, 1962.)

growth is smooth and rapid during the first half of pregnancy. Indeed, it is so smooth
between 11 and 14 postmenstrual weeks, when the growth velocity is 10-12
mm/week ™!, gestational age can be calculated from a single measurement to within
+4.7 days. The 95% error band when three consecutive measurements are taken
is £2.7 days. Intrauterine growth charts for weight demonstrate that growth over
the last trimester of pregnancy follows a sigmoid pattern and, like the sigmoid pat-
tern reflected in height distance at adolescence, demonstrates a growth spurt when
velocity is derived. The spurt should reach a peak at about 34-36 weeks. Why should
the fetus be growing so quickly in terms of weight at this time? Results from an
analysis of 36 fetuses in the mid-1970s demonstrated that, between 30 and 40 post-
menstrual weeks, fat increases from an average of 30 g to 430 g. This dramatic
accumulation of fat is directly related to the fact that fat is a better source of energy
per unit volume than either protein or carbohydrate. Therefore, a significant store
of energy is available to the fetus for the immediate postnatal period.

While the prenatal spurt and juvenile growth spurt may vary in magnitude, they
seem to occur at roughly the same age, both within and between the sexes. The
adolescent growth spurt, however, varies in both magnitude and timing within and
between the sexes: Males enter their adolescent growth spurt almost 2 years later
than females and have a slightly greater magnitude of height gain. The result is
increased adult height for males, mainly resulting from their 2 years of extra growth
prior to adolescence. At the same time, other skeletal changes are occurring that
result in wider shoulders in males and, in relative terms, wider hips in females.
Males demonstrate rapid increases in muscle mass and females accumulate greater
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amounts of fat. Their fat is distributed in a “gynoid” pattern, mainly in the glu-
teofemoral region, rather than in the “android” pattern, with more centralized dis-
tribution characteristics of males (see Chapter 13). Physiologically, males develop
greater strength and lung capacity. Thus, by the end of adolescence, a degree of
morphological difference exists between the sexes: Men are larger and stronger
and more capable of hard physical work. Such sexual dimorphism is found to a
greater or lesser extent in all primates and reminds us that these physical devices
had, and perhaps still have, important sexual signaling roles (see Chapter 14).

In addition to dramatic growth during adolescence, increased adult size in men
is also achieved because of the extended period of childhood growth. This period
of childhood is peculiar to the Auman child, and its existence raises important ques-
tions about the evolution of the pattern of human growth. Theoretical work on this
evolution has been done recently by Barry Bogin at the University of Michigan.
He argues (see Chapter 14) that humans have a childhood because it creates a repro-
ductive advantage over other species through the mechanism of reduced birth spac-
ing and greater lifetime fertility. In addition, slow growth during childhood allows
for “developmental plasticity” in sympathy with the environment, with the result
that a greater percentage of human young survive than the young of any other mam-
malian species.

OTHER PATTERNS OF GROWTH

The pattern of growth in height, as demonstrated by De Montbeillard’s son,
is only one of several patterns of growth found within the body. Figure 1-4 illus-
trates the major differences in pattern as exemplified by neural tissue (brain and
head), lymphoid tissue (thymus, lymph nodes, intestinal lymph masses), and repro-
ductive tissue (testes, ovaries, epididymis, prostate, seminal vesicles, Fallopian
tubes) in addition to the general growth curve of height or weight and some major
organ systems (respiratory, digestive, urinary). The data on which this figure is
based are old, having originally been reported by R. E. Scammon in 1930,"! but
they are sufficient to allow us to appreciate that lymphoid, neural, and reproductive
tissue have patterns of growth very different from the general growth curve we
initially observed. Neural tissue exhibits strong early growth and is almost com-
plete by 8 years of age, while reproductive tissue does not really start to increase
in size until 13 or 14 years of age. The lymphatic system, which acts as a circu-
latory system for tissue fluid and includes the thymus, tonsils, and spleen in addi-
tion to the lymph nodes, demonstrates a remarkable increase in size until the early
adolescent years, then declines, perhaps as a result of the activities of sex hor-
mones during puberty (see Chapters 4 and 5). The majority of our interest in this
and other issues on growth concerns the pattern of growth as exhibited by height
and weight; that is, the “general” pattern in Figure 1-4. It is clear, however, that
research on the growth of neural tissue must be targeted at fetal and infant ages
and research on the growth of reproductive tissue on adolescent or teenage years
when growth is at a maximum.
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FIGURE 1-4 Growth curves of different parts and tissues of the body, showing the four main
types: lymphoid (thymus, lymph nodes, intestinal lymph masses); brain, neural tissue, and head
(brain and its parts, dura, spinal cord, optic system, cranial dimensions); general tissue (whole body
linear dimensions, respiratory and digestive organs, kidneys, aortic and pulmonary trunks, muscula-
ture, blood volume); reproductive tissue (testes, ovary, epididymis, prostate, seminal vesicles, Fal-
lopian tubes). (From Tanner JM. Growth at Adolescence. Oxford: Blackwell Scientific Publications,

1955.)

GROWTH VERSUS MATURITY

Although we have concentrated on the growth of one boy in eighteenth century
France, De Montbeillard’s son, it is now evident that his curves of growth (i.e.,
distance and velocity) reflect patterns found in all children who live in normal
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environmental circumstances. We may differ in the magnitude of growth that occurs
as is evident from our varying adult statures, but to reach our final height, we all
experience a similar pattern of human growth to a greater or lesser degree. It is
evident that growth in height is not the only form of somatic growth that occurs
in the human body. We already discussed that, as we experience the process of
growth in linear dimensions (i.e., as we get taller), we also experience other forms
of growth. We get heavier, fatter, and more muscular; and we experience changes
in our body proportions. In addition, we become more “mature” in that we expe-
rience an increase in our functional capacity with advancing age, which may be
evidenced in our increasing ability to undertake physical exercise in terms of both
magnitude and duration (see Chapter 15). Although we tend to think of “growth
and development” as a single biological phenomenon, both aspects have distinct
and important differences. Growth is defined as an increase in size, while matu-
rity or development is an increase in functional ability. The end point of growth
is the size we attain by adulthood, roughly corresponding to growth rates of less
than 1 cm/yr!, and the end point of maturity is when we are functionally able to
successfully procreate. This involves not simply to be able to produce viable sperm
in the case of men and viable ova in the case of women. Successful procreation
in a biological sense requires that the offspring survive so that they may also pro-
create. Therefore, successful maturation requires not just biological maturity but
also behavioral and perhaps social maturity.

The relationship between somatic growth and maturity is perhaps best illustrated
by Figure 1-5. The figure shows three boys and three girls who are of the same
ages within gender: The boys are exactly 14.75 years old and the girls 12.75 years
old. The most striking feature of this illustration is that, even though they are the
same age, they demonstrate vastly different degrees of maturity. The boy and girl
on the left are relatively immature compared to those on the right. To be able to
make these distinctions in levels of maturity, we must use some assessments of
maturation, “maturity indicators” (see Chapter 17). These may well include the
obvious development of secondary sexual characteristics (breast and pubic hair
in girls and genitalia and pubic hair in boys), in addition to dramatic changes in
body shape, increases in muscularity in boys and increases in body fat in girls. If
we look carefully, we see that distinct changes in the shape of the face also occur,
particularly in boys, which result in “stronger” features compared to the rather soft
outline of the preadolescent face. However, the maturity indicators we use to assess
maturation for clinical and research purposes are constrained by the need to demon-
strate “universality”—they must appear in the same sequence within both sexes—
and similarity in both beginning and end stages. Because human size is governed
by factors other than the process of maturation, we cannot use an absolute size to
determine maturation. Even though, in very general terms, someone who is large
is likely to be older and more mature than someone who is small, it is apparent
from Figure 1-4 that, as the two individuals approach each other in terms of age,
this distinction becomes blurred. We therefore use the appearance and relative size
of structures rather than their absolute size to reflect maturity. The most common
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FIGURE 1-5 Three boys and three girls photographed at the same chronological ages within
sex: 12.75 years for girls and 14.75 years for boys. (From Tanner JM. Growth and endocrinology of
the adolescent. In: Gardner L (ed). Endocrine and Genetic Diseases of Childhood, 2nd ed. Philadel-

phia: W. B. Saunders, 1975.)
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maturity indicators are secondary sexual development, skeletal maturity, and den-
tal maturity (see Chapter 17).

THE CONTROL OF GROWTH

Clearly, the process of human growth and development, which takes almost 20
years to complete, is a complex phenomenon. It is under the control of both genetic
and environmental influences, which operate in such a way that, at specific times
during the period of growth, one or the other may be the dominant influence. At
conception, we obtain a genetic blueprint that includes our potential for achiev-
ing a particular adult size and shape. The environment alters this potential. Clearly,
when the environment is neutral, when it is not exerting a negative influence on
the process of growth, the genetic potential can be fully realized. However, the
ability of environmental influences to alter genetic potential depends on a num-
ber of factors, including the time at which they occur; the strength, duration, and
frequency of their occurrence; and the age and gender of the child (see Chapter 9).

The control mechanism that environmental insult affects is the endocrine sys-
tem. The hypothalamus or “floor” of the diencephalon, situated at the superior end
of the brain stem, coordinates the activities of the neural and endocrine systems.
In terms of human growth and development, its most important association is with
the pituitary gland, which is situated beneath and slightly anterior to the hypotha-
lamus. The rich blood supply in the infundibulum, which connects the two glands,
carries regulatory hormones from the hypothalamus to the pituitary gland. The pitu-
itary gland has both anterior and posterior lobes. The anterior lobe, or adenohy-
pophysis, releases the major hormones controlling human growth and development:
growth hormone, thyroid-stimulating hormone, prolactin, the gonadotrophins
(luteinizing and follicle-stimulating hormones), and adrenocorticotrophic hormone
(see Chapters 4 and 5). Normal growth does not depend simply on an adequate
supply of growth hormone but is the result of a complex and at times exquisite
relationship between the nervous and endocrine systems. Hormones rarely act alone
but require the collaboration or intervention of other hormones to achieve their
full effect. Therefore, growth hormone causes the release of insulin-like growth
factor 1 (IGF-1) from the liver. IGF-1 directly affects skeletal muscle fibers and
cartilage cells in the long bones to increase the rate of uptake of amino acids and
incorporate them into new proteins, thus it contributes to growth in length during
infancy and childhood. At adolescence, however, the adolescent growth spurt will
not occur without the collaboration of the gonadal hormones: testosterone in boys,
estrogen in girls.

There is ample evidence from research on children with abnormally short stature
that a variety of environmental insults disturb the endocrine system, causing a re-
duction in the release of growth hormone. However, other hormones are also affected
by such insults, making the diagnosis of growth disorders a complex and engrossing
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series of investigations that increasingly requires an appreciation of both genetic
and endocrine mechanisms (see Chapters 5, 10, and 11).

GROWTH REFERENCE CHARTS

The growth of De Montbeillard’s son is interesting, not only because he depicts
a normal pattern of growth but also because he achieved an adult height that was
over 180 cm, or about 6 feet. He was quite tall for a French man in the eighteenth
century. How do we know that someone is “tall” or “short”? What criteria do we
use to allow us to make such a judgment? Those not involved in the study of human
growth make such a judgment based on their exposure to other people. If, for
instance, they have lived only among the pygmies of Zaire, then anyone over 165
cm (5 ft, 5 in.) would be very tall. If, on the other hand, they had lived only among
the tall Nilotic tribesmen of North Africa, anyone less than 175 cm (5 ft, 9 in.)
would be unusually small. Most of us live in regions of the world in which the
majority of people have adult heights that lie between these extremes and view
average adult heights at about 178 cm (5 ft, 10 in.) for men and 170 cm (5 ft, 7
in.) for women as “normal.” Of course, adult heights range about these average
values and that range gives us an estimate of the normal variation in adult stature.
Beyond certain points in that range, we begin to think of an individual’s height as
either “too tall” or “too short.” This is also true of the heights of children during
the process of growth. Each age from birth to adulthood has a range of heights
that reflects the sizes of normal children; that is, children who have no known dis-
ease or disorder that adversely affects height (e.g., bone dysplasias, Turner syn-
drome). To assess the normality or otherwise of the growth of children, we use
growth reference charts. These charts depict both the average height to be expected
throughout the growing years (typically from birth to 18 years) and the range of
normal heights, in the form of percentile (centile) distributions.

Figure 1-6 is such a reference chart. It depicts the normal range of heights for
British boys from 4 to 18 years old. The normal range is bound by outer centile
limits of the 0.4th and 99.6th centiles. Therefore, “normal” heights are thought of
as heights that fall between these limits; although, of course, 0.8% of normal chil-
dren will have heights below the 0.4th or above the 99.6th centile (see Chapter
18). The illustrated centiles have been chosen because they each equate roughly
to 0.67 Z-scores or standard deviation (SD) scores from the 50th centile or aver-
age values. Hence, the 25th centile is 0.675 Z-scores below the mean, the 10th cen-
tile is 1.228, and the 2nd centile is 1.97. Their importance is that, not only do they
provide a reasonable point at which to investigate possible abnormalities of growth,
but they also provide reasonable guidelines for how we expect growth to proceed
within the normal range. It has recently been suggested, for instance, that a child
whose growth exhibits a movement of 0.67 Z-scores is exhibiting a clinically sig-
nificant response to the alleviation of some constraining factor (see “catch-up”
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FIGURE 1-6 Growth reference chart for U.K. boys from 4 to 18 years old (© Child Growth
Foundation).

growth, later).'? So, the movement of a child’s height or weight upward through
the centiles from the 10th to the 25th or downward from the 98th to the 75th can
be viewed by clinicians as more than simply a chance occurrence.
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Children who have no constraints on their growth exhibit patterns of growth
that fall steadily and continuously parallel to the centile lines prior to adolescence.
However, as the adolescent growth spurt takes place, they depart from this paral-
lel pattern, and all adolescents demonstrate “centile crossing.” In “early develop-
ers,” the height-for-age curve rises through the centiles before their peers and levels
off early, as they achieve their adult stature. “Late developers,” on the other hand,
initially appear to fall away from their peers as the latter enter their growth spurts,
and then accelerate into adolescence rising through the centile lines when their
peers have ceased or nearly ceased growing. Even the child who enters their growth
spurt at the average age for the population crosses centile lines. This is because
the source data for these reference charts were collected in cross-sectional stud-
ies: studies in which children of different ages were measured on a single occa-
sion. They thus reflect the average heights, weights, and the like of the population
rather than the growth of an individual child. If one were able to undertake a growth
study of the same children over many years (a longitudinal study), one could the-
oretically adjust the data so that it illustrated the adolescent growth spurt of the
average child; that is, the child experiencing the adolescent growth spurt at the
average age. In such a hypothetical situation, the growth curve of the average child
would fall exactly on the 50th centile line. But that is not the case with growth
reference charts based on cross-sectional data. The average child initially falls away
from the 50th centile line as he or she enters the growth spurt and then crosses it
at the time of maximum velocity (peak velocity) before settling back onto the 50th
centile as he or she reaches adult height.

Figure 1-7 illustrates the typical growth patterns exhibited by early, average,
and late developers. The early developing girl (E) accelerates into adolescence at
about 8 years old, some 2 years prior to the average, and rapidly crosses centile
lines to move from just above the 50th to the 90th centile. However, her growth
slows at about 13 years and her height centile status falls back to the 50th centile.
Conversely, the late developer (L) is almost 13 years old before she starts to accel-
erate, and that delay causes her height centile status to fall from the 50th to below
the 10th centile before rising to the 50th centile as she approaches adulthood. Finally,
the average girl initially falls away from the 50th centile but then accelerates through
it at the average age of peak velocity before following the 50th centile as adult-
hood is reached.

CANALIZATION

Figure 1-7 demonstrates more than simply the crossing of centiles by early and
late developers. It also tells us something about the control of human growth. These
are not hypothetical curves. They are the growth curves of real children who were
measured on a 6- or 3-month basis throughout childhood and adolescence.!® Note
that, during childhood, they were growing on or near to the 50th centile, and after
the deviations brought about by their adolescent growth spurts, they returned to
that same centile position in adulthood. Such adherence to particular centile positions
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FIGURE 1-7 Growth curves of average (A), early (E), and late (L) developers. (Data from
numbers 35, 38, 45 in Tanner JM, Whitehouse RH. Atlas of Human Growth. London: Academic
Press, 1980.)

is found time and again when one studies the growth of children. Indeed, it is true
to say that all children, when in an environment that does not constrain their growth,
exhibit a pattern of growth that is more or less parallel to a particular centile or
within some imaginary “canal.” This phenomenon was described by a British geneti-
cist, C. H. Waddington, in 1957,'* and has been termed canalization or homeor-
rhesis. It is most likely that this pattern is genetically determined and that growth
is target seeking, in that we have a genetic potential for adult stature and the process



HUMAN GROWTH CURVE, CANALIZATION, AND CATCH-UP GROWTH 17

of growth, in an unconstrained environment, takes us inexorably toward
that target.

CATCH-UP GROWTH

However, none of us has lived or been brought up in a completely unconstrained
environment. Toward the end of our intrauterine life, our growth was constrained
by the size of the uterus. During infancy and childhood, we succumbed to a vari-
ety of childhood diseases that caused us to lose our appetite and at those times our
growth would have reflected the insult by appearing to slow down or, in a more
severe case, to actually cease.

Waddington'# likens growth to the movement of a ball rolling down a valley
floor. The sides of the valley keep the ball rolling steadily down the central course
(point A in Figure 1-8). If an insult occurs, it tends to push the ball out of its groove
or canal and force it up the side of the valley (point B). The amount of deviation
from the predetermined pathway depends on the severity and duration of the insult.
However, every insult causes a loss of position and a reduction in growth veloc-
ity, as the ball is confronted by the more severe slope of the valley wall. The mag-
nitude of the loss of velocity also depends on the severity and duration of the insult.
Thus, a small insult of short duration causes a slight shift onto the valley sides,
which entails a minor change in velocity. The alleviation of the insult results in a
rapid return to the valley floor at an increased velocity (point C). Having reached
the floor normal growth velocity is resumed (point D).

This analogy may be seen to apply appropriately to the process of human growth.
Figure 1-9 shows the growth chart of a girl who has suffered from celiac syndrome. '3
In this condition, an abnormality of the lining of the gut impedes absorption of
food, resulting in the child being starved. The result in terms of growth is that the
height velocity is gradually reduced as the malnutrition becomes more and more
severe. The reduction in height velocity means that the height distance curve leaves
the normal range of centiles and the child becomes abnormally short for her
age. So, at the age of almost 12 years, she is the average height of a 5-year-old.
On diagnosis the child is switched to a gluten-free diet, which alleviates the
malabsorption. Recovery of height velocity is rapid and jumps from 1 cm/yr! to
14 cm/yr!, returning the child to the normal range of centiles within 3 years. Indeed,
this girl ends up within the range of heights one would expect given the heights
of her parents. So she demonstrates “complete” catch-up growth, in that she returns
to the centile position from which she most probably started.

Catch-up growth is not always complete, however, and appears to depend on
the timing, severity, and duration of the insult. This appears to be particularly true
in the treatment of hormone deficiencies. Initial diagnosis is often delayed until
the child is seen in relation to other children and the deficiency in stature becomes
obvious. Usually a hormone deficiency, such as growth hormone deficiency, is
accompanied by a delay in maturation. Response to treatment appears to depend
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FIGURE 1-8 A pictorial illustration of the phenomenon of canalization. A = normal canalized
growth; B = the point at which an impact causes the ball to deviate up the side of the valley; C =
the alleviation of the impact and a return to the valley floor; D = the resumption of normal canal-
ized growth.

on pretreatment factors, such as chronological age, height, weight, and skeletal
maturity; that is, on how long the child has been deficient, how severe the defi-
ciency in height and weight are, and by how much the maturity has been affected.

CONCLUSION

This chapter forms an introduction to the study of human growth and devel-
opment. The curve of human growth has been a characteristic of Homo sapiens
for as long as we have been walking on this earth. It has changed in duration and
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FIGURE 1-9 Catch-up growth exhibited by a child with celiac syndrome. (Data from number
102 in Tanner JM, Whitehouse RH. Atlas of Human Growth. London: Academic Press, 1980.)

magnitude as we have been freed of the environmental constraints that affected
us throughout our evolution, but its major characteristics have remained unaltered.
That curve reflects two major stages during which adjustment to final size and shape
are the direct consequences. Infancy and adolescence are times of adjustment and
assortment. More than 50% of infants exhibit either catch-up or catch-down growth
during the first 2 years of life.!? These adjustments have long-term consequences
in terms of final size, shape, morbidity, and perhaps mortality. The timing of the
adolescent growth spurt, its magnitude, and its duration are fundamentally impor-
tant in terms of healthy and successful survival. The biological phenomena of
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canalization and catch-up growth dictate the magnitude, duration, and ultimate suc-
cess of these alterations and adjustments.

No one would argue that environmental constraints on growth through the pro-
cesses of famine and disease have been constant influences, not only on our sur-
vival but also on our size and shape at any age. Past millennia of environmental
insult have resulted in the survival of representatives of the species Homo sapi-
ens who are adapted and adaptable to their environment. We are the survivors and
as such we use survival strategies to ensure that we continue the species. One of
the most powerful of these strategies is the plasticity of our growth and develop-
ment. Throughout the following chapters you will learn how that plasticity is inher-
ited, controlled, and expressed—it is a fascinating story and one of the most
fundamental biological phenomena of our species.
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GROWTH IN INFANCY AND

CHILDHOOD: A PEDIATRIC
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At birth the infant is delivered into a postnatal environment characterized by
extremely varied and changing conditions. He or she will be subject to intense and
continuous physiological demands, which will require consequent adaptive
responses during the first years of life. Growth evolving under these circumstances
becomes a central subject in pediatric practice, an important objective in child health
programs, a relevant health indicator, an instrument for pediatric surveillance in
health centers, and an operative issue for health education in the community.

Infancy is a high velocity, rapidly decelerating, nutrition-dependent phase of
growth, followed by a growth-hormone-dependent phase of growth, evolving with
a slowly decelerating growth velocity during the preschool and school years. Both
phases can be expressed by different mathematical functions. At birth, physical
size is still strongly related to prenatal growth, and the size of the newborn may
not express the size genetically determined by the parents. During the first 2 years,
the genes expressing parental size become activated and some children may shift
linear growth, changing centiles on distance charts, until they achieve, at around
the second year, their genetically determined location on the centiles; that is,
canalization.

Infancy and childhood are sensitive periods in human life. Interference with
the growth process in early years may have long-term consequences for adult
health. Pediatric surveillance and the promotion of normal growth in infancy and
childhood includes the knowledge of its physiological basis and the skills for the
selection and performance of adequate anthropometric measurements. A correct
growth assessment that allows early recognition of growth alterations and identifies
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abnormal cases is essential for a reasonable clinical orientation of the underly-
ing conditions.

INTRODUCTION

At birth, the baby leaves the uterus, where he or she lived in a protected
environment with quite restricted physiological variations, and enters the postna-
tal environment, in which it is to develop under extremely varied and varying
environmental conditions. Under these circumstances, infancy evolves under a con-
tinuous compensation to new levels of stress, “adjustment to striking environmental
changes,”! and the continuous activation and maturation of adaptive mechanisms.
Profound developmental changes in the central nervous system take place during
infancy and the preschool years, providing a physiological basis for psychomotor
development, including the most important intellectual adventure of the human
being: the acquisition of language. During the school years and before puberty,
the child acquires a large proportion of its cultural inheritance and undergoes an
important part of the process of socialization. Infancy and childhood are sensitive
periods in human life. Biological, psychological, and social experiences in infancy
and childhood have relevant long-term consequences.

THE GROWTH CURVE

Distance and velocity curves for the height of a normal boy are shown in Fig-
ure 2-1. Other normal children would have growth curves of the same shape. They
may differ in absolute height or growth velocity, the pubertal growth spurt may
be experienced earlier or later, but the shape of the curve is always the same. This
shape is a primate characteristic (see Chapter 14).

Infants grow very fast during the first year of life, at approximately 25 cm/yr;
and during the first half of this year, velocity may be even faster, around 30 cm/yr.
A rather steep and continuous deceleration can be observed form birth up to the
third year. Thereafter, there is a much milder decay in velocity during school years
before the adolescent growth spurt. During this period, mean peak height veloc-
ity is approximately 9.5 cm/yr in boys and 8.5 cm/yr in girls.

A small sex difference is present from birth that reaches about 1.0 cm in favor
of boys by 5 years of age. The adult sex difference of 12.5-13.0 cm develops grad-
ually prior to and during the pubertal growth spurt (see Chapter 1). For many pur-
poses, the velocity curve can be more informative than that for distance. Three
mayor phases of the growth curve can be identified: a rapidly decelerating phase,
from birth to approximately 2-3 years; a slowly decelerating phase, from 3 years
up to the start of the adolescent growth spurt; and the adolescent growth spurt itself.
In this chapter we are concerned with the first and second phases.
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INFANCY AND CHILDHOOD

A Model for Growth in Height

Although there are many mathematical ways of modeling the human growth
curve, one is particularly relevant to the purpose of this chapter. Three phases of
growth—infancy, childhood, and puberty—are identified and modeled by math-
ematical expressions. Johan Karlberg? designed this mathematical model, called
the infancy-childhood-puberty (ICP) model. Figure 2-2 shows the decomposition
of the growth curve form birth to maturity into the three parts.

The infancy component is expressed with an exponential function that describes
growth as rapidly decelerating:

Y=a+Db,(1-expcit)

The childhood component is a second degree polynomial function that describes
height velocity as following a gradually decelerating course that continues until
the end of growth:

Y=a +bt+ct
C C C

The puberty component is modeled with a logistic expression describing addi-
tional growth induced by pubertal hormones (gonadotrophins and growth hormone),
which produce an acceleration up to peak height velocity and then a deceleration
until the end of growth:

Y=a/{1+A[-b (t-m)]}

Karlberg’s ICP model has the advantage of reflecting the main physiological
features of the growth process and being compatible with their underlying endocrine
and biological influences. The infancy component of the curve seems to start dur-
ing fetal life, at approximately mid-gestation, and continue with a decelerating trend
up to about 3—4 years. This infancy curve is strongly modulated by nutritional fac-
tors, to the point that this part of the growth curve has been called the nutrition-
dependent phase of growth. In children with congenital hormone deficiency, height
at birth and during the first year of life is not as impaired as in malnourished chil-
dren. The second (childhood) component starts toward the end of the first year.
After the second or third year of age, the command of growth is taken over by
growth hormone, and this childhood phase is called the growth-hormone-dependent
phase of growth. Of course, the growth hormone is not the only hormonal factor
involved with growth in this phase; the thyroid hormone, insulin, cortisol, adrenal
androgens, and the like also play important roles.? Some authors (e.g., Karlberg?)
claimed to have seen a small spurt in growth velocity at around 2 or 3 years of
age and explained this spurt as an expression of the change in command of phys-
iological growth. In puberty, the growth spurt, with its sigmoid-shaped distance
curve, is superimposed onto the childhood component and controlled by both the
growth hormone and sex steroids. The development of any given phase of growth
is influenced by the physiological and pathological variations of the preceding phase.
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FIGURE 2-2 The three phases of postnatal growth, according to the ICP model. (Source:
Karlberg J. A biologically-oriented mathematical model (ICP) for human growth. Acta Paed Scan.
1989;350:70-94.)

This is to be borne in mind when studying growth curves in children with abnor-
mal growth as a result of, for example, chronic disease or malnutrition.

Changes in Body Fat

Growth of fat tissue follows a completely different pattern, as shown in Figure
2-3, where growth of subcutaneous triceps skinfolds of boys and girls are plotted
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FIGURE 2-3 The 50th centile of triceps and subscapular skinfolds. (Source: Tanner J. Growth
at Adolescence, 2nd ed. Oxford: Blackwell Scientific Publications, 1962.)

against age.* The slopes of the curve at different ages are similar to those expressed
by the growth of total body fat (see Chapter 13). Fat tissue exhibits an important
increase during the first 9 months of postnatal life. The baby is born with a rela-
tively small amount of body fat, about 14%, which rapidly increases to about 25%
by 6 months and stays at this level throughout infancy but has decreased to about
15% by 5 years. After birth, the infant is thus equipped with an energy reserve
that helps it cope with one of the most dangerous periods for nutrition scarcity in
human evolution, weaning. After the first 6 months of postnatal life, breast milk
does not fulfill the increasing nutritional needs of the infant. Therefore, weaning
is initiated, and from an evolutionary perspective, the infant enters into competi-
tion with other human groups and other species for appropriate food sources.

Weaning should not be considered a single event, as it is actually a process of
gradual incorporation of new, “solid” foods into the diet from approximately the
age of 6 months. Initially, this complements breast milk, but after several months
it replaces it. The process involves the activation of a multiplicity of what could
be called family functions. These include the acquisition and selection of adequate
food (not only in quantity but in quality), the development of certain food prepa-
ration and presentation technologies, the development of psychomotor skills in the
baby to enable it to eat, changes in family routines, and so on. When these func-
tions are not met or in areas of food scarcity where these functions break down,
there is a high risk of growth delay during the weaning process. Growth during
the weaning period should be specially surveyed in pediatric programs.
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The second year of life coincides with a decline in skinfold thickness, and the
baby changes its initial plump “babylike” appearance toward a leaner, slender body
build. This is a period coincident with important progress in psychomotor skills:
The child is now able to walk and run and develops an extraordinary amount of
physical activity and energy expenditure. During childhood (5-10 years old), the
percentage body fat remains quite stable, as do many other growth indicators, to
the extent that childhood growth velocity has been characterized as a plateau, reflect-
ing a quite stable period of somatic growth. Body fat continues to be greater in
girls than boys, a genetic difference that holds true in skinfold thickness and per-
centage of total body fat. By 5 years old, the sex difference is about 2% (14.6%
for boys and 16.7% for girls) but this difference increases to almost 6% by 10
years old.

SOME PARTICULAR FEATURES OF GROWTH
DURING INFANCY AND CHILDHOOD

Parental Size and Size at Birth

Growth is the result of three forces: the genetic program, the action of envi-
ronmental factors, and the interaction between the two. One simple example of
the influence of genetics on physical growth is that tall parents tend to have tall
children and short parents tend to have short children. The relationship between
the height of children and their parents is a useful tool for growth assessment, espe-
cially in childhood and puberty. However, in the first 2 years of postnatal life, this
relationship is not as close as at later ages. Physical size during the first 2 years
of life is related more to prenatal growth than the size of parents, and in turn, pre-
natal growth cannot be solely explained in terms of the genotype of the fetus.

Figure 2-4 shows the correlation coefficients between the height of the child
as an adult and the height of the same child at each age from birth onward.> Size
at birth is poorly correlated with adult size; the values rise steeply during the first
2 years to a level of about 0.80, then become quite stable with very small varia-
tions until adulthood. The single major variation during adolescence is due to dif-
fering rates of maturation (see Chapter 3). This means that not all genes regulating
body size are fully expressed at birth. After birth, they gradually become more influ-
ential, until they can express their full influence after the age of 2 years. This is
not the only example showing that some genes have a particular period of time in
which they are active. At other times, they are either inactive or their effect is masked
by other (environmental) factors. In the case of infants, their size in the first 2 years
of postnatal life at a given age is related more to size at birth (and, consequently,
to fetal growth) than the height of parents. The knowledge of those factors regu-
lating fetal growth is then crucial for evaluating growth in infancy.

One of the factors proven to be very important in the modulation of fetal growth
is maternal size. Small mothers tend to have small babies, and large mothers tend
to have large babies, independent of their genotype. A very illustrative experiment
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FIGURE 2-4 Correlations between adult height and height of the same individuals as chil-
dren. (Source: Tanner J. Growth at Adolescence, 2nd ed. Oxford: Blackwell Scientific Publications,
1962.)

was carried out in the 1930s by Sir John Hammond at Cambridge University.’ Using
artificial insemination techniques, this research group crossed a Shetland pony mare
with a Shire horse sire, and a Shire horse mare with a Shetland pony sire. Birth-
weights of the foals were in accordance with maternal size. The offspring of the
large mother had a greater birth weight than that of the small mother, even though
both offspring shared the same proportion of genes from each parent. This action
is not gene mediated, and many studies of the relationship between size of the child
at different ages and size of parents confirm this statement. This is an adaptive
mechanism from the evolutionary point of view: It allows a genetically large fetus
to be delivered by a small mother, with less risk of having a dangerous labor due
to a large fetal size at birth.

The clinical importance of this phenomenon is that the size (but not growth
rate) of babies in the first months of life is related more to their experiences dur-
ing prenatal life than the height of their parents. Therefore, in a clinical assess-
ment situation, we should not adjust an infant’s height to the height of parents
during the first years of life. When presented with a small baby, we should obtain
information on its fetal growth, maternal health, maternal weight increment dur-
ing pregnancy, drug intake, nutrition, and so forth. This information may greatly
contribute to the understanding of the problem of small size of the patient dur-
ing infancy.
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Shifting Linear Growth During Infancy:
An Example of Catch-up and Catch-down Growth

This observation is, to a certain extent, a direct consequence of the former con-
cept. If phenotypically small babies can be born to genetically large parents and
phenotypically large babies born to genetically small parents, then most of these
children at some age must seek their respective centile related to their genetic size:
They must acquire a canalized pattern of growth. If this is true, a considerable pro-
portion of children must shift centile lines during the first 2 years of age. David
Smith, an American professor of Pediatrics, confirmed this hypothesis in 1976.
He found that approximately two thirds of normal infants shifted centiles upward
or downward, achieving a new growth canal by 11-13 months of age. This means
that, during the first 2 years of life, not all deviations of growth curves from the
centile lines are necessarily abnormal. Size at birth of the child and parental size
may help distinguish between normal and abnormal shifts. Velocity charts for weight
increments in short periods of observation may also help (see later).

The process of shifting linear growth during infancy is an example of the catch-
up or catch-down growth that results in canalization. Catch-up and catch-down
growth during infancy are special examples of the response of the child to the phys-
ical environment of the uterus. The former is in response to the constraining effect
of a genetically large mother with a small uterus and the latter is in response to a
genetically small mother with a large uterus.®°

Mid-Childhood or Juvenile Growth Spurt

The plateau in growth velocity occurring between 5 and 10 years of age is inter-
rupted between 6 and 8 years in both sexes by a growth spurt called the mid-growth
or juvenile growth spurt. Although some authors claim that this spurt is present
only in boys, others have found it to occur in both sexes at similar ages and mag-
nitudes.'%"12 This spurt is relatively small in linear dimensions, such as height, but
is larger and more pronounced in dimensions relating to volume such as weight
or skinfolds.

Figure 2-5, from the work of James Tanner and Noé&l Cameron on children in
London, illustrates clear mid-growth spurts in calf circumference velocity in both
boys and girls.'?> Note that, although there is only a minor sex difference in the
timing but not the magnitude of the mid-growth spurt, the subsequent adolescent
growth spurt exhibits the usual enhanced sex difference, with boys being relatively
delayed. Research by Swiss investigators has confirmed that the absence of sex
differences in the mid-growth spurt and also that this spurt is uncorrelated with
the timing or magnitude of the adolescent growth spurt, except that it occurs closer
to adolescent growth spurt of the girls than the boys. The mid-growth spurt has
been attributed to adrenarche characterized by an increase of the secretion of andro-
genic hormones of adrenal origin (see Chapter 5). This phenomenon coincides also
with the appearance of axillary and pubic hair, secondary traits to those hormones.
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FIGURE 2-5 The mid-growth spurt in calf circumference velocity in London children.
(Source: Tanner JM, Cameron N. Investigation of the mid-growth spurt in height, weight and limb
circumferences in single-year velocity data from the London 1966—67 growth survey. Ann Hum
Biol. 1980;7:565-577.)

THE RELEVANCE OF PHYSICAL GROWTH TO PEDIATRICS

Physical growth is an issue of paramount importance in pediatric practice. It
is a central objective in child health programs, because the ultimate goals of such
programs are not simply to reduce infant mortality but to provide the health care
and environmental conditions to allow children to grow and develop normally to
achieve their genetic potential as healthy adults.

Growth is also an instrument, for one of the most relevant actions to be taken
in programs of child health surveillance is monitoring physical growth. It is also
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an excellent indicator of general child health and nutritional status. Some condi-
tions can be recognized because the first clinical sign is growth delay, as some-
times happens with malnutrition, acquired hypothyroidism, and celiac disease.
Hence, growth can be the first sign of an underlying disease in otherwise normal,
asymptomatic children. One of the main general indicators and criteria of success
used for the treatment and surveillance of chronic diseases is physical growth.
Growth is also used in some cases to evaluate important therapeutic decisions in
the surgical treatment of some conditions. For example, in some cases of surgical
correction of gastroesophageal problems, physical growth of the operated child is
an important indicator of success. Some drug treatments, such a steroids or immuno-
suppressing agents, used in chronic diseases can affect physical growth; and their
therapeutic benefits should be constantly balanced against their impact on growth
and, of course, other secondary effects.

Physical growth is a relevant subject and a highly motivating issue for the par-
ents; it enhances the communication among them, the pediatrician, and the rest of
the health personnel, being an excellent central subject for the articulation of pro-
grams for health education to health professionals and to the community. All cen-
ters where children receive medical care should be provided with the appropriate
personnel, anthropometric instruments, and growth charts for the proper assess-
ment of physical growth in children.

Measurements of Clinical Importance

The three most important anthropometric measurements to be taken in pedi-
atric practice are height, weight, and head circumference. These measure differ-
ent components of the body, and their changes have different clinical and biological
meaning.

Height

Height is a linear, unidimensional measurement. Although it mainly indicates
the length of long bones of the lower limb (tibia, femur) and the irregular bones
of the vertebral column, it is also an indirect indicator of the growth of the total
lean body mass. In clinical pediatrics, changes in growth of height need a rather
long period of observation to be detected (3 months or more), depending on the
precision of the measurements. When growth in height is impaired, it can be assumed
that an important health problem is present.

Weight

Weight is a three-dimensional measurement that includes both lean body mass
and body fat. The relative proportions and distributions of lean and fat compo-
nents depend on age, sex, and other environmental and genetic factors. Weight is
a very sensitive measurement, in the sense that it can change from one day to another
due to very minor alterations of body composition, for example, the changes seen
in infants during a common cold. A change in weight does not tell us which particular



32 HUMAN GROWTH AND DEVELOPMENT

tissue is being affected. Changes in body weight can be secondary to changes in
body water (dehydration, overhydration), muscle mass (muscle hypertrophy by train-
ing, muscle atrophy), total lean body mass (wasting), fat (obesity, malnutrition),
and so on. Weight changes can also be secondary to changes in body height, as it
happens in growth retardation in stature or stunting.

Weight-Height Ratios

Some children have a low weight, not because they are lean but because they
are very short, while others are heavy, not because they are obese but because they
are very tall. This is a limitation to consider when we want to evaluate the amount
of body fat as an indicator in nutritional assessment. One way to evaluate body
fatness directly is by measuring subcutaneous fat using skinfolds. A way to do it
indirectly is to evaluate weight in relation to height. A number of weight-height
ratios exist, which use different power values. That most commonly used in pedi-
atric practice is Quetelet’s index, more commonly known as the body mass index
(BMI). BMI is calculated from the formula BMI = weight/height?, where weight
is in kilograms and height? is in meters squared. Cutoff values for BMI describe
obesity in both children and adults (see Chapter 18). In adulthood, a BMI greater
than 25 kg/m? is indicative of “overweight” and greater than 30 kg/m? is indica-
tive of “obesity.” Childhood BMIs are much smaller than adult BMIs. The British
BMI centiles developed by Cole, Freeman, and Preece!® show that BMI in child-
hood increases rapidly in the first year to peak at a 50th centile value of about 18
kg/m?2. Deceleration follows until about 6 years of age, and then there is a steady
increase until adulthood. The 50th centile BMIs in childhood (2-11 years of age)
are less than 17 kg/m? and during adolescence rise from 17 kg/m? to about 22 kg/m?.
BMI cutoffs for obesity, set at the 98th centile, are at a minimum of 18.5 kg/m?
at 5 years of age and then climb to 29 kg/m? at 20 years of age. In addition to
identifying overweight and obesity, BMI is also used to identify “wasting” or a
low weight for height. Wasting is prevalent in developing countries where acute
nutritional deprivation is registered by a lowered weight in relation to height.'*!3

Head Circumference

Head circumference is the expression of growth of the brain; and its measure-
ment is very important, especially during the first months of life, when it may be
used to detect excess growth due to hydrocephaly. Congenital microcephaly can
also be easily detected in infancy by measuring head circumference. Because of
the rapid growth of the brain, head circumference increases relatively faster than
height and weight in early years. At any given age, the brain is nearer its adult
size than height and weight. At the age of 2 years, the brain, and therefore head
circumference, have achieved nearly 80% their adult size, whereas height and weight
have achieved only 50% the adult size. Because of this early rapid growth, head
circumference is more liable to be affected by malnutrition or disease in the early
years. Therefore, its importance for evaluating nutritional status in later childhood
is diminished and seldom used on school-age samples.
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These measurements should be performed in pediatric health centers with an
adequate frequency, although it may vary according to available local resources.
Weight and head circumference are recommended to be measured monthly dur-
ing the first months of life, supine length should be measured every 3 months in
this period. They can later be progressively spaced. Longitudinal studies of growth
tend to be measured at 3-month intervals in the first 2 years, 6-month intervals to
the start of adolescence, and every 3 months thereafter until adulthood (see Chap-
ter 16).

GROWTH PROBLEMS IN INFANCY AND CHILDHOOD

Defining the Auxological Diagnosis

One of the most common causes of pitfalls in pediatric practice concerning the
study of growth problems is the ambiguity in initially defining a growth problem.
Failure in defining whether a child is too short, too light, or not growing at a nor-
mal velocity may be misleading with regard to further actions. The parents are usu-
ally very unspecific in stating the problem: They may say, “This child does not
grow” when, in fact, they mean, “The child is too short” or “too light.” These diag-
noses are essentially different and have different clinical meaning.

In practice, when the clinician sees a child with an apparent growth problem
he or she should ask two main questions:

1. Is this child’s size normal for his or her age?
2. Is this child growing at a normal velocity for his or her age?

To answer the first question, the child should be appropriately measured and
his or her height and weight plotted on appropriate distance charts, such as the
one shown in Figure 2-6 for Argentinean children.!'®

The relative merits of international as opposed to national growth charts have
been discussed on numerous occasions (see Chapter 18). The general consensus
of opinion is that national charts, based on a selected sample of well-off children
who have not been exposed to constraints on their growth, are appropriate as “stan-
dards” to reflect growth as it should be in the best possible circumstances within
the chosen national environment (Figure 2-7). They are thus appropriate for the
clinical monitoring of individual children. Currently available “reference charts”
for international use include children from a variety of backgrounds and should
be used to compare mean values for groups of children.!” If the height (or weight)
falls within the centile lines, the child is classified as having a normal height or
weight. The lower limit is generally set at the third centile, but this is a conven-
tion. The setting of a normal limit implies the assumption of a given sensitivity
and specificity. Sensitivity is the power of detecting pathological cases; specificity
is the power of recognizing normal cases. If we want a limit with a sensitivity greater
than the third centile, we should then set the limit at an upper centile, for example,



34 HUMAN GROWTH AND DEVELOPMENT

Ine N : T
cm H T T
T T +
BOYSHE
]
Height
1
1 RREREN
120 ; : " ; 2
plts o
: £
T 7 7d Pd
i o) v
110 ' ] ey 2
T 5 =
4 pd 4 C R
o o = |~ 1
| A A
2 mRY3 » 2 :
100 r T
7 L
41 " ;”1- -
. =
2RV 4RP ; "."E
2 1 1 |
1 21 ALY 1
T P 2 P 3 a
A [N~ AR
90 ma 5
. i 1
717 2 B
4 dUPd »H
V. A M
Ly LA
A ld ]
VAaPr. % 7]
A 71 12 4 i
v PARZELD
80 : AL ¢ P2
T f yd !
T 27 :
1 P d 4
A 7 4 H
7
70 H
i /
I M
4 T
Il
T
60
H
50 : t ; :
1t 5 ge. years 1 T
1 N v TT T T TIT 1 T
1 2 3 4 5 6
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the 10th centile. But this will be at the expense of reducing specificity. If, on the
contrary, we want to increase specificity, then we should set a limit below the third
centile, say at the first centile, but this, in turn, implies a reduction in sensitivity.



GROWTH IN INFANCY AND CHILDHOOD: A PEDIATRIC APPROACH 35

Post- term Age (weeks)
0 4 8 12 16 20 24 28 32 .36 40 44 4852K
g

SR —’

12 T 1T é‘ y ] T 12
rrh T 6Mm Ofn

1w HBOYS Seimaanaall

10 Weight/Height/Head Circumference | | [ 47 1ELEEH 10

9 c Pt i 9

8 T 1 T T ;—3 8

7 . » - }ﬂ u- - =" cm

. ] o i GEREE ) N

7
5 AL 172
4 = == 68
— 1 =

3 = i 64

2 eight L4 7 Lo = 60

= *;:ﬁ"’ &

1 HEEE T = 56
cm - 52
48 e 2 48

=4 SEESSS=SSCoSnsSESES
a4 (S SESsousceseesssSe scceealy
40 : = e = 40
36 (=5 e 36
32 —{Head Circ. = 32
28 28
24 |== Post- Conceptmnal Age [weeks] 24

262830323436384044485256606468727680848892

FIGURE 2-7 Argentine standard for weight, height, and head circumference from 26 to 92
weeks of postconceptional age. (Source: Lejarraga H, Fustifiana C. Estandares de peso, longitud
corporal y perimetro cefélico desde las 26 hasta las 92 semanas de edad postmenstrual. Arch Argent
Ped. 1986;84:210-214.)

In clinical pediatrics, the third centile is commonly used. If this limit is cho-
sen, then bear in mind that 3% of normal children would fall below the third cen-
tile line. Many of these children, for social or psychological reasons, may go to
the doctor complaining of short stature. Hence, the majority of children complaining
of short stature will belong to this group of entirely normal individuals.

To answer the second question, we need at least two measurements separated
by an appropriate period of time, in order to calculate the growth velocity during
the period between measurements. In Chapter 16, the way growth velocity is to
be calculated and evaluated on velocity charts is explained in detail. Velocity charts
tell us whether the child is growing too fast, too slow, or at a normal velocity. Growth
velocity can be indirectly estimated on distance charts. Let us suppose we have a
patient measuring 104.0 cm at the age of 4.5 years, falling on the 35th centile of
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Figure 2-6. To determine his growth velocity, we measure him a second time at
the age of 5.2 years, obtaining a height of 109.0 cm. If the slope of the growth
curve created by joining both points with a line is parallel to the centile lines (curve
a, Figure 2-6), we can assume that growth velocity is normal. On the other hand,
if the slope of the distance curve falls away from the centile lines, as in curve b,
then we must say that the child is growing too slowly. This condition should be
specified as growth retardation, growth delay, or abnormally slow growth.

In young infants, with whom we cannot wait a long period of time to evaluate
growth velocity in height or we have doubts on the slope of the weight curve in
the first months of life, it has been very useful in our growth clinic to evaluate
velocity in terms of daily weight gain in grams/day. For example, if a 3-month-
old infant is seen in the clinic on January 16 weighing 6700 g, and she comes
for the second time on February 24 (39 days later) weighing 6950 g, then her
growth velocity (GV = the change in distance divided by the change in time) is
GV = (6950 g — 6700 2)/39 = 6.4 g/day, which in Figure 2-8 falls well below the
10th centile line of normal values for weight velocity.'® This method also allows
for children attending the clinic at very irregular intervals.

As we can see in Figure 2-6, size attained and growth velocity are both rather
independent concepts. Some cases show normal size (example b) growing at a slow
velocity (from x to y), other cases show short stature (example ¢) growing at a
normal rate, and in still others, both size attained and velocity are abnormally low
(from w to z). Size attained can be considered the cross section of a continuous
growth process taken place from birth (or better, from conception) up to the moment
in which the child was measured. It is the result of the algebraic sum of all growth
experienced before the measurement was taken. Growth velocity, in turn, reflects
the process occurring exclusively during the period in which the child was measured.
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FIGURE 2-8 Centiles of daily weight increments of normal infants. (Source: Drawn from
data in Roche SG, Fomon S. Reference data on gains in weight and length during the first two years
of life. J Ped. 1991;119:355-362.)
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A short child may or may not be ill at the time of measurement: He may have a
late sequelae from a process occurred in the past. On the contrary, if a child is not
growing at a normal rate, then we are certainly facing a pathological condition,
occurring during the period in which she was measured. Growth velocity provides
excellent information of the dynamic condition of the growth process. For example,
Figure 2-6 (point ¢) shows the attained height of a malnourished child 2 years old.
We can say there is a marked height deficit. If the following measurement was
point z, it would mean that the growth rate is abnormally slow and the child is
progressively deteriorating and at high risk. On the contrary, if the following mea-
surement was point v, then growth rate is higher than normal and we can assume
the child is in the process of catching up and recovering from malnutrition.

Some Considerations of Pediatric Value

Both growth delay or small size are quite common causes for consultation in
pediatric practice. However, they are unspecific clinical signs, because growth
impairment may have a great variety of underlying causes. The majority of the
causes of growth problems at the primary care level can be identified without the
use of sophisticated tests or studies.

In general, the clinical approach to growth problems in the first 1 or 2 years of
life should be a different approach than to growth problems appearing later. In the
first year of life, small size or short stature frequently is related to the pre- or peri-
natal period. In other cases, especially growth delay during the first year, they are
secondary to causes of multifactorial origin. In case of growth delay in the school
years, if the child is asymptomatic, we can take more time to search for the under-
lying cause. For example, we could evaluate the growth velocity over a period of
6 or 12 months without seriously affecting the prognosis. However, if the patient
is an infant, we cannot wait such a long time. Growth problems presenting dur-
ing infancy should be investigated and diagnosed as early as possible.

The long-term consequences of growth delay in infancy may be serious. The
obvious result of growth retardation during this period of life is short stature. The
risk of the final height being adversely affected as a consequence of growth delay
is higher if the delay takes place during infancy, because the child is growing very
quickly at this time. There are also other possible consequences of early growth
delay. Martorell et al.'” have described educational and functional impairment in
adulthood as a result of stunting at 3 years of age in a sample of impoverished
Guatemalan children. Studies carried out in the United Kingdom in the last 20 years
suggest that growth retardation during prenatal life and the first year of postnatal
life may be associated with a variety of adult conditions including cardiovascular
disease, stroke, hypertension, non-insulin-dependent diabetes mellitus, and low bone
mineral density. The mechanisms underlying this association may be related to early
metabolic changes in hormone interactions and modalities of tissue responses to
these hormones, with persisting and long-term consequences in adult life. This phe-
nomena of early metabolic changes being associated with late consequences are
referred to as fetal or metabolic programming 2=
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In childhood, growth problems have an important impact on the child’s psy-
chosocial adjustment. The problem itself, and the accompanying clinical and lab-
oratory studies directed to the identification of the problem, may interfere with
school performance, sports, and social integration.

As happens in other phases of growth,’ the chance of experiencing complete
catch-up depends on the duration of the factors causing growth delay, their inten-
sity, the age at which they occur, and as stated by McCance, the “individual thrive
to grow.”?

Causes of Short Stature

The description of the causes of short stature varies according to the auxolog-
ical diagnosis. If we want to describe causes of small size (weight or length), the
picture is different to the description of the causes of growth delay. Taking into
account that, in a clinical setting, this problem is usually presented as smallness,
we describe causes of short stature defined as height below the third centile of appro-
priate height-for-age (distance) charts.

Malformations, Deformations, or Alteration of Body Proportions

In these cases, short stature is only a part of the clinical picture. This group
includes children with skeletal dysplasias, some of neonatal onset (e.g., achon-
droplasia), some others detected after the second year of life or even later in
childhood (e.g., hypochondroplasia, dyschondrosteosis); dysmorphic syndromes,
either of genetic origin (e.g., Noonan’s syndrome), chromosomal alterations (e.g.,
Turner’s syndrome), or due to prenatal infections (e.g., congenital rubella syndrome);
and teratogenic malformations (e.g., fetal hydantoin syndrome, fetal alcohol syn-
drome). Some syndromes evolve with a normal growth velocity in childhood, such
as Silver-Russell syndrome, but others with a slow growth velocity, such as Turner’s
syndrome.

Dysmorphic syndromes and chromosomal disorders are well described in books
specially dedicated to their clinical identification.?* Searching devices built on infor-
mation databases may be helpful in the diagnosis.”> Some syndromes are quite fre-
quent (for example, Turner’s syndrome has an incidence of 1 in every 2500 female
births), and others are rarer, such as achondroplasia (one case in every 26,000 births),
see Chapters 10 and 11.

In the Absence of Dysmorphism, with Normal Body Proportions
Extreme Variations of Normality

Extreme variation of normality includes two conditions: familial short stature
and delayed maturation. Both are normal conditions and the most frequent diag-
nosis made in clinical practice.

A diagnosis of familial short stature (FSS) is made in normal children older than
2 years, with no underlying disease, normal physical examination, and normal growth
velocity. Height is usually within —2.0 and —3.0 SD (standard deviation) scores, or
Z-scores, and the height of the child adjusted to that of the parents is within normal
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limits (2.0 and +2.0 Z-scores). The parental adjustment can be calculated by sub-
tracting the average of the parents Z-scores from the child’s Z-score. For example,
in a child whose height Z-score is —2.5 (less than the third centile and perhaps indica-
tive of abnormal short stature), the father’s height is —0.98 Z-score and the mother’s
height is —1.66 Z-score, the child’s adjusted Z-score for height (AHZ) is AHZ =-2.50
—{[(-0.98) + (-1.66)]/2} =-1.18 SD, which is within normal limits.

Much care should be taken, however, when a parent’s height is below normal
limits for population standards, for the parent may have a pathological condition
and, in turn, this condition may have been inherited by the child. Also, when the
child’s height deficit is below —3.00 Z-scores, the diagnosis of FSS should be put
in doubt. In FSS, predicted final height using the most common methods?® is within
the genetical range. This range (10th and 90th centiles) is within £7.5 cm of the
corrected mid-parental height. Mid-parental height is “corrected” for the sex of
the child under consideration by adding 13 cm to the height of the mother if the
child is a boy or subtracting 13 cm from the height of the father if the child is a
girl (13 cm is used because this is the average difference in adult stature between
the sexes). If both mother and son were on the 50th centile (0 Z-score) as adults,
we would expect the son to be 13 cm taller than his mother. A 50th centile daugh-
ter would be expected to be 13 cm smaller than her 50th centile father. For exam-
ple, for a boy, whose father and mother’s heights are 167.0 and 158.0 cm,
respectively, the genetic range is [167.0 + (158.0 + 13)]/2 = 169.0 = 7.5 cm. The
height of the parents should be actually measured in the clinic, since parental height
by hearsay has proven to be quite unreliable,?” and consequently, the estimated
genetic range is expected to be wider.

A diagnosis of delayed maturation is made in children with late onset of puberty,
delayed skeletal maturation, or both with no other abnormal feature and normal
height velocity. Both conditions usually are present but not always, since bone age
does not correlate well with pubertal events with the exception of menarcheal age.
There is usually a family history of delayed puberty that is more evident by a
mother’s late menarcheal age than by evidence from the father. Predicted height
is within the normal parental height, however, it is very common that, during puberty,
the acceleration of bone age is below the predicted one. On average, children with
delayed maturation attain a height some distance below their genetic target. Phys-
ical examination is normal, and growth velocity is also normal during childhood.
This diagnosis is more frequently made in boys than in girls, which may be a reflec-
tion of problems in self-esteem and psychosocial integration, especially in puberty.

Perinatal Problems

Intrauterine growth retardation (IUGR)? is diagnosed when the weight or length
at birth is low for the infant’s gestational age. Birth length is related more to the
height the child attains in childhood or at maturity, whereas birth weight is strongly
related to neonatal mortality and morbidity. A proportion of children who have
growth retardation catch up in postnatal life, either during the first years or even
during childhood. Approximately 20% of all IUGR children do not catch up at all.
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The possibility of catching up depends on the type or nature of the [IUGR experi-
enced in prenatal life, including the nature of the damaging agent, its timing of occur-
rence, and duration. If the impairment took place in the first trimester, as happens
in congenital rubella, then the probability of catching up is almost nonexistent, and
at school age, the child will have the same growth deficit as at birth.2° In the case
of mild growth impairment experienced in the last trimester, as happens with many
cases of twin pregnancy or minor diseases of short duration suffered by the mother,
then catch up is feasible, and it is usually detected in the first few postnatal months.
In between these two extreme situations are many intermediate conditions.

Preterm babies born with normal weight for their gestational age can also be
small during the first year of life, but due to a different mechanism;* growth delay
after birth. The growth assessment of preterm babies should include the use of a
chart that allows for an age calculation based on gestational age. Figure 2-7 shows
an example of such chart, where the X-axis indicates the age, in terms of post-
conception age.?! This is calculated counting the time in completed weeks elapsed
from the first day of the last menstrual period up to the day of birth. The men-
strual period is an indicator of the time of conception, which is why this age is
called the postconception age. This age is marked in the chart until 92 weeks, exactly
1 year after term (i.e., 40 weeks of full-term gestation plus 52 postnatal weeks).

Curve a of Figure 2-7 shows the postnatal growth of a baby born at 32 weeks
gestation with a birth weight of 1200 g. This birth weight is located on the 25th
centile, hence, the child has an adequate weight for gestational age. This baby spent
3 months in an incubator, during which time he had many complications (feed-
ing, respiratory, and metabolic problems). His growth curve could not be kept within
the centile lines in which he was born, and his growth rate was slower than nor-
mal during the period 28—41 weeks postconception. Afterward, when he became
easier to feed, he started recovering weight and finally experienced a complete catch-
up growth. In this baby (as in many others), three phases of growth can be iden-
tified:3? the first period with a growth retardation, followed by a second period of
catch-up, and then a third period with a normal growth rate. Not all preterm babies
grow this way. Some of them, like curve b, may not catch-up and remain with a
height deficit during the rest of their infancy and childhood. These children may
present at later ages for short stature. Their clinical examination and growth veloc-
ity at later ages is normal, and unless a careful perinatal history is taken, the cause
of their short stature may remain obscure.

Immediate postnatal growth of newborn groups in institutions is a good indi-
cator of the quality of perinatal care, and in my view, standard and comparable
ways of evaluating it should be developed as positive indicators of perinatal care
and as an important complement to neonatal mortality.

Malnutrition
Primary malnutrition is consequence of reduced nutritional intake (either pre-

dominantly proteins, predominantly calories, or both), strongly associated with unfa-
vorable socioeconomic conditions. Kwashiorkor (predominantly protein deficiency)
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and marasmus (predominantly calorie deficiency) are perhaps the most frequent
causes of growth impairment in the world. They are frequently observed in devel-
oping countries®® and in inner cities and marginal groups of developed countries.
The severity of the growth deficiency is proportional to the severity of the nutri-
tional deficit.

Depending on the duration and quality of protein and energy deficiency and
the relative impact on growth in weight and height, two main types of malnutri-
tion can be recognized: stunting and wasting.3* Wasting, assessed by the weight-
for-height index, is the expression of present nutritional state and near past food
intake; it is also associated with a high risk of disease and death. Stunting, assessed
by the height-for-age index, is an indicator of past nutrition. It is not necessarily
associated with a higher risk of disease and death.

Recent research has suggested that body composition in late childhood may be
associated with the relative intake of energy and proteins in early life. A high-
protein/low-energy intake in infancy is associated to a higher degree of fatness in
late childhood. This association may in turn be related to the influence of the early
diet on hormone secretion.®

Psychosocial Deprivation

Type 1 psychosocial deprivation (PD) applies to infants with nonorganic fail-
ure to thrive. Maternal deprivation, lack of adequate nutrition, and other factors
may intervene in this entity, in combination with deficit in the swallowing func-
tion, deficiency of micronutrients, and the like. There may be reduced growth veloc-
ity in weight, height, or both. Type 2 PD applies to children older than 3—4 years
of age, in whom nutritional deficiencies are not apparent, and the underlying mech-
anism is thought to be growth hormone deficiency.?

Chronic Disease

Practically any chronic disease may have an impact on physical growth. The
most frequent entities seen in practice are severe asthma, malabsorption (e.g., celiac
disease, chronic inflammatory disease, cystic fibrosis), congenital heart disease
(especially with right to left shunt or cardiac failure), chronic renal failure, chronic
anemia, metabolic acidosis of any origin, chronic pulmonary disease, and chronic
infections (e.g., tuberculosis, AIDS). The mechanisms underlying growth delay
in these entities are varied, such as reduced nutritional intake (secondary to anorexia,
malabsorption, volume-limited intake), metabolic disbalance, hypoxia, chronic
metabolic acidosis protein loss, and not infrequently, the treatment itself.

With the progress of therapeutic resources in medicine and the consequent reduc-
tion in mortality, the impact of the chronic disease on growth is becoming more
and more important. From the point of view of the health care team, this becomes
an indicator of treatment quality, and from the patient’s point of view, an indica-
tor of quality of life. In the case of acute lymphoid leukemia, for example,
currently more than 90% of children survive after 8 years of treatment. After this
and many other important advancements achieved in the last years, we could say,
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“children do not die anymore, but . . . how do they grow?” There is thus a new
challenge for the clinical management of children surviving diseases that were lethal
in the near past.3®

Treatment

Some drugs are well known for their negative impact on growth. A major one
is adrenal steroids, widely used in asthma, nephrotic syndrome, lupus, and many
other chronic diseases. Any dose greater than the physiological one may delay
growth, and the magnitude of the retardation is proportional to the dose and the
duration of the treatment. Doctors know that sometimes a high price is paid for
achieving a successful treatment, and in these cases, a continuous balance between
the need to maintain the patient in an asymptomatic state and allow a normal pat-
tern of growth has to be permanently maintained.

Other drugs, such as cytostatics, can affect growth. Cranial irradiation used in
the treatment of tumors of the central nervous system and leukemia can damage
the hypothalamic functions. Such damage has implications for the release of both
hypothalamic and pituitary hormones, not the least of which is growth hormone.

Endocrine Conditions

These problems are discussed in Chapter 10.

CONCLUSION

Physical growth is the very substance of pediatric practice, modern pediatric
knowledge reverberates along its axes. It provides a longitudinal, sequential, and
prospective view of the human being during the most evolving and dynamic period
in human life.
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ADOLESCENT GROWTH CYCLE

Growth at adolescence is characterized by the presence of an adolescent, or puber-
tal, growth spurt. Figure 3-1 shows a typical example of the growth in height of
a girl between 3 and 18 years old (data from the Belgian Growth Study of the Nor-
mal Child!-3).

The upper part is a plot of the height-for-age data (distance curve), while the
lower part shows the increments in height over 1-year intervals; that is, a proxy
for velocity in growth. Actually, the yearly increments reflect average velocity in
the considered interval while, strictly speaking, the term velocity refers to instan-
taneous velocity; that is, the first derivative of a smooth distance curve. Despite
this, the terms increments and velocities are often intermixed, such as in this text.
The horizontal bars in the graph indicate the length of the intervals over which
the increments were calculated. It is common practice to calculate increments from
measurements no less than 0.85 years and no more than 1.15 years apart and con-
vert them to whole-year increments by taking the ratio of the difference between
the two measurements and the length of the interval. Increments calculated over
shorter periods reflect seasonal variation and are relatively more affected by mea-
surement error.*

The growth pattern in height is characterized by a gradually decreasing (some-
times more or less constant) velocity during childhood, which is, in many children,

45



46 HUMAN GROWTH AND DEVELOPMENT

160 -
150 N
£ 140
5 L
S 130 1 i
ﬂ) -
I
120 "
110 1 L
100 L
90 |
80 i
- 10
i -9
..8 g
...7 g
| ° 3
-5 ?
4 O
5 g
J -2
-1
T T T T T L) T T T T T T T ICI L} O
2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19

Age, years

FIGURE 3-1 Growth in height of a girl (no. 29) between 3 and 18 years old. The upper part
shows a plot of the height-for-age data (distance curve), while the lower part shows the yearly
increments in height (velocity curve). The horizontal bars indicate the length of the intervals. (From
the Belgian Growth Study of the Normal Child.)

interrupted by one or more small prepubertal (or mid-childhood) spurts>$ (see Chap-
ter 2). The age at minimal velocity before puberty (age at takeoff, TO) is consid-
ered as the onset of the pubertal growth spurt. The age at takeoff varies considerably,
among populations, individuals (standard deviation = about 1 year), and sexes, boys
being in average 2 years later than girls in starting off their adolescent spurt. Max-
imum velocity in height (or peak height velocity) is reached within 3-3.5 years
after the onset of the spurt. The difference in age at takeoff and age at peak veloc-
ity (PV) can be used as a measure of the duration of the adolescent spurt. After
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having reached a peak, the growth velocity rapidly decreases, inducing the end of
the growth cycle at full maturity, around 1617 years for girls and 18-19 years
for boys in Western populations. There is a wide variation among populations, indi-
viduals and the two sexes as to the attained size at each age, the timing of events
such as adolescent growth spurt, and the age at which mature size is reached. The
growth curve of height (shown in Figure 3-2) is typical for all post-cranial skele-
tal dimensions of the body.
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FIGURE 3-2 Increase in weight of a girl (no. 29) between 3 and 18 years old. The upper part
shows a plot of the weight-for-age data (distance curve), while the lower part shows the yearly
increments in weight (velocity curve). The horizontal bars indicate the length of the intervals. (From
the Belgian Growth Study of the Normal Child.)
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Increase in weight has a different pattern, in the sense that the start of the ado-
lescent growth spurt in weight does not correspond with the age of minimal incre-
ment in weight before puberty. Most children show the lowest annual increase in
weight in late infancy or early childhood, around 2-3 years old.” Thereafter, increase
in weight slowly but steadily accelerates until the onset of puberty, when there is
a sudden rapid increase in weight velocity. The pattern of increase in weight and
weight velocity shown by the data of the girl in Figure 3-2 illustrates these typi-
cal features very well. In this example, the sudden change in velocity of weight
between childhood and puberty can be identified at 11.5 years old. The precise
location of the onset of the adolescent growth spurt is generally more problem-
atic and subjective for weight than it is for height.

A third major type of growth pattern is seen in the dimensions of the head. The
growth pattern for head circumference, between 1 month and 18 years of age, is
exemplified in Figure 3-3. The growth of the head is very rapid during the first
postnatal year, but velocity steeply falls down to levels below 1 cm/yr by the age
of 2 years. Thereafter, yearly increments in head circumference fluctuate between
a few millimeters and 1 cm per year and no spurt is noticeable at puberty. In the
given example, 89% of the girls’ adult head circumference is reached by the age
of 3 years. This value is very close to the mean percentage of adult head circum-
ference reached at 3 years of age in most populations. Very similar patterns are
observed for other head dimensions such as head length and head width in both
boys and girls.® That growth velocity of head dimensions is fairly small beyond
the age of 3 years and very much corrupted by measurement error is why studies
of growth and growth charts concerning the head and face are usually restricted
to the period of infancy.

GROWTH MODELING AND BIOLOGICAL PARAMETERS

Most of our knowledge on the shape of the human growth curve comes from
longitudinal growth data, i.e., sequential measurements of size taken at regular inter-
vals on the same subject, such as shown in Figures 3-1 to 3-3. Serial measure-
ments of height, for instance, form a basis for estimating the supposed underlying
continuous growth curve of stature. However, recent studies have shown that fre-
quent measurements of size (at daily or weekly intervals) with high precision tech-
niques (such as knemometry with a measurement error of about 0.1 mm) recently
showed that the underlying growth process is, at the micro-level, not as smooth
as we usually assumed®!? (see Chapter 12). Nevertheless, for the description of
the general shape of the growth curve in height, based on body measurements taken
with classical techniques at intervals varying between several months and 1 year,
we can readily assume that the growth process is continuous.

Various mathematical models have been proposed to estimate a smooth growth
curve on the basis of a set of discrete measurements of growth of the same sub-
ject over time.!'"!3 An interesting review of various approaches in modeling human
growth has been given by Bogin.!* More than 200 models have been proposed
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FIGURE 3-3 Growth in head circumference of a girl (no. 29) between 3 and 18 years old.
The upper part shows a plot of the head circumference-for-age data (distance curve), while the
lower part shows the yearly increments in head circumference (velocity curve). The horizontal bars
indicate the length of the intervals. (From the Belgian Growth Study of the Normal Child.)

to describe part or all of the human growth process, only a small number of which
are of practical use. The possibilities and limitations to commonly used mathe-
matical functions for analyzing human growth have recently been discussed. !>
Here, we concentrate on the Preece-Baines model 1 (PB1), which has been proven
to be a very robust model in describing the adolescent growth cycle on the basis
of growth data covering the period from 2-5 years of age up to full maturity.'”
Whenever longitudinal data from birth to adulthood is at hand, one can better esti-
mate the whole growth curve by means of the triple logistic function'® or the JPA-
2 function,!® for instance.
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The mathematical expression of Preece-Baines model 1 is

20y —hy)
e.vo(t—9)+ esl(t—e)

with y = height in centimeters; ¢ = age in years; and h,, hg, s, 5,, and 0 are the
five function parameters. Parameters of nonlinear growth models usually allow
some functional interpretation of the growth curve. In the case of PB1, parame-
ter h, is the upper asymptote of the function and thus corresponds to an estimate
of mature size. Parameter 0 is very highly correlated with age at peak velocity.
Parameter A, is the size at age 6. Parameters s, and s, are rate constants control-
ling, respectively, prepubertal and pubertal growth velocity.

The parameter estimation of nonlinear growth functions like the PB1 curve are
usually obtained by nonlinear least-squares techniques based on numerical mini-
mization algorithms, such as the simplex,?® Marquardt,?' and Gauss?* methods. Most
statistical and several graphical software programs now offer the possibility of non-
linear regression analysis of user-entered functions.

The outcome of modeling an individual’s serial growth data is a set of values
for the function parameters (five in the case of PB1). Hence, growth modeling (or
curve fitting) is a technique by which longitudinal growth data can be summarized
in a limited number of constants, which have the same meaning for all subjects,
thus allowing easy comparison among individuals. By entering the values of the
function parameters into the model, one can graph the individual’s smooth growth
curve. Likewise, when entering the parameter values into the first derivative of
the growth model, one obtains an estimation of the instantaneous growth veloc-
ity. The growth velocity function for PB1 follows:

e 2(hy — hy)(s5,e ™" + 5,610
(esO(th) +es](t—9))2

Figure 3-4 shows a plot of the PB1 function fitted to the distance data for height
of the same girl as in previous figures. The lower part of Figure 3-4 shows a plot
of the yearly increments together with the instantaneous velocity curve obtained
as the mathematical first derivative of the fitted distance curve. The values of the
function parameters for this example are given in Table 3-1.

The standard error of estimate (= square root of the residual variance) is often
used as a measure of the goodness of the fit:

N A2
Z i =)
Standard error of estimate = 1/:=———
N-—k

with Vi the height at x; 3, the value of the fitted curve at x; N, the number of height
measurements; and k, the number of parameters in the model (five in the case of
PB1). It is generally accepted that a fitted curve adequately describes the growth
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FIGURE 3-4 Growth in height of a girl (no. 29) between 3 and 18 years old. The upper part
shows a plot of the height-for-age data together with the Preece-Baines model 1, while the lower
part shows the yearly increments in weight with the first derivative of the fitted curve. (From the
Belgian Growth Study of the Normal Child.)

data if the standard error of estimate is of the same order of magnitude as the mea-
surement error of the trait under consideration (typically 0.5 cm for stature dur-
ing childhood and adolescence). Systematic bias can be estimated as the test runs.?
Large values of the standard error of estimate and systematic bias may, among oth-
ers, occur with

» Low-precision data (large measurement error, inexperienced measurers, large
intermeasurer variation, inadequate measuring devices, and so on).
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TABLE 3-1 Function Parameters and Biological Parameters Obtained by Fitting
Preece-Baines Model 1 to the Height Data of Girl No. 29 (taken from the Belgian Growth
Study of the Normal Child")

h, 154.4 cm?
hy 143.7 cm?

5o 0.1374

5, 1450

6 11.63 yr
Residual variance 0.144 cm?
Standard error of estimate 0.380 cm?
Age at takeoff 8.33 yr
Height at takeoff 121.2 cm?
Velocity at takeoff 5.1 cm?/yr
Age at peak velocity 11.18 yr
Height at peak velocity 139.8 cm?
Velocity at peak velocity 8.9 cm?/yr
Adolescent gain 33.2 cm?

Inappropriate age ranges of the growth data for the chosen model (each model
is designed to fit growth data in a particular age range, including data beyond
that age range results in bad curve fittings).

Inappropriate models for the type of variable (models designed for postcra-
nial skeletal dimensions, such as the PB1 function, for instance, are inap-
propriate for fitting head dimensions or weight).

The presence of particular features in the growth data that cannot be described
by the growth model (prepubertal growth spurt(s), unusual variations of
growth rate in pathological growth).

Growth variables that do not necessarily have a monotonously increasing pat-
tern (such as weight, body mass index, skinfolds) cannot be successfully described
by structural models such as nonlinear growth functions. Nonstructural approaches,
such as polynomials, smoothing splines, and kernel estimations are more appro-

priate for these kinds of traits.

24,25

In addition to producing a smooth continuous curve for growth and growth veloc-
ity and summarizing the growth data into a limited number of constants, the main
goals of mathematical modeling of human growth data are to estimate

Growth between measurement occasions (interpolation).

Milestones of the growth process (the so-called biological parameters), such
as age, size, and velocity at takeoff and peak velocity, for instance.

The “typical average” curve in the population by means of the mean-constant
curve (see later).

Table 3-1 also shows a number of biological parameters that were derived from
the fitted curve shown in Figure 3-4. Note that adult height estimated by the PB1
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fit is equal to #, = 154.4 cm. Biological parameters, obtained by fitting a growth
model, characterize the shape of the human growth curve and form a basis for stud-
ies of genetic and environmental factors that control the dynamics of human growth.

One should be suspicious about estimations of final size by structural growth
models in cases where the growth data give no clear indication that the end of the
growth phase is nearby. Estimated final height, for instance, is likely to be fairly
unreliable if the last yearly increment in the growth data exceeds 2 cm/yr. Least-
squares techniques are hopelessly weak in fitting parameters beyond the obser-
vation range and thus inapt to extrapolate. Analogous problems may arise when
the lower bound of the age range does not include the takeoff of the adolescent
growth spurt. In such a situation, the estimation of the age at takeoff and all derived
biological parameters by a PB1 fit are not under control of the data and likely to
be erroneous. A possible solution to the problem of extrapolation, like the prediction
of mature stature (and also to the problem of incomplete data), is by using Bayesian
estimations instead of least-squares techniques for the parameter estimation.'826

TEMPO OF GROWTH

The famous American anthropologist Franz Boas, in the beginning of the twen-
tieth century, already described that “‘some children are throughout their childhood
further along the road to maturity than others.”?”-? Indeed, individuals not only
vary considerably in size but also in tempo of growth; that is, the speed at which
they reach mature size. Tempo of growth, or maturation rate, is correlated with
other markers of maturation, such as secondary sexual characteristics and bone
age.

Figure 3-5 shows a theoretical example of the main effects of variation in tempo
on the shape of the human growth curve. The figure shows the distance and veloc-
ity curves for the stature of typical early, average, and late-maturing children hav-
ing the same size at birth and adulthood. These three theoretical subjects have, so
to speak, the same potential for reaching a certain mature size, but they differ con-
siderably in height at all ages along their growth period and in the shape of their
growth pattern. We can see that the early maturer reaches final size earlier and is
taller than the average maturer throughout childhood and adolescence. In turn, the
average maturer reaches adult size earlier and is taller than the late maturer. The
effects of differences in tempo of growth on attained height increase with age and
are most apparent in periods where the slope of the growth curve is steepest. There-
fore, variation in maturation rate affects attained height mostly during the adolescent
period.

The relationship between the shape of the growth curve and the tempo of growth,
as depicted in the preceding theoretical example, is also reflected in real popula-
tion data. Longitudinal studies have repeatedly shown that little or no correlation
exists between the timing of the pubertal spurt and adult stature; that is, early, aver-
age, and late-maturing children reach, on average, the same adult height.?>2%33 This
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FIGURE 3-5 Effect of tempo on the pattern of growth: A theoretical example.

is also true for other postcranial body dimensions®® but not for weight. Early matur-
ing children are, on average, heavier than late-maturing children.?” The shorter growth
cycle in early maturers is compensated by a slightly but consistently greater
growth velocity during childhood and, particularly, by a more intense puber-
tal growth spurt. The opposite is seen in late-maturing children. This relationship
is reflected in the negative correlation between peak velocity and age at peak veloc-
ity in height and several other traits.?>3%3

Studies on longitudinal growth of twin and family data have shown that tempo
of growth is to a great extent genetically determined.'33° In a more recent lon-
gitudinal growth study of monozygotic and dizygotic male twins, Hauspie et al.*
found a strong genetic component in the variance of various biological parameters
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characterizing the shape of the human growth curve; in particular, for age at peak
velocity, reflecting tempo of growth. Similar findings were reported by Byard, Guo,
and Roche*! on the basis of an analysis of familial resemblance in growth curve
parameters in the Fels Longitudinal Growth Study. Tanner*? suggested that both
the growth status and the tempo of growth are under genetic control but that the
genetic factors might be quite different. Despite the strong genetic control over
tempo of growth, there is also evidence that the human body can adapt to adverse
environmental conditions by slowing down the developmental growth rate, prob-
ably allowing a child to better cope with the physiological and metabolic require-
ments for a balanced development in suboptimal situations. If the adverse conditions
are reversed, then a child usually restores its growth deficit by a period of rapid
growth to regain its original “growth channel,” the so-called catch-up growth.**
4 If, however, the environmental stresses hold on for a long period or throughout
the whole growth cycle, the resulting effect on growth may be a pattern that is
typical for late-maturing children. Typical examples of this were found for chil-
dren exposed to chronic mild undernutrition,* chronic diseases such as asthma,*’
psychosocial stress,*-3 socioeconomic deprivation,®' and living at high altitude.>
Those children tend to be slightly delayed in reaching the adolescent growth spurt,
in achieving sexual maturity, and in attaining their final size. Final stature is usu-
ally not affected (i.e., is compatible with the population average) unless the long-
lasting adverse conditions are too severe.*

INDIVIDUAL VERSUS AVERAGE GROWTH

Much of our knowledge on children’s growth comes from longitudinal stud-
ies, that is, data comprising series of growth measurements of the same subjects
over time, allowing to establish part or the whole of the individual growth pat-
tern. However, the great majority of growth studies are cross-sectional; that is, based
on single growth measurements taken from individuals who differ in age. Cross-
sectional growth data allow to estimate the central tendency and variation of growth
variables at each age in the population and to construct smooth centile lines show-
ing the “average” growth and the limits of “normal” variation in that population.
These centile lines form the basis of growth standards and reference curves (see
Chapter 18). Despite the immense merits of cross-sectional growth surveys in con-
structing growth standards and in epidemiological studies of the genetic and envi-
ronmental factors involved in growth, they can give only a static picture of the
population variation in growth variables and are hopelessly weak in providing infor-
mation on the dynamics of individual growth patterns over time.

The variation in the tempo of growth means that a cross-sectional mean curve,
to some extent, smoothes out the phenomenon of the adolescent growth spurt. Fig-
ure 3-6 illustrates this effect very clearly on the basis of the longitudinal growth
curves of two boys (taken from Chrzastek-Spruch’s unpublished data on the Lublin
Longitudinal Growth Study>?), compared to the cross-sectional mean of their growth
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FIGURE 3-6 Cross-sectional means of distance and velocity curves. An example of two boys.
(Data from Chrzastek-Spruch’s unpublished report on the Lubin Longitudinal Growth Study.*?)

data. The two subjects differ in timing of their adolescent growth spurt, the age at
maximum increment in height being at, respectively, 12.5 and 14.5 years of age.
By taking the averages of the heights at each age, without taking account of this
difference in timing of the adolescent growth spurt, one comes up with an aver-
age curve that does not show the steep slope at adolescence, seen in each indi-
vidual curve. The effect of taking the cross-sectional mean becomes even more
striking by a comparison of the yearly increments in height of the two curves with
the average of these yearly increments. While the two individuals show a clear
adolescent spurt with a maximum yearly increment in height of respectively 9.9
and 7.8 cm/yr, the cross-sectional mean of these curves is much flatter. The peak
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of the mean velocity curve is lower than in the individual curves and the “spurt”
is spread out over a longer period than in the two individuals, a phenomenon denoted
as the “phase-difference” effect.”

Although the example shown in Figure 3-6 is based on averages of longitudi-
nal growth data, it is exactly what happens with the pattern of the means in cross-
sectional growth data and the pattern of the increments of the means. By the way,
the mean velocity curve in Figure 3-6 corresponds exactly to a plot of the incre-
ments of the means. This illustrates that the pattern of individual growth differs a
lot from the pattern of cross-sectional mean growth, especially during adolescence.
It is also the reason why the growth records of an individual over time do not match
any of the centile lines shown by cross-sectional growth charts and why such charts
are not useful to evaluate the normality of the pattern of growth over time. Pure
cross-sectional growth standards are also called unconditioned for tempo. The dif-
ferences between individual and average growth have long been recognized (Boas,
1892, and Shuttleworth, 1937, are cited by Tanner?®), but it was not until the mid-
1960s that Tanner, Whitehouse, and Takaishi’>* introduced tempo-conditioned
growth standards for height, weight, height velocity, and weight velocity based
on longitudinal data of the British population. In addition to the classical centile
distribution for attained size and velocity at each age, these references also show
the “normal” variation in the shape of the growth curves. Their technique to pro-
duce the latter reference curves (the so-called tempo-conditioned standards) was
based essentially on an analysis of the longitudinal growth data after centering each
individual’s growth data around the age at peak velocity.

Figure 3-7A illustrates this technique and its effect on average height velocity
of the two boys shown in Figure 3-6, after their height measurements were peak
height velocity centered. The so-obtained mean velocity curve indeed has a pat-
tern that can be considered representative for both individuals; that is, with an age
at peak velocity and a peak velocity that is the average of the two subjects. Later
on, Tanner and Davies* produced clinical longitudinal standards for height and height
velocity in North American children using the same graphical principle as in their
1966 British standards. Wachholder and Hauspie,>* on the contrary, used a tech-
nique, derived from curve fitting, to achieve similar goals when producing clini-
cal standards for growth and growth velocity in the Belgian population. They used
“mean-constant” curves to estimate the typical average pattern of growth in the
population. The mean-constant curves were obtained by fitting the Preece-Baines
model 1 to each individual in the sample and feeding the mean values of the func-
tion parameters into the model. The resulting mean-constant curve represents the
growth pattern of the typical average child in the population; that is, with a peak
velocity and an age at peak velocity characteristic or typical for the group.'? Hence,
a mean-constant curve is very much like the average of peak velocity centered
curves. Figure 3-7B shows the PB1 velocity curves of the same two boys together
with their mean-constant curve. Note that the PB1 curves slightly underestimate
peak velocity, a minor weakness of the PB1 model that has been acknowledged
elsewhere. !



58

—
N
]

HUMAN GROWTH AND DEVELOPMENT

Peak height velocity
0 centered mean curve
510 1
o)
< 8
£
)
£ 6-
0]
£
O 44
8]
£
2 -
0 ] L] L) 1] L] I I L) ] 1 T
4 6 8 10 12 14 16 18
Age, years
(A)
12 -
mean-constant
rv
_ 104 curve
8
> No. 78 /
£ 87
)
= No. 220
= 6
3]
e}
[0)
> 44
2 -
O T T T T T T T T T T T 1
4 6 8 10 12 14 16 18
Age, years

(B)

FIGURE 3-7 (A) Peak height velocity-centered plots of the yearly increments of two boys
together with the cross-sectional mean of the two curves. (B) PB1 velocity curves of two boys
together with the mean-constant curve. (Data from Chrzastek-Spruch’s unpublished report on the

Lubin Longitudinal Growth Study.*®)
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SEX DIFFERENCES IN GROWTH

It is well known that women are on the average smaller than men for all lin-
ear body dimensions, in particular height, sitting height, and leg length.?” Although
some differences between boys and girls may already be present at birth, they
remain, in general, small until the time that girls start their pubertal growth spurt.
Because of the 2-year difference in age of onset of the pubertal spurt, 11-, 12-,
and 13-year-old European girls are, on average, taller and heavier than the boys
of the same age.> Some findings suggest a positive correlation between the amount
of sex differences in adult size and the sex average for size.’*>’ However, Eveleth
found a relatively larger sex difference in adult stature in Amerindians, who have
a relatively smaller adult size. Similar findings were reported for Asian Indians.>
Eveleth postulated that genetic factors probably play an important role in estab-
lishing mature size and sex differences, although it is conceivable that boys are
treated better in these societies than girls, allowing them to better express their
genetic potential than girls.

Most of our knowledge on sex differences in growth is derived from cross-
sectional data, which allow us to estimate fairly accurately the sex differences dur-
ing infancy, childhood, and adulthood, as well as the points of intersection between
the male and female average growth curve. However, for reasons explained already,
cross-sectional data poorly reflect individual growth and longitudinal data is needed
to understand the manner in which sex differences in size arise during the growth
process.* Using mean-constant curves, allowing estimation of the typical male
and female curves in the population, one can analyze the dynamics of the sex dimor-
phism in human growth. As an example, Figure 3-8 shows the sex differences in
the mean-constant curves for Belgian boys and girls. Note that takeoff is pointed
out by a black dot. We consider prepubertal growth as the size achieved up to the
age at takeoff, while adolescent growth (or adolescent gain) is the amount of growth
achieved between takeoff and adulthood. Figure 3-8 illustrates how the sex dif-
ference in adult size (D) can be decomposed into three additive components:

DA: The difference in adolescent gain between boys and girls.

DP: The difference in prepubertal growth; that is, the difference in size at the
girls’ takeoff.

DT: The amount of growth achieved by the boys between the girls’ and the boys’
takeoffs.

Using this technique, Hauspie et al.”® analyzed the dynamics of the sex differ-
ences in height, sitting height, shoulder width, and hip width in British children.
The results are summarized in Table 3-2.

It can be seen that the largest contribution to sex differences in adult height comes
from the later onset of the pubertal growth spurt in boys than in girls (DT = 7.9 cm).
Sex differences in prepubertal growth (DP = 2.0 cm) and in adolescent gain (DA
= 2.0 cm) are relatively smaller. Slightly different values for these components
may be found in other populations. In West Bengal children, for instance, Hauspie
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FIGURE 3-8 Decomposition of sex differences in adult stature into three additive components
(see text for explanation of abbreviations).

et al.>® found a larger sex difference in adult height (D = 14.2 cm), mainly due to
a relatively more important adolescent gain than in the British children, whereas
data for the Belgian population show, such as for the British children, a relatively
larger contribution of DT to the sex differences in adult height.®® Table 3-2 shows
that the decomposition of adult sex differences in sitting height is percentagewise

TABLE 3-2 Decomposition of Sexual Dimorphism in Adult Size of Height, Sitting Height,
Shoulder Width, and Hip Width into Three Additive Components (see text for explanation
of abbreviations): A British Sample

Height (cm) Sitting Height (cm) Shoulder Width (cm)  Hip Width (cm)

D 12.0 45 3.7 -0.6
DA 2.0 0.7 1.7 2.0
DP 2.1 0.3 0.3 -0.1

DT 7.9 35 1.7 L5
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similar to that seen for stature. On the contrary, for shoulder width boys have a
relatively larger increase during adolescence than girls. As far as hip width is con-
cerned, adult sex differences are almost negligible. Prepubertal differences in hip
width are also nonexistent, and the greater adolescent gain in hip width of the girls
(DA =-1.0 cm) is counterbalanced by the amount of growth in hip width of boys
due to their prolonged prepubertal growth period. In conclusion, it can be said that
the adult sex differences in longitudinal body dimensions are attributable mainly
to the boys’ longer prepubertal growth cycle. Sex differences in shoulder width is
in equal amounts due to the delay in onset of the growth spurt and greater ado-
lescent gain in the boys. Finally, sex differences in hip width are negligible in adult-
hood and also before puberty. The slightly greater increase in hip width during
adolescence by the girls is largely compensated for by the boys’ gain in hip width
during their longer prepubertal period.
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PUBERTY
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INTRODUCTION

Puberty refers to the onset of adult reproductive capacity. As a milestone in
human development, puberty is quite dramatic, involving a rapid transformation
of anatomy, physiology, and behavior. Other than pregnancy, it is probably the most
abrupt and encompassing developmental transition that human beings undergo
between birth and death. It is also a transition of deep cultural significance in most
societies around the world, often marked by special rituals and ceremonies.! As
dramatic as it is, however, puberty is not an instantaneous threshold or a discrete
state but a process integrated more or less smoothly with the antecedent and con-
sequent developmental phases of immaturity and adulthood. As a result it is, in
fact, quite difficult to clearly identify either the beginning or the end of the puber-
tal period. Unlike the metamorphosis of an insect through discrete morphological
stages, the human organism is transformed from its immature to its mature state
through a rapid and profound, but essentially continuous, trajectory of change.

The central feature of human puberty is the maturation of the primary repro-
ductive endocrine axis, composed of the hypothalamus, pituitary gland, and gonad.
This three-part system—referred to in general as the hypothalamic-pituitary-gonadal
(HPG) axis, or specifically as the hypothalamic-pituitary-ovarian (HPO) axis in
females and the hypothalamic-pituitary-testicular (HPT) axis in males—controls
the reproductive functions of the organism, including the production and matura-
tion of gametes and the activity of the other components of the reproductive tract
necessary for reproduction in both sexes. The secondary features of human puberty
include the development of secondary sexual characteristics, the development of
sexually dimorphic anatomical features, the acceleration and ultimate cessation of
linear growth, quantitative changes in the function of many other endocrine systems

65
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(particularly those involved in the partitioning of metabolic effort), and changes
in behavior and its substrates, including the libido. Virtually all the secondary
changes of puberty are downstream consequences of the primary maturation of
the HPG axis. In particular, the actions of the steroid hormones produced by the
ovaries and testes are directly involved in most aspects of pubertal development.
A few physiological changes associated with puberty precede HPG axis activa-
tion, although their status as releasers or causes of the primary events of puberty
is uncertain.

An understanding of human puberty, therefore, begins with an understanding
of the functioning of the HPG axis and its developmental trajectory.>~ Secondary
features of puberty can then be viewed as consequences of this central develop-
mental transformation. While this approach can successfully integrate much of what
we know about human puberty—its normal course and variability, its mechanisms,
and its associated pathologies—it also highlights areas of ongoing controversy, con-
temporary research, and lingering ignorance.

HPG AXIS

The hormonal signals that flow between the components of the HPG axis coor-
dinate the central processes of reproductive biology and integrate them with other
features of the organism’s anatomy, physiology, and behavior. The central features
of this regulatory system can be sketched out in rather simple terms, but the stu-
dent should be aware the details are far more complex and convoluted than implied
by such summaries (Figure 4-1).

The hypothalamus serves as the main enabling center for the rest of the
HPG axis. Its primary signal is a small peptide hormone variously known as
gonadotropin-releasing hormone (GnRH) and luteinizing-hormone-releasing hor-
mone (LHRH).% It is secreted by the median eminence of the hypothalamus into
the tiny portal vascular system that connects this region of the brain to the anterior
pituitary gland.® The effect of GnRH is to stimulate production and release of two
protein hormones from the pituitary, follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH).%!° GnRH must be released in a pulsatile fashion to have its ordi-
nary stimulatory effect on the pituitary. In adults, the hypothalamus releases GnRH
pulses about once an hour, controlled by a pulse generator located in the region of
the arcuate nucleus.!' Surgical manipulation of rhesus monkeys has demonstrated
that pulse frequencies much faster or slower than this result in a suppression of
gonadotropin release by the pituitary.'>!3 On the other hand, a constant regime of
exogenously administered hourly GnRH pulses is sufficient to sustain normal func-
tioning of the axis both in experimental animals and humans suffering pathologi-
cal disruptions of hypothalamic function. In particular, it is notable that a constant
regime of circhoral GnRH pulses is sufficient to maintain full ovarian cyclicity in
both rhesus monkeys and women.'#!” These observations give rise to the concept
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FIGURE 4-1 The hypothalamic-pituitary-gonadal axis (hypothalamic-pituitary-testicular axis
in males, hypothalamic-pituitary-ovarian axis in females) and its principal hormones.

of the hypothalamus as the primary on-off switch controlling reproductive func-
tion.'® The hypothalamus receives many inputs from other neural centers, allow-
ing the discrete control of reproductive function to be susceptible to a broad range
of influences. Olfactory, photoperiod, and tactile stimuli are known to modify
hypothalamic function in many mammals. More complex influences on central ner-
vous system activity may also be able to modify patterns of GnRH release and so
affect reproductive function. However, hypothalamic control of HPG axis activity
is primarily discrete and qualitative. Quantitative variation in the activity of the axis
is regulated by steroid feedback and linkages to general metabolism.

The pituitary responds to GnRH from the hypothalamus by synthesizing and
releasing FSH and LH. These hormones are also released in a pulsatile fashion in
adults, although the pattern of gonadotropin secretion does not directly reflect the
pattern of GnRH secretion. In women in particular, the frequency and amplitude
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of gonadotropin pulses is greatly modified by the levels of circulating steroid
hormones. !>

The testes and ovaries respond to stimulation by the gonadotropins in broadly
analogous ways. In the testis, LH stimulates production of testosterone by the Ley-
dig cells clustered outside the basement membrane that surrounds the seminifer-
ous tubules. FSH stimulates the Sertoli cells inside the tubules. The Sertoli cells
respond by nurturing the development of the spermatocytes as well as by secret-
ing a protein hormone, inhibin, that differentially suppresses pituitary production
of FSH. Testosterone also stimulates Sertoli function while suppressing pituitary
release of both gonadotropins. As a result of these feedback controls, gamete pro-
duction in a normal man is self-sustaining, with gonadotropins maintained at a low
level. Interruptions of gamete production, however, are followed by rises in the
gonadotropins that reinitiate the process.?!

In the ovary, LH stimulates testosterone production by the cells clustered around
the outside of the basement membrane surrounding a developing follicle. FSH stim-
ulates the granulosa cells inside the follicle to convert testosterone to estradiol and
support the development of the oocyte. The granulosa cells also secrete inhibin
with a suppressive effect on FSH. After ovulation, the follicle is transformed into
a corpus luteum, secreting progesterone and inhibin. Among the important periph-
eral targets for ovarian steroids is the endometrial lining of the uterus. Estradiol
production in the follicular phase of the menstrual cycle stimulates endometrial
proliferation. Progesterone production in the luteal phase following ovulation stim-
ulates secretory activity by the endometrium and maintains its viability. In the
absence of progesterone, a developed endometrium will soon be sloughed off in
menstruation. Menstrual blood loss thus implies estradiol production but not nec-
essarily progesterone production. Nor, by extension, does menstruation necessar-
ily imply ovulation.??

The combined effect on the pituitary of steroid and inhibin production by the
gonads is primarily inhibitory. Gonadectomy in either sex and menopause in women
are characterized by high and unrestrained levels of pituitary gonadotropins. In
men, the HPG axis normally functions at a sustained level, although acute varia-
tions as well as age-related changes occur. In women, the waves of follicular mat-
uration that characterize ovarian cycles cause cyclic variation in both ovarian and
pituitary hormones. The interaction of ovarian and pituitary signals is elegantly
designed to produce key events of the ovarian cycle, such as the selection of the
dominant follicle and ovulation.

Gonadal function is also subject to regulation by factors outside the HPG axis.
Several major regulators of metabolism affect gonadal function, including insulin,
cortisol, growth hormone, and insulinlike growth factor-1 (IGF-1).23?* In addition,
the adrenal cortex represents a significant source of steroid production that is not
under the control of the HPG axis but may nevertheless affect its activity. These
sources of regulation are likely to have quantitative effects on the activity of the
HPG axis rather than discrete, qualitative effects.
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Maturation of the HPG Axis

The feedback relationships governing the HPG axis become established dur-
ing gestation. After birth, the withdrawal of placental steroids results in a period
of high gonadotropin secretion in the neonate. Over a period of months, the sen-
sitivity of the axis to negative feedback appears to increase, leading to a decline
in gonadotropin secretion to the very low levels characteristic of early childhood.?>2
Pulsatile gonadotropin secretion is observable in prepubertal children but at very
low amplitudes. Pulse frequency in prepubertal boys is comparable to that in adults
while the frequency observed in girls is considerably slower.?” The first evidence
of a change in HPG axis activity is the appearance of sleep-associated increased
LH pulse amplitude in both sexes and an associated increase in pulse frequency
in girls, occurring in girls about 8-9 years old and in boys 1-2 years later.?%?
Changes in FSH activity also are likely during this period but are more difficult
to document, given the lower circulating levels of FSH than LH. Over time, the
pulsatile pattern of LH secretion extends to characterize the entire 24-hour period.

These early elevations of gonadotropins are associated with gonadal matura-
tion in both sexes. Testis volume begins to increase from childhood values of some
2 ml to adult values of 12-25 ml. This increase is associated with growth of the
seminiferous tubules, appearance of Sertoli cells, and proliferation of spermato-
cytes. Pulsatile LH secretion leads to Leydig cell stimulation and increases in cir-
culating testosterone levels. Rising testosterone levels stimulate a host of other
pubertal changes, including the appearance of pubic, axillary, and facial hair, voice
changes, accelerated linear growth, and increases in muscle mass. The differen-
tial responsiveness of these target tissues to androgenic stimulation is largely respon-
sible for the variations in timing of these pubertal changes among individuals.30-32

In girls ovarian growth occurs throughout childhood.* Increased LH stimula-
tion at the beginning of puberty leads to increases in ovarian steroid production,
with estradiol levels approaching those characteristic of women in the follicular
phase.?* Testosterone levels also rise and the ratio of testosterone to estradiol is
somewhat higher in puberty than adulthood.?® The development of pubic and axil-
lary hair, breast enlargement, linear growth acceleration, pelvic remodeling, and
increases in adiposity are all characteristic consequences of increasing steroid pro-
duction.?? The first appearance of menstrual bleeding, known as menarche, is also
a reflection of increasing estradiol levels. It tokens a level of estrogenic stimula-
tion sufficient to cause endometrial proliferation. Although the first menstrual period
is a discrete event in the life of an individual, it should be noted that is merely
the first outward manifestation of a continuously changing level of endometrial
stimulation.

The ability of the gonads to produce gametes also matures during the pubertal
period. In boys, the first appearance of sperm in urine occurs in association with
the early increases in gonadotropin secretion, but regular sperm production is not
established until several years later.’ In girls, ovulation is extremely unlikely before
menarche and may lag behind menarche by many months. Both longitudinal and
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cross-sectional studies indicate that the frequency of ovulation increases steadily
after menarche and may not reach adult rates for many years.3” In men, androgen
levels reach a peak by the late teens to early twenties, at about the time that lin-
ear growth is completed. In women, gonadal steroid levels and frequencies of ovu-
lation may continue to increase for several years after the cessation of linear growth,
accompanied by continuing changes in body composition.

LH Surge in Females

It is often claimed that the maturation of the HPO axis in females includes the
development of a positive feedback response to estradiol as part of the mechanism
of ovulation.?3° This conclusion derives from the fact that an LH surge can be
elicited in mature women by supplying large increments of exogenous estradiol,
whereas the same response cannot be elicited in prepubertal girls. However, the
mechanism of positive feedback itself and its role in stimulating the normal mid-
cycle LH surge has recently been challenged. Levran et al.*? demonstrated that the
LH surge in mature women is a consequence of a leveling-off or decline in estra-
diol levels after a preceding rise and is not triggered by the attainment of any thresh-
old level of estradiol. They argue that the withdrawal of the negative feedback
of estradiol on LH release precipitates the dramatic surge of accumulated
gonadotropins and that it is not necessary to postulate a separate positive feed-
back mechanism. Notably, however, to effectively produce an LH surge, a drop
in estradiol must follow a sustained rise and must also occur in an individual with
adult levels of baseline LH production. The reason why an LH surge is not pro-
duced in a prepubertal girl by the same estradiol treatment that is effective in an
adult, in this view, is that baseline LH production is too low for appreciable amounts
to accumulate in the releasable pool. Hence, the appearance of the LH surge late
in female puberty does not necessarily token the initiation of a new, positive feed-
back relationship.

CAUSES AND CORRELATES OF HPG AXIS MATURATION

Early experiments involving transplants of pituitary and gonadal tissue between
immature and mature animals led to the conclusion that changes in hypothalamic
function must be responsible for pubertal activation of the HPG axis.*! This con-
clusion has been elegantly confirmed by experiments on immature rhesus mon-
keys where exogenous administration of pulsatile GnRH led to rapid and premature
establishment of adult HPG axis function.*> Humans who lack endogenous capac-
ity for GnRH production ordinarily fail to undergo normal pubertal development
but can be induced to do so through exogenous administration of pulsatile GnRH.!”
Conversely, precocious puberty can be caused by premature appearance of a pul-
satile GnRH pattern and can often be arrested by exogenous administration of long-
acting GnRH agonists that swamp the endogenous pulsatile signal.*** Thus, puberty
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does not seem to be limited by the maturational status of either the pituitary or the
gonad. Rather it is assumed that some process leads to the establishment of a mature
pattern of circhoral GnRH production by the hypothalamus. The elucidation of this
process represents a continuing challenge. Controversy exists both over the nature
of the functional change that occurs in the hypothalamus and the factors that cause
the change.

Two leading hypotheses have been advanced to describe the functional changes
in the HPG axis at puberty. According to the first, initially applied to humans by
Kulin, Grumbach, and Kaplan,* a decrease in the sensitivity of the hypothalamus
to the negative feedback effects of gonadal steroids occurs in puberty, leading to
a progressive rise in the circulating levels of gonadotropins and steroids. This
hypothesis has been referred to as the gonadostat hypothesis, evoking an analogy
between the HPG axis and the thermostat regulating heat production by a furnace.
Puberty, in this analogy, is caused by a resetting of the “gonadostat” to a higher
level, so that more circulating steroid is necessary to turn off the flow of
gonadotropins, in the same way that setting a thermostat higher requires more heat
to turn off the stimulating signal to the furnace. Support for this hypothesis comes
from demonstrations of the suppression of gonadotropin levels in prepubertal chil-
dren by low levels of exogenous steroids that are ineffective in adults.

Plant?’ criticized this hypothesis and suggested an alternative based on changes
in the positive stimulation of gonadotropin production. He noted that the gona-
dostat hypothesis implies that the castration of a prepubertal individual should lead
to a dramatic rise in gonadotropins, a phenomenon that does not, in fact, occur.
Instead, prepubertal castration of male or female rhesus monkeys leads to only small
increases in gonadotropin levels, much smaller than observed following the cas-
tration of adult animals. Rather than being held in check by an extreme sensi-
tivity to the low, prepubertal levels of circulating steroids, Plant argued that
gonadotropin production in the prepubertal animal is subject to weak positive stim-
ulation. Puberty, in his view, results from an increase in this positive “hypophys-
iotropic drive.”

Neither of these hypotheses resolves the issue of the proximate causes of HPG
axis maturation. It is suspected that changes in neurotransmitter or neuromodula-
tor activity are involved in the maturational changes of the hypothalamus,* but
whether these changes arise on an endogenous developmental schedule or are cou-
pled to other somatic or endocrine maturational events remains an area of ongo-
ing investigation. In considering this question, it is important to adequately
distinguish potential causes of HPG axis maturation from correlated and conse-
quent events.

Adrenarche

Humans share with the other African apes a characteristic of adrenal develop-
ment known as adrenarche, which usually precedes recognizable pubertal changes
in the HPG axis by 1 or 2 years.>*’° During this period, the adrenal cortex acquires
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a third secretory zone, the zona reticularis, functionally analogous to the zona fetalis
of the fetal adrenal (Figure 4-2). During gestation, the zona fetalis produces andro-
gens that serve as precursors for placental estrogen synthesis. Like the zona fetalis,
the zona reticularis produces large quantities of the C-19 steroid hormones dehy-
droepiandrosterone (DHEA) and androstenedione (A). Circulating levels of these
hormones rise in prepubertal children, together with levels of their sulfate conju-
gates, before detectable increases in gonadotropins and gonadal steroids. These
adrenal androgens have weak potency at androgen receptors and may also serve
as substrates for conversion to estrogens in peripheral tissues and the hypothala-
mus itself. It has been suggested by some that adrenal androgens may contribute
to the maturation of the HPG axis, perhaps by desensitizing the hypothalamus
through exposure to rising steroid levels outside its own regulatory control.>®

The potential for adrenal androgen production to influence pubertal develop-
ment is most clearly demonstrated in cases of untreated congenital adrenal hyper-
plasia.>"32 Uncontrolled overproduction of adrenal androgens in childhood, which
can result from specific enzyme deficiencies, can precipitate precocious puberty,
including HPG axis activation, in both boys and girls. Whether adrenarche has a
significant influence on the timing or pace of puberty in nonpathological situa-
tions is less clear. Some data suggest that early adrenarche is associated with an
advancement of subsequent pubertal events within the normal range of variation.>?
The relationship may be stronger in girls, where adrenal androgen levels may
contribute significantly to the adolescent growth spurt and to the development of
pubic hair.

The factors that control the timing of adrenarche remain obscure, however. There
is no evidence of a rise in pituitary adrenocorticotropic hormone levels and no con-
comitant rise in cortisol production at the time of adrenarche. Increased androgen
production involves alteration in the enzyme activity of the steroid synthetic path-
way, including a suppression of 3-beta-hydroxysteroid dehydrogenase (3-beta-HSD)
and an induction of 17,20-lyase activity.>*>3 Estradiol has been shown to have a
suppressive effect on 3-beta HSD, and girls with precocious adrenarche have been
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FIGURE 4-2 The layers of the adult adrenal cortex and the principal steroids produced by
each layer.
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observed to have elevated estradiol levels. These observations led some to sug-
gest that as yet undetectable increases in ovarian estradiol production early in puberty
may trigger adrenarche in girls.’® This possibility has not yet been discriminated
from the alternative, that elevated estradiol is a consequence and not a cause of
precocious adrenarche, nor does it provide an explanation of the timing of adrenal
development in boys. Insulinlike growth factor I has also been observed to induce
17,20-lyase activity and promote adrenal androgen production in both the zona
fetalis and the zona reticularis, and insulin sensitivity has been observed to be neg-
atively correlated with adrenal androgen production by the zona reticularis.’”->8
Therefore, it may be that developmental changes in either the somatotropic axis
or insulin sensitivity in late childhood play a role in initiating adrenarche in both
sexes.

Somatotropic Axis

The somatotropic axis exerts pronounced effects on the proliferation and main-
tenance of many tissues, including the stimulation of skeletal growth and protein
anabolism. Both stimulatory and inhibitory hormones are secreted by the hypotha-
lamus into the hypophyseal portal system, where they control the release of growth
hormone (GH) from the anterior pituitary. GH is secreted in a pulsatile fashion,
much like the gonadotropins. Although GH has direct effects on some cells, many
of its effects are mediated by the local production of insulinlike growth factors
(IGFs) in target tissues.

Increased activity of the somatotropic axis is a normal part of pubertal devel-
opment, stimulating both the linear acceleration in skeletal growth and the accu-
mulation of lean body mass.?*%° The increase in somatotropic axis activity appears
to be a consequence of increased gonadal steroid production.®'-%3 Both estradiol
and testosterone affect GH production by augmenting GH pulse amplitude, although
testosterone may achieve this effect after aromatization to estradiol within the
hypothalamus. Increases in IGF-I, the major mediator of GH action on skeletal
growth, are correlated with Tanner stages of pubertal development and gonadal
steroid levels. GH and IGF-I also have stimulatory effects on gonadal steroid pro-
duction, and gonadal steroids have independent effects on skeletal growth not medi-
ated by the somatotropic axis.>*%4-%0 Thus, the somatotropic axis and the HPG axis
function synergistically in promoting the adolescent growth spurt. The initial stim-
ulation, however, comes from maturation of the HPG axis.

Insulin Sensitivity

Insulin levels rise during puberty as a consequence of a transient decrease
in insulin sensitivity.”%® In euglycemic clamp studies, the insulin response to a
glucose challenge is observed to be two- to threefold greater during puberty
than in either prepubescent children or postpubescent adults.®® The change in insulin
sensitivity is closely correlated with Tanner stages of pubertal development,
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decreasing simultaneously with the initiation of pubertal development (Tanner stage
2) and returning to normal by the end of puberty (Tanner stage 5). The pubertal
decrease in insulin sensitivity is also closely correlated with increases in GH and
body mass index (BMI), even after correction for sex, age, and pubertal stage.”®
Increases in GH may contribute to decreases in insulin sensitivity by increasing
the rate of glucose uptake by anabolic tissues, but increased insulin levels may
potentiate GH effects as well. Insulin has a suppressive effect on IGF-binding pro-
teins, thus raising free levels of IGF-1.%8 Insulin has also been shown to increase
gonadotropin-stimulated gonadal steroid production in the ovary.?*%° Hyperinsu-
linemic states are often associated with advanced pubertal progression while
hypoinsulinemic states are often associated with pubertal delay. Whether devel-
opmental changes in insulin resistance independently contribute to normal HPG
axis maturation via effects on gonadal steroid production has not been thoroughly
explored.

Body Composition

Frisch and colleagues suggested, in the 1970s, that changes in body composi-
tion had an important causal influence on HPO axis maturation in females.”"-’?
Although it has been extensively criticized on empirical and theoretical grounds
(see the review in Ellison), this hypothesis continues to be widely cited. Signif-
icant changes in body composition occur during puberty in both sexes, with males
increasing in lean body mass percentage and females increasing in fat mass per-
centage. In both cases, however, these changes are consequences of increased pro-
duction of gonadal steroids rather than causes or even antecedents.’”* Longitudinal
studies of pubertal maturation in girls have clearly documented that increases in
gonadal estrogen production precede any change in body composition, with sig-
nificant increases in fat percentage occurring after menarche.”>’¢ In boys, the
increases in muscle mass that accompany puberty are direct consequences of the
anabolic effects of gonadal testosterone.”” Thus, in both sexes, changes in body
composition must be viewed as downstream consequences of the maturation of
the HPG axis and not contributing causes.

Leptin

Considerable confusion and controversy surrounds the role of leptin in human
physiology generally and pubertal development in particular.”8-82 Leptin is a 16-
KDa cytokine of the tumor necrosis factor group coded by the ob gene. In rodents,
leptin appears to affect hypothalamic centers, regulating food intake and energy
expenditure. Deficiency in either leptin (ob mutants) or its receptor (db mutants)
leads to hyperphagia and inactivity. Exogenous leptin administration in ob mutants
leads to reductions in food intake and increases in energy expenditure.®3 In humans,
defects in leptin signaling (both leptin deficiency and leptin receptor defects) have
also been associated with massive, early onset obesity.?*8 However, administra-
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tion of exogenous leptin to human subjects has no significant effect on weight
change, energy intake, or energy expenditure.® Thus, the relationship of leptin to
energy metabolism appears to be different in rodents and humans.%’

In humans, leptin is primarily produced in adipocytes of subcutaneous fat tis-
sue. Leptin receptors occur in the hypothalamus, although not on GnRH-producing
cells, and in various peripheral tissues, including the ovary.?° In adults, circu-
lating levels of leptin are positively correlated with fat mass. The relationship is
highly sexually dimorphic, however, with women typically having threefold higher
leptin levels per fat mass than men. This dimorphism is a result of the effects of
gonadal steroids, testosterone suppressing, and estradiol enhancing leptin pro-
duction.”*! In addition to fat mass and gender, leptin levels reflect energy bal-
ance and energy flux. Weight loss is associated with low levels of leptin per fat
mass, and weight gain with high levels. Maintenance of a lower than normal weight
through caloric intake restriction is also associated with low leptin levels per fat
mass, indicating a suppressive effect of low energy flux.>

The effects of energy balance and energy flux on leptin levels may reflect the
control of leptin production by factors regulating energy metabolism.’* The con-
trol of leptin production by insulin has been particularly well demonstrated by recent
studies. Leptin levels are more strongly correlated with insulin levels than with
adiposity.”®?” Children with new-onset type I (insulin-deficiency) diabetes have
abnormally low leptin levels for their fat mass, but those levels quickly rise to the
normal range with insulin therapy.®® Similarly, biliopancreatic diversion in obese
subjects produces a reduction in both insulin and leptin levels and a dissociation
between leptin and fat mass.” The regulation of leptin production by insulin may
underlie the relationship with energy balance and energy flux and may also con-
tribute to reported population differences in leptin levels scaled for fat mass.!'00-102

In women, the stimulatory effect of estradiol on leptin production produces men-
strual cycle variation in leptin levels and decreases in leptin production per fat mass
in postmenopausal women.”*1031%4 Since ovarian function is known to respond to
changes in energy balance, variation in ovarian steroid production may contribute
to the relationship between energy balance and leptin production, a relationship
somewhat stronger in women than men.”?

In addition to defects in metabolic regulation, ob mutant mice are infertile with
subnormal gonadotropin levels. Administration of leptin not only leads to weight
reduction in these animals but raises gonadotropin levels and restores fertility.'%
These observations suggested a potential relationship between leptin and the HPG
axis. It has been hypothesized that leptin levels may also trigger puberty in rodents.
In mice, ob mutant females normally fail to undergo puberty but do so if treated
with exogenous leptin. Wild-type female mice injected prepubertally with leptin
grow more slowly but display vaginal opening and estrus behavior earlier than
untreated controls.!% In rats, leptin administration only partially reverses the delay
in pubertal maturation caused by food restriction, leading to the suggestion that
leptin levels may have a permissive, rather than a triggering, effect on puberty in
that species.'”” In rhesus monkeys, there is no increase in leptin preceding the
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initiation of HPG axis maturation, leading to further doubt regarding the general-
izability of the rodent model.'%®

There has been speculation that leptin may in some way contribute to the con-
trol of puberty in humans as well. Clinical evidence on this issue is somewhat
ambiguous but on the whole does not support a direct effect of leptin on the tim-
ing of human puberty. Genetic mutations in leptin and its receptor have each been
associated in human subjects with massive obesity and the failure of normal puber-
tal progression.?*8> However, profound alterations of metabolism and pituitary func-
tion, including defects in growth hormone and thyrotropin production, also occur
in these individuals, making the role of leptin in the failure of pubertal matura-
tion uncertain. Precocious maturation of the HPG axis, on the other hand, is not
associated with any change in leptin levels.'!'0 Andrelli et al.!'! report on two
female patients, both of whom experienced complete atrophy of subcutaneous and
visceral adipose tissue that occurred during childhood. Leptin levels in both women
were well below the normal range, yet both experienced menarche between 11 and
12 years of age with regular menstrual cycles thereafter. Gonadotropin and gonadal
steroid levels were normal for both women, one of whom had been pregnant and
given birth three times.

Longitudinal and cross-sectional studies of leptin levels during puberty indi-
cate a sustained increase in leptin levels in girls in association with increasing adi-
posity.>11* Ag noted previously, however, the increase in female adiposity is
primarily a consequence of HPG axis maturation, not a cause. Hence, the puber-
tal increase in leptin production, correlated with the increases in fat mass, must
be seen as a pubertal consequence as well. Sexual dimorphism in leptin produc-
tion also develops during puberty but similarly is best understood as a downstream
consequence of gonadal steroid production. In boys, early puberty is marked by
a transient rise in leptin levels, which then decline to prepubertal levels as puberty
progresses.!!>116 The transient rise may well be a consequence of the transient rise
in insulin levels, which occurs at the same time, with the subsequent decline in
leptin resulting both from a decline in insulin and a rise in testosterone.

In summary, there is little evidence that an elevation in leptin is either neces-
sary or sufficient for the initiation of HPG axis maturation in humans. Pubertal
changes in leptin concentrations are instead most easily understood as consequences
of gonadal activity and insulin production. Rather than playing an important role
in regulating reproductive maturation or mature reproductive function, leptin appears
to be more closely associated with metabolic regulation and insulin dynamics in
particular.

Skeletal Maturation

While the proximate causes of the initiation of pubertal maturation remain
obscure, the synchronization of reproductive and physical maturation in humans
is striking. Gonadal steroid production plays an important role in the accelerating
and decelerating phases of the adolescent growth spurt, with androgens more impor-
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tant in the acceleration phase and estrogens more important in the deceleration
phase.!'” Estrogen receptor defects can be associated with prolongation of the accel-
eration phase even in men.!!® It has been noted that in females variation in skele-
tal maturity and height decreases as menarche is approached with a close correlation
between menarche and the attainment of adult pelvic dimensions.!"*-'?! The cor-
relation between age at menarche and the attainment of adult pelvic size is dem-
onstrable both within and between populations. Pelvic remodeling and the
enlargement of the female birth canal are among the last events in skeletal growth
and maturation, occurring as a consequence of gonadal estrogen production.!'??
Because early and late-maturing women converge on similar adult internal pelvic
dimensions, it has been suggested that the timing of puberty is coordinated to ensure
the attainment of an appropriate physical scale for successful reproduction.’*!20
This perspective recognizes that physical constraints on successful female repro-
duction must be overcome before energetic constraints become salient. Therefore,
it would make sense, from an adaptive perspective, for the timing of reproductive
maturation to be conditioned on signals related to overall size and for shifts in
metabolic energy allocation (such as increasing fat storage) to be consequences
of puberty rather than causes.

The association of puberty with skeletal growth and maturation is also reflected
in the close correlation between secular trends in height and age at menarche.'?
Considerable evidence now documents the historical trend toward increasing height
and decreasing menarcheal age in northern and western European populations dur-
ing the nineteenth and twentieth centuries. Both height at menarche and final adult
height in women increased during this period while weight for height at menar-
che declined. The advance in pubertal timing thus seems to have been correlated
with accelerated skeletal development, not with accelerated accumulation of adi-
pose tissue.

END OF PUBERTY

The completion of pubertal development receives much less attention than its
initiation. Conventionally, the pubertal phase of development is considered to end
with the attainment of final adult height. There is considerable evidence that ovar-
ian function continues to mature in women, however, long after this point.3”-124-126
The frequency of ovulation and levels of gonadal hormones continue to rise in Euro-
pean and American women until the early to midtwenties. There is also evidence
that the tempo of this later phase of reproductive maturation is correlated with the
tempo of earlier maturation, so that women with late menarcheal ages take longer
after menarche to attain their fully mature levels of ovarian function.?”-'?” This late
phase of reproductive maturation in women is also associated with ovulation from
smaller follicles and lower levels of fecundity.!?® Although males typically take
longer to initiate puberty and reach final adult height, there does not appear to be
as prolonged a phase of reproductive maturation after adult height is attained. Adult
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sperm counts and concentrations are usually attained by that time and testosterone
levels and muscle mass peak soon after. Whether the later phase of female repro-
ductive maturation is properly understood as a part of pubertal development or as
a different trajectory of adult reproductive function deserves fuller consideration.

CONCLUSION

Puberty, the process of reproductive maturation, is primarily a process of neu-
roendocrine maturation of the HPG axis. Some of the principal hormones of puberty
and their relationships with each other and with parameters of physical matura-
tion are summarized in Figure 4-3. After a long period of functional quiescence,
the hypothalamus begins to secrete GnRH in an adult, pulsatile pattern, leading
to increased production of pituitary gonadotropins, which in turn stimulate gonadal
production of steroid hormones and gametes. Increasing gonadal steroid produc-
tion leads to a broad array of developmental effects, including the stimulation of
the adolescent growth spurt, the development of secondary sex characteristics, and
sexual dimorphism in body composition and leptin production. The mechanisms
that initially stimulate this reawakening of the HPG axis remain obscure but may
normally be linked to signals reflecting physical size and skeletal maturity. In
women, reproductive maturation, reflected in increasing indices of ovarian func-
tion and fecundity, continues for several years after the attainment of final adult
height, while in men, reproductive maturation is largely complete at that time.
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FIGURE 4-3 Some of the principal hormones of human puberty reviewed in the text and their
regulatory effects on each other and on the principal parameters of physical maturation.
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SUGGESTED READING

The following sources provide excellent coverage of the physiology of human
puberty from a variety of perspectives and can be used to supplement the refer-
ences cited in the text.

Hormone Research, Vol. 51, Suppl 3 (1999), contains a number of review arti-
cles covering the latest research on human puberty emphasizing pathologies
and their treatment.

Yen SSC, Jaffe RB, Barbieri RL (eds). Reproductive Endocrinology: Physiol-
ogy, Pathophysiology, and Clinical Management, 4th ed., Philadelphia: Saun-
ders, 1999. The latest edition of one of the standard reference works on
reproductive physiology. Comprehensive yet accessible, there are excellent
chapters on normal puberty and disorders of development.

Knobil E, Neill JD (eds). The Physiology of Reproduction, 2nd ed., New York:
Raven Press, 1994. The most comprehensive work on reproductive physi-
ology available, with excellent chapters on the HPG axis and its maturation.

Wood JW. Dynamics of Human Reproduction: Biology, Biometry, and Demog-
raphy. New York: Aldine, de Gruyter, 1994. Includes a discussion of human
puberty that stresses a demographic perspective.

Ellison PT. On Fertile Ground: Ecology, Evolution, and Human Reproduction.
Cambridge, MA: Harvard University Press, 2001. Covers the physiology of
human reproduction, including puberty, from an evolutionary and ecologi-
cal perspective and is written for a general audience.

Donovan BT, Van der Werff ten Bosch JJ. Physiology of Puberty. London:
Edward Arnold, 1965. A classic work that reviews the important historical
experiments that contributed to the modern understanding of the role of the
HPG axis in pubertal maturation.
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ENDOCRINOLOGY

OF GROWTH

Peter C. Hindmarsh, M.B., M.D., FR.C.P.
Cobbold Laboratories, The Middlesex Hospital, University College, London

INTRODUCTION

Postnatal growth can be considered to consist of at least three distinct phases:
infancy, childhood, and puberty. The infancy component is largely a continuation
of the longitudinal growth process observed in utero. This displays a peak growth
velocity around 27-28 weeks of gestation with a decline in growth rate during the
last trimester of pregnancy. Birth, in a sense, is incidental to this declining growth
rate, which continues during the first 3 years of life, reaching a plateau at or around
the fourth year of life and remaining at this level until the commencement of the
pubertal growth spurt. This plateau is interrupted in a large number of children by
a “juvenile” or “mid-growth” spurt of small magnitude, which occurs between 6
and 8 years of age. The factors influencing these distinct growth periods are dif-
ferent. We know little of the factors influencing fetal and early infant growth but
know from animal experiments that nutrition plays a key role. With the appear-
ance of the growth hormone (GH) receptor in the growth plate at around 6 months
of postnatal life, the GH-dependent growth assumes greater importance and dur-
ing the childhood years, growth is largely dependent on the GH secretory status
of the individual. The final step in the growth process, the pubertal growth spurt,
comprises a 50% contribution from sex steroids and 50% contribution from GH.

This chapter initially outlines our understanding of factors involved in regu-
lating fetal growth with particular emphasis on the insulin-like growth factor (IGF)
axis. This allows us to compare and contrast the role of the IGF axis in the regu-
lation of fetal and postnatal growth. In the understanding of the endocrinology of
growth, it is important to realize that, during postnatal growth, a large number of
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factors influence the growth process, but the majority of these operate through mod-
ulation of the GH axis. This is not to say that all growth failure in childhood is
due to GH deficiency but rather that GH acts as a final common pathway for the
integration of all these signals. For example, patients with celiac disease grow poorly
due to malabsorption, but in addition their GH response to a number of provoca-
tive stimuli is blunted. They are not, per se, GH insufficient, as the GH secretion
returns to normal once the underlying abnormality in the gastrointestinal tract is
rectified.

Any consideration of the growth process, particularly in the postnatal period,
requires an understanding of the physiology of GH secretion. GH secretion takes
place in a pulsatile manner and it is important to understand the part played by
this pattern in the generation of growth in the human.

ENDOCRINOLOGY OF GROWTH

GH Secretion—Cellular and Molecular

The pituitary gland develops as an outpouching of the stomatodeum—Rathke’s
pouch. The process takes place between 30 and 35 days postconception and is tightly
regulated by a series of homeobox genes. Close apposition between this structure,
which is destined to form the anterior pituitary, and the base of the hypothalamus
takes place; and this leads to descent of neural tissue with the pouch to form the
posterior pituitary. Stalk vascular cannulization completes the process. Differen-
tiation of the anterior pituitary mass into the recognizable cell types is influenced
in part by the homeobox genes involved in development and cell-specific homeo-
box gene expression. Somatotroph cell differentiation utilizes in addition the expres-
sion of two genes: Prop-1 and Pit-1. Enlargement of the somatotroph cell number
requires the induction of the growth hormone releasing hormone (GHRH) recep-
tor by Pit-1. This allows the hypothalamic peptide to stimulate somatotroph cells,
leading to synthesis and release of GH. In addition, GHRH stimulation also leads
to somatotrophic hyperplasia.

The human GH gene is located on chromosome 17, along with two genes
for human somatomammotropin (Figure 5-1). Pituitary GH is coded for by the
hGHN gene and transcription leads to the synthesis of GH with a molecular weight
of 22 KD. The excision of the second intron of hGHN leads to an alternative splic-
ing site, resulting in deletion of the message for amino acid residues 32-46, the
20 KD GH variant. This forms 10% of the circulating GH.

The synthesis of GH is regulated largely by the levels of GHRH impinging on
the anterior pituitary somatotropes. GHRH acts on the somatotrope by binding to
its own specific receptor, which activates a secondary messenger system via cyclic
AMP synthesis. This receptor is characterized by seven transmembrane loops and
internal coupling to the G(guanine)-protein system (Figure 5-2). In their resting
state, the G-proteins exist as heterodimeric complexes with o, 3, and 7y subunits.
In practice, the B and y subunits associate with such a high affinity that the functional
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FIGURE 5-1 The human GH gene cluster with enlargement of the DNA coding for hGHN
(pituitary) GH and hGHV (placental) GH.
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units are G, and Gﬁy. After association of the G-protein complex with the occu-
pied receptor, conformational changes in the o subunit lead to an increased rate
of dissociation of GDP, which is replaced by GTP. This guanine nucleotide exchange
in turn causes the o subunit to dissociate from the heterotrimeric complex. The
liberated o subunit, together with its activating GTP, then binds to a downstream

catalytic unit adenylate cyclase.
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FIGURE 5-2 Schematic representation of G protein system with activation of cyclic AMP
(cAMP) or calcium (Ca®") or diacylglycerol (DAG).
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Hydrolysis of the GTP bound to G, due to its intrinsic GTPase activity liber-
ates the G subunit from the catalytic subunit and allows reassociation of G, GDP
with the G, . This newly reformed heterotrimer then returns to the G-protein pool
in the membrane. In this way, an individual G-protein complex is recycled, so that
it can respond to further receptor occupation by ligand.

G_, activates membrane bound adenylyl cyclase, which catalyses the conver-
sion of ATP to the potent second messenger cAMP. This cyclic nucleotide in turn
activates a cAMP-dependent protein kinase (PKA), which modulates multiple
aspects of cell function. PKA phosphorylates a transcription factor called CREB
(cAMP response element binding protein). This is then translocated to the nucleus,
where it binds to a short palindromic sequence in the promoter region of the GH
genes, the process that leads to transcription and synthesis of GH. The transcrip-
tion of the GH gene is regulated in turn by a number of other hormones such as
thyroxine and cortisol.

Physiology of GH Secretion

Prior to consideration of the endocrine regulation of different stages of human
growth, it is worth considering the physiology of the GH-insulin-like growth fac-
tor axis. Figure 5-3 shows this particular pathway as a classic closed loop feed-
back system. Figure 5-4 shows a typical GH profile in a 9-year-old boy generated
by taking blood samples for GH measurement every 20 minutes.

Frequent sampling is essential to define clearly the true heights of the peaks.
If sampling were too infrequent, the true peak heights might be underestimated
or peaks missed altogether. The profile is characterized by episodes of GH release,
generating peak GH concentrations, interspersed with periods when GH secretion
is effectively switched off and GH concentrations are undetectable. This appears
to be the predominant pattern in males, whereas in females in varying species,
although the peak concentrations tend to be similar, the most striking difference
is that there is an elevation in the trough concentrations, so that at all times con-
centrations are detectable. One further point to note is that the pulses occur at fairly
frequent intervals of one every 3 hours, suggesting that most of the GH signal is
contained in the amplitude of the pulses.

In both rodents and humans, evidence supports the concept of an inverse rela-
tionship between the secretion of the two hypothalamic peptides: somatostatin (SS)
and GH releasing hormone. GHRH is involved in both the release and synthesis
of GH while SS inhibits GH release. Normal GH pulsatility requires endogenous
GHRH, although GH responses to exogenous GHRH are variable and reveal vary-
ing periods of responsiveness and refractoriness. There are several possible expla-
nations for this. First, the phenomenon may be intrinsic to the GH-secreting cells.
Second, acute downregulation of the GHRH receptors or their intracellular sig-
naling systems may take place. This appears to be an unlikely explanation as down-
regulation takes place only at very high GHRH levels, certainly well above those
usually encountered physiologically. Third, it could be by depletion of the read-
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FIGURE 5-3 Growth hormone cascade.

ily releasable pool of GH. The final and most likely explanation is that the pat-
tern reflects variation in endogenous SS tone imposing an ultradian rhythm in GHRH
responses. Evidence for this comes from the observation that continuous GHRH
administration leads to pulsatile GH release, implying modulation by another fac-
tor, somatostatin. Although SS readily suppresses pulsatile GH secretion in rats
and humans, its effects are short-lived and rapid release of GH takes place on
SS removal. This rebound secretion can be detected in vitro but is even more pro-
nounced in vivo. In general, GHRH administration alone leads to the gradual atten-
uation of the GH response with time. SS withdrawal can produce GH rebound
secretion in the human subject, but for regular repeatable GH release to take place,
the combination of SS withdrawal coupled with GHRH administration is the most
efficacious.
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FIGURE 5-4 Twenty-four-hour serum GH concentration profile.

The close relationship between GHRH and SS acting as integrators of other
signals, such as sleep, is complicated by the recent discovery of a family of GH
secretagogues, which differ substantially from GHRH in both their structure and
receptors. These GH secretagogues behave in a similar manner in terms of their
physiology as GHRH, but the important difference is that they act synergistically
with GHRH to generate GH release (Figure 5-3). Recent work has identified the
endogenous “third factor” as Ghrelin, which is present in the stomach. The pre-
cise physiology of this substance remains to be determined. A number of endoge-
nous agents affect GH pulsatility, including opioids, calcitonin, and glucagon, but
these have not been used to manipulate GH secretory patterns to alter growth and
their physiological relevance to the control of endogenous pulsatility remains unclear.

There is good evidence that GH feeds back to inhibit its own release, and this
may have a bearing on the temporal control of GH pulsatility. Experiments indi-
cate that exogenous GH acts directly on the hypothalamus rather than on the pitu-
itary. The most likely mode of action of GH is through increased secretion of SS
into the portal blood, but there is evidence that GH also leads to an inhibition of
GHRH production. In addition, GH can also feed back indirectly by the genera-
tion of IGF-1, which in turn inhibits GH synthesis and release chiefly at the pitu-
itary level.

The secretion of GH into the circulation is pulsatile. The entry rate of endoge-
nous GH is governed by the kinetics of GH release from the somatotropes and the
removal from the circulation is largely determined by the amount of GH bound
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to its binding protein and internalized by the GH receptor on the target organ cells.
The precise role of the binding proteins in humans, at least, is far from clear. There
is correlation with GH status but only at the very extremes, and the effect of GH
treatment is highly variable. Although GH binding protein might increase the amount
of GH available for constant delivery of GH to the receptor, this is not at all clear.
There is no evidence to suggest that the preferred mode of presentation of GH to
the receptor is continuous. A body of evidence suggests that the pulsatile mode is
most optimal. An alternative role for the binding proteins might be to buffer the
system from overexposure to GH. Given the high affinity of GH for its binding
protein this might be a more likely explanation.

The pulsatile signal appears to be important in determining a number of target
organ effects. For example, in rodents, the pattern of hormone secretion, either pul-
satile (male mode) or continuous (female mode), has an impact on the growth of
the animal, expression of a number of liver enzymes, the determination of the level
of GH binding protein in the circulation, as well as GH receptor expression. The
tissue response is also variable in that the liver generates IGF-1 in response to
GH irrespective of the mode of administration, whereas adequate expression of
IGF-1 in the muscle is highly dependent on the pulsatile mode of administration.

Increasing evidence in humans suggests that the mode of GH secretion is impor-
tant in determining target organ response. In humans, IGF-1 generation occurs best
when GH is present in the pulsatile rather than the continuous mode at least in the
physiological situation. This may not be the case when GH treatment uses the sub-
cutaneous route, as the pharmacokinetics of subcutaneous GH tend toward a more
continuous exposure. On the other hand, the pattern of fat distribution around the
abdomen is influenced more by the trough concentrations of GH in humans.

GH Receptor and Target Organ Signaling

The GH receptor together with those for the cytokines, such as the interleukins
and erythropoietin, share a common major structural feature in that they have four
long alpha-helixes arranged in an antiparallel fashion. As a consequence, this sub-
group is commonly referred to as the cytokine/hemopoietic receptors. The struc-
ture of human GH with its receptor is a ternary complex consisting of a single
molecule of the hormone and two receptors. After GH has bound to one molecule
of receptor, this is followed by association of this complex with a second recep-
tor molecule. The dimerization of the cytoplasmic region in the ternary complex
is particularly important for signal transduction.

The GH receptor uses an unusual intracellular signaling system: Janus-associated
kinase-2 (JAK-2). The JAK system is coupled to further intracellular proteins, the
so-called STAT proteins (Figure 5-5). These are transcription factor proteins. They
contain a crucial tyrosine residue located in the carboxy-terminal in a homologous
position in all STAT proteins (residue 694), and phosphorylation of this is essen-
tial for STAT activation. STAT proteins have dual functions: signal transduction
in the cytoplasm followed by activation of transcription in the nucleus. The family
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members of STAT proteins have been named in the order of their identification.
GH induces tyrosine phosphorylation of STAT proteins 1, 3, 5a, and 5b, but STAT
5 is probably the major axis of the JAK-STAT cascade. Dimerization of the STAT
proteins appears to be essential for their final translocation to the nucleus, where
they activate immediate early response genes that regulate proliferation or more
specific genes that determine the differentiation status of the target cell.

GH AND IGF-1 AXIS AND ITS ASSOCIATION
WITH FETAL GROWTH

Given the paradigm depicted in Figure 5-1, it is interesting to contrast the sit-
uation in the fetus with that in the child and the adolescent. The fetus is subject,
particularly in the latter half of pregnancy, to a fairly constant delivery of metabo-
lites via the placenta. The flow of metabolites continues through the umbilical vein,
and the distribution thereafter utilizes a circulatory pattern in which blood is pre-
dominantly diverted in its oxygenated form to the developing brain. Given that
the fetus is highly dependent on this mode of delivery of substrate, perhaps it is
not too surprising that the growth process differs. In addition, the growth of the
individual organs also differs from that observed in postnatal life with different
patterns of growth and development exhibited by many of the differing tissues.

Studies in larger domestic animals show that pulsatile secretion of GH and other
pituitary hormones is already demonstrable in fetal life and is sensitive to nutri-
tion. Little is known about the evolution of GH secretion in the human fetus. Stud-
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ies have demonstrated a gradual increase in circulating GH concentration during
the first 12 weeks of pregnancy, reaching a peak at 20-24 weeks and declining
toward birth. These early changes to serum GH concentrations appear to parallel
the known development of the hypothalamic peptides GHRH and SS. The human
fetal pituitary is able to respond to these two factors, and it is proposed that the
GHRH effect predominates, with SS increasing in effect toward term. Even at term,
GH levels are 20-30 times higher than those observed in childhood, but perhaps
of greater importance is that the levels are continuously elevated and lack the pul-
satile pattern observed in childhood and adult life. However, these high GH con-
centrations are not associated with elevated levels of IGF-1 in the fetus, implying
that there is “relative resistance” to the effects of GH in the fetus. The effect may
diminish toward term but it can be assumed that GH is not the predominant deter-
minant of fetal growth. This is also borne out by experiments of nature in which
the GH gene is deleted or where the GH receptor is nonfunctional. These indi-
viduals are normal size at birth when due account is taken of maternal size.

Because of the problems associated with accessibility to human fetal tissue, the
role of endocrine factors in determining fetal growth is largely inferred from stud-
ies in animals. The most elegant series of these studies involves the use of trans-
genic animals in which the various components of the IGF axis (Table 5-1) have
been knocked out. It must be appreciated that these studies reveal quite major effects
of the whole gene and tell us that the peptide is of particular importance in the
determination of size of the fetus. That they clearly are important comes from the
observation that many of the knockout offspring die in the first few hours of life.
Table 5-1 shows the type of knockouts that have been constructed, and from this,
both IGF-1 and IGF-2 can be clearly seen to play important roles in the determi-
nation of body size in the mouse. It is likely that a similar situation pertains in the
human, because there is a clear relationship between birth weight and levels of
both these growth peptides; in addition, a boy with IGF-1 gene defect was born
with low birth weight. Perhaps rather surprisingly, loss of the insulin gene did not
appear to alter body size. This would, at first sight, appear contradictory to clini-
cal observations of macrosomia associated with maternal hyperglycemia and the
condition of hyperinsulinemic hypoglycemia of infancy, where excess fetal and
neonatal insulin production leads to fetal overgrowth. It is likely that in these sit-
uations the effects of hyperinsulinemia in the fetus are mediated via the IGF recep-
tors rather than a direct effect of insulin via its own receptor. The IGF receptor
knockout studies indicate the importance of the Type 1 IGF receptor in mediating
the growth effects of IGF-1 and IGF-2. All these studies demonstrate a pivotal role
for the IGF family in the determination of fetal growth.

In the newborn, studies have revealed markedly amplified GH secretory episodes
that occur throughout the day and night. Preterm infants have even higher secre-
tory profiles than term babies. The high GH secretion at birth is sensitive to inhi-
bition by dopamine and by stimulation by intravenous GHRH. The GH response
to GHRH is in turn modified by the birth size of the baby, with greater responses
seen in those of lower birth weight. As IGF-1 levels are lower in these babies, this
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TABLE 5-1 Results of IGF and Insulin Knockout Mice Studies

Inactivation Fetal Size
IGF-1/IGF-2 30%
Insulin receptor 100%
Type 1 IGF receptor 45%
+IGF-1 Fatal
+IGF-2 30%

might imply that the feedback effect of IGF-1 is also operative at this age. How-
ever, as IGF-1 levels are generally lower at birth and increase thereafter through
childhood into adolescence, it is possible that elevated GH values may represent,
in part, “immaturity” in this part of the feedback loop. Although the GH response
to SS is blunted, the components for generating episodic secretion are clearly present
and become more operative during the neonatal period.

ENDOCRINOLOGY OF PREPUBERTAL GROWTH

After 2-3 months of life, clinical evidence suggests that GH is necessary for
sustaining normal growth. The postnatal elevated GH levels observed subside, so
that by 3—6 months of age, values approach those observed in childhood. During
the prepubertal years, GH secretion gradually increases, primarily in terms of the
amplitude of the GH pulses.

Although many reports demonstrate differences in GH secretion between tall
normal and short stature children and between those with normal stature and short
stature, the differences pertain more to the growth rates of the individuals than the
stature observed (Figure 5-6). These differences in GH secretion are reflected in
the serum levels of IGF-1 seen in these groups. IGF-1 values increase gradually
from birth throughout childhood and relate well to the levels of GH secreted. Apart
from pathological conditions, it remains difficult to relate any measure of GH pul-
satility to the observed growth rate in individual children with short stature, prob-
ably because the variability in growth rate is so small.

The situation is complicated further by the interaction of body composition with
GH secretion. Particularly in the area of short stature that is a heterogeneous con-
dition, we can imagine a number of diagnoses impinging on the growth process
that also influence the relationship between growth and GH. Generally speaking,
height at its extremes can be related to GH secretory status. In situations where
body mass index is controlled for, the more important relationship is that between
GH secretion and growth rate. The relationship has been documented by several
groups and is probably described as a curvilinear relationship (Figure 5-7).



ENDOCRINOLOGY OF GROWTH 95

50r Age 7yrs
HT. SDS +2.2
sl T Vel SDS+15
30
20
10
0
Serum sor Age 6.8yrs
GH HT.SDS -0.4
(MUL) oot HT.Vel. SDS 0.0
10
0 L
301 Age 7.7yrs
HT. SDS -1.98
ol HT- Vel sDS-06
10f
ol

11

—t 111

09.00 12.00 15.00 18.00 21.00 24.00 03.00
Clock time

1 1 1 1
06.00 09.00

FIGURE 5-6 Effects of age, stature, and growth rate on 24-hour serum GH profiles.

These observations tend to relate to long-term growth, over a period of 1 year
usually, with GH secretion on a particular day. More detailed studies using repeated
estimations of GH secretion in urine have linked GH secretion not only to growth
rate but also to the intraindividual variation in growth rate that occurs on a week-
by-week basis.

Considerable interest has centered on the components of the GH profile that
contribute to the effect on growth. Early studies demonstrated that the growth pro-
cess was pulse amplitude modulated and that GH pulse frequency did not change,
remaining relatively fixed at a 200-minute periodicity. Changes in pulse frequency
are largely confined to pathophysiological states, such as poorly controlled dia-
betes mellitus. Paradoxically, poor growth in chronic renal failure is associated
with high GH secretion or at least high GH levels in the circulation, which in part
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FIGURE 5-7 Asymptotic relation between height velocity expressed as a standard deviation
score (SDS) and the sum of GH pulses secreted over a 24-hour period.

may result from reduced GH clearance, although a degree of GH hypersecretion
probably exists as well.

The pulse amplitude is determined predominately by the rate of entry of GH
to the circulation. As the duration of the pulse is relatively fixed, the rate of change
of GH in the circulation then becomes an important factor. Several studies sug-
gested that the rate of rise of the pulse is the actual growth signal, so that the main
information is actually contained in the rate of change of hormone concentration
rather than in the actual level achieved. This rather presupposes that there is an
actual level above which growth is likely to take place and that any further mod-
ulation is due to the rate of rise of the hormone secreted. This has not been tested
formally but remains an intriguing possibility. The suggestion is not too far-fetched
and it appears to be borne out to a certain extent by receptor studies. Rapid recep-
tor turnover would be a prerequisite in pulsatile systems, and this is certainly the
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case with the insulin receptor in fat and muscle. Fairly rapid internalization takes
place with the GH receptor, and the intracellular signaling system functions opti-
mally with a 3-hour change in ambient GH concentrations.

One further component of the profile that appears to be important: the trough
concentration of GH achieved in a secretory profile. Mention has already been made
of the importance of the secretory pattern in rodents and to an extent in humans
on influencing the generation of IGF-1 and for the maintenance of body compo-
sition. The precise role of trough concentrations in altering, or rather influencing,
growth rate in humans is still far from clear. However, evidence suggests that,
although the predominant effect on growth is determined by the amplitude of the
GH secretory pulses, the effect of this pulse is modulated to a certain extent by
the level of trough concentration. In the situation where the GH pulse amplitude
is sufficient to generate normal growth, alterations in trough concentration appear
to affect but little the overall growth rate. In the situation where GH secretion is
attenuated due to a low GH pulse amplitude with consequent reduction in growth
rate, the presence or absence of trough levels of GH has a profound effect on the
growth rate observed. A situation of low GH pulse amplitude combined with a high
trough concentration is associated with an extremely poor growth rate, compared
to that observed with a similar GH pulse amplitude and a lower or normal trough
concentration. These effects on growth rate are mirrored in the levels of serum
IGF-1 concentration measured (Table 5-2).

Surprisingly little is known about the effect of alterations in GH receptor sta-
tus and its effects on growth in normal individuals. Apart from the situation of GH
receptor deficiency due to genetic abnormalities in the GH receptor gene, little is
understood about differences in sensitivity to GH between individuals. This is a
rather surprising situation, given that GH has been used for the treatment of a num-
ber of growth disorders over many years. The syndrome of GH resistance due to
abnormalities in the GH receptor leads to an individual who produces consider-
able quantities of GH but very small amounts of IGF-1 or the other GH independent
protein, IGF binding protein 3. The net result is a growth phenotype similar to but

TABLE 5-2 Growth Rate and IGF-1 Levels in 50 Children with Respect to Peak
and Trough GH Concentrations (data shown as mean value)

GH Peak <50th GH Peak >50th Total

Height Velocity Standard Deviation Score

GH Trough <50th -1.38 -0.82 -1.05
GH Trough >50th -1.93 -0.72 -1.37
Total -1.70 -0.77

Serum IGF-1 Concentrations (U/1)
GH Trough <50th 0.44 0.53 0.49
GH Trough >50th 0.21 0.43 0.31

Total 0.31 0.49
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probably more severe than individuals with GH gene deletion. The treatment of
these individuals with IGF-1 is only partially successful, probably because GH is
also required in its own right in the commitment of stem cells to the proliferative
and hypertrophic zones of the cartilage. What happens during IGF-1 treatment is
that any endogenous GH is suppressed, hence any chance of stem cells entering
the proliferative zone is reduced and the effect of IGF-1 is simply to proliferate
those cells available and gradually reducing in number during the course of therapy.

A few studies have suggested difference in GH sensitivity in the general pop-
ulation, but the lack of good dose response curves to adequately define the terms
has seriously hampered the development of concepts in this area.

As suggested, the GH axis acts as a final common pathway in childhood for a
number of pathophysiological situations affecting growth. In acquired hypothy-
roidism, there is a general permissive effect of thyroid hormone on the whole growth
axis. In hypothyroidism, there is a reduction of the efficacy of GHRH-stimulated
GH release, probably as a result of a reduction in the transcription of the GH gene.
Any GH secreted has probably less of an effect on the target tissues, as quite good
evidence suggests that thyroxine is particularly important for mediating GH action
at target tissue level. This is in addition to the effect of post-GH receptor of thy-
roxine on cartilage growth.

Although GH plays an important role in prepubertal growth, there is probably
an interaction with other factors. The juvenile or mid-growth spurt is a good exam-
ple of this. If an individual’s growth chart is examined, an increase in growth rate
can be detected around 6-8 years old. The precise etiology of the spurt is unclear,
but it is likely that adrenal androgens, which are increasing in circulatory con-
centration at this time, play a role. Supportive evidence comes from patients with
early onset Addison’s disease, where adrenal function is lost. Patients with this
disease do not manifest a mid-childhood growth spurt, or at least it is attenuated.
Of interest is the observation that these patients and indeed anyone who has sup-
pressed adrenal androgen secretion have delay in the timing of the onset of puberty.
This suggests that adrenal androgen production is involved not only in the mid-
childhood growth spurt but also in priming the hypothalamopituitary axis for puberty.

ENDOCRINOLOGY OF PUBERTY

The pubertal growth spurt in human subjects represents the contribution of sex
steroids and GH each contributing 50% of the height gained. Augmentation of GH
secretion occurs during puberty with an approximate two- to threefold increase in
amplitude of the secretory bursts, whereas the frequency of GH pulses does not
change. Many cross-sectional studies demonstrated that the increase in GH pulse
amplitude coincides with the pubertal growth spurt and confirmation of this obser-
vation has come from detailed longitudinal studies where puberty has been induced
with the hypothalamic peptide gonadotropin-releasing hormone (Figure 5-8).
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FIGURE 5-8 Changes in GH production during a 24-hour period in females (closed circles)
and males (closed squares) at different stages of pubertal development.

Sex steroids play an important role in regulating the physiology of GH secre-
tion in childhood. Estrogen has long been known to alter GH responses to stim-
uli and small doses of estrogen, when given to girls with gonadal dysgenesis,
enhance GH secretion, as does testosterone administration to boys with delayed
puberty. Conversely, suppressing puberty, as in the situation of precocious puberty,
with a gonadotropin-releasing hormone analogue leads to a decrease in GH secre-
tion. Both testosterone and estradiol stimulate GH, so the question arises as to
whether they act as independent agents. Nonaromatizable androgens such as oxan-
drolone do not greatly effect GH secretion. The effect of testosterone is certainly
time and probably dose dependent. Androgen receptor blockade has little effect
on GH secretion, while the antiestrogen tamoxifen blocks testosterone stimula-
tion of GH secretion, suggesting that aromatization of testosterone to estradiol,
which then acts via the estrogen receptor, may be more important for testosterone
effects on GH.

The precise mechanisms by which the sex steroids alter the interaction of GHRH
and SS in the generation of GH pulses in childhood is unclear. However, a large
amount of experimental data, primarily from the rat, suggests that neonatal expo-
sure to steroids has an imprinting effect on the hypothalamic systems regulating
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GHRH and SS, but their full expression of this requires continued gonadal steroid
exposure in adult life. Prepubertal gonadectomy can markedly alter the expres-
sion of the sexually dimorphic GH secretory pattern in the adult rat. In addition
to the hypothalamic effects, the raised basal GH release by estradiol in normal rats
may be due to effects directly on pituitary GH synthesis or GH cell number.

Estrogen has additional effects on the growth process. The dose-response effect
between estrogen and growth is biphasic in nature, with a peak acceleration in
growth observed with ethinyl estradiol doses of approximately 10 g per day, which
is equivalent to the midpoint of pubertal development. Increasing the estrogen dose
leads to a reduction in growth rate and an advance in skeletal maturation. It would
appear that estrogen has two effects in puberty. The first is to augment GH secre-
tion in lower doses, leading to generation of the pubertal growth spurt and, at higher
doses, certainly in the rat, to suppression or at least reduction in GH release; the
second is to accelerate ossification and closure of the growth plate. This latter pro-
cess appears to depend highly on the density of estrogen receptors in the growth
plate. In experiments of nature where estrogen is either deficient due to aromati-
zation defects or unable to act due to estrogen receptor mutation, growth contin-
ues, albeit slowly, and the epiphyses do not close.

GH SECRETORY PATTERNS IN ADULTHOOD

Serum GH concentrations and pulsatile GH secretion fall in early adulthood
by 25 or 50% of the values observed during puberty. This is a particularly inter-
esting observation in view of the fact that the concentrations of sex steroids, which
are associated with the increase in GH secretion, have changed but little during
the latter part of puberty. As suggested already, the overall suppressing effect might
arise as a result of the biphasic action of estrogen on GH secretion, but evidence
to support this suggestion is lacking in the literature. The aging process itself may
well have an important effect on the number and size of the somatotropes in the
pituitary and also on GH gene expression, both decreasing with age. Clinical stud-
ies with GHRH-stimulated GH release support the concept of a decreasing GH
releasable pool with age, as do exercise studies.

It is probably also worth mentioning the studies conducted in adulthood, which
probably pertain to the endocrinology of growth in childhood. Gender, body com-
position, and exercise play important roles in determining circulating GH con-
centrations. The sexual dimorphic patterns of GH secretion in humans are discussed
earlier in this chapter. The gender effect is certainly less marked than in the rodent
but clear differences between males and females can be demonstrated. Gender is
also a strong modifier of the negative impact of age. The major change of GH secre-
tion with age is the diminution in GH pulse amplitude, and the presence of sex
steroids would seem to be important, since women at premenopausal age with nor-
mal levels of estrogen are relatively protected from the negative effects of increas-
ing age. This effect is not seen in the postmenopausal age group. There is, in addition,
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a further interaction between gender and the effects of both adiposity and GH
secretion.

CONCLUSION

The human growth process can be broken down into at least three distinct phases
of growth: infancy, childhood, and puberty. Further subdivisions probably could
be made, but at least these three phases are regulated by different aspects of the
endocrine system. Very little is known about antenatal growth and growth in the
first year of life. The information available, however, strongly suggests that growth
in utero and probably in the first 6 months of life is largely GH independent. The
precise factor(s) that determine this growth process are still unclear. The nutritional
status of the individual is clearly an important determinant, but the precise factors
that translate nutrient input into growth remain to be defined. Transgenic technology
coupled with knockout studies strongly suggest that the IGF axis plays an impor-
tant role in this process. During the first year of life, there is a gradual switch from
this nutritionally dependent growth process to GH dependency. Full dependence
on GH for the growth process appears to be attained toward the second year of
life, and thereafter the majority of childhood growth can be explained in terms of
the amount of GH secreted by the individual. GH appears to be the final common
pathway for integrating the effects of a number of growth signals, and in patho-
physiological situations where growth is affected, abnormality in the GH axis can
be expected. The pubertal growth spurt is made up by a contribution of sex steroids
coupled with GH. The most important component appears to be estrogen in females
and the aromatization of testosterone to estrogen in males.
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INTRODUCTION

In spite of the predominant role of genetic variation in causing the observed
variability among children in their growth and development, studies of genetic in-
fluences on growth and development are few in comparison to the plethora of
descriptive studies, population comparisons, and studies of the impact of specific
environmental factors. There are two main reasons for this. First, the courses of
study that many investigators of growth and development are trained under (e.g.,
physical anthropology or human biology) usually provide little formal training in
human genetics and statistical genetic analysis. And second, to study genetic influ-
ences on growth and development, data from related children are needed. Prefer-
ably those data are longitudinal, and ideally they are longitudinal data from large
numbers of related children reared under different household environments. Unfor-
tunately, such data are very rare.

The purpose of this chapter is to provide an overview of the genetic epidemi-
ology of normal human growth and development. Although a treatise on quanti-
tative genetic approaches to the study of growth and development is beyond the
scope of the chapter, as is a complete review of the existing literature on the genet-
ics of growth and development, the references and suggested readings provide a
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good starting point for the interested student to pursue further study. This chapter
is meant to serve as an introduction to how auxologists can most profitably approach
the study of the genetics of growth and development today.

Almost half a century ago Neel and Schull' proposed that the epidemiological
approach can be extended to the study of nondiseased states and argued that, “genetic
concepts must be an integral part of the armamentarium of the modern epidemi-
ologist” (p. 302). The “epidemiological genetics” that Neel and Schull envisioned
has become known as genetic epidemiology. On the establishment of the Interna-
tional Genetic Epidemiology Society (IGES) in 1992, its founding president, James
V. Neel, succinctly defined genetic epidemiology as, “The study of genetic com-
ponents in complex biological phenomena” (IGES website, http://hydra.usc.edu/
IGES). From this perspective, the genetic epidemiology of growth and develop-
ment may be considered as the study of the genetic underpinnings of the size, con-
formation, and maturity status of individuals over the course of childhood. This
includes characterizing the magnitude of genetic influences on growth and devel-
opment phenotypes, examining how those genetic influences operate over time,
identifying and localizing specific genetic polymorphisms that contribute to vari-
ation in growth and development, and elucidating how genetic and environmen-
tal factors interact during growth and development. The advances made over the
last two decades in both molecular and statistical genetics make possible the sophis-
ticated analyses needed to elucidate the roles of genes and environment in the com-
plex biological phenomena that constitute growth and development.

This chapter is divided as follows. We begin with an introduction to basic sta-
tistical genetic terminology. Next, different study designs used to examine genetic
influences on quantitative traits are discussed. Then, we summarize published find-
ings from various studies of the genetics of growth and development. After that,
we present findings from current genetic epidemiological studies of the growth
and development of U.S. children in the Fels Longitudinal Study and Nepali chil-
dren in the newly established Jiri Growth Study. Throughout the chapter, impor-
tant terms or concepts are in boldface the first time they are mentioned. Brief
definitions of these terms and concepts can be found in the Glossary.

STATISTICAL GENETIC TERMS AND CONCEPTS

Statistical genetics refers to a variety of methods for analyzing phenotypic
variation among related individuals. These methods include those tailored for the
study of both discrete and continuous traits. Most growth and development phe-
notypes exhibit a continuous distribution over a delimited range, and because the
growth and development status of a child can usually be measured in some way,
most growth and development phenotypes are quantitative traits. Growth and devel-
opment phenotypes also are referred to as being complex traits, meaning that genes
at a few and perhaps several loci contribute to the variation observed in the trait,
as do environmental factors, possibly through interaction with those genes. The
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field of quantitative genetics deals with the analysis of complex traits. As with any
specialized field of study, it contains a number of specific terms and concepts. This
section provides a brief discussion of those quantitative genetic terms and the con-
cepts most important for an understanding of the genetic epidemiology of normal
growth and development. Thorough discussion of quantitative genetic methods can
be found in books listed in the Suggested Reading section.

Relatedness of Individuals

To start with, because related individuals are not independent but share some
of their genes by virtue of a common ancestry, it is necessary to consider their degree
of relatedness in assessing their degree of resemblance for a trait. The kinship coef-
ficient between two individuals is the probability that an allele taken at random
from the two alleles at a locus in one individual is identical to an allele taken at
random from the two alleles at the same locus in another individual. The kinship
coefficient between first degree relatives is 0.25, meaning that, for example, between
a pair of full siblings there is a 25% chance that at a locus each has the very same
allele that they each inherited from a common ancestor.

Most of what we know about the genetic control of growth and development
comes from family-based studies, in which the correlations between relatives and
between unrelated individuals for a trait such as stature or weight are calculated.
The basic premise underlying these investigations is straightforward: If the vari-
ation in a trait is largely under genetic control, then related individuals will be more
similar for the trait than unrelated individuals (i.e., the intrafamily variance of the
trait is low compared to the interfamily variance). Conversely, if the variation in
a trait is only partly determined by genes, then related individuals may resemble
each other only a little bit more than unrelated individuals (i.e., the intrafamily
variance of the trait is a little smaller than the interfamily variance).

Heritability

Through examination of correlations between different pairs of relatives, heri-
tabilities can be calculated. The concept of heritability (4?) is central to understanding
the nature of genetic control for any trait. The heritability of a trait is a measure of
the degree of genetic control of a phenotype, ranging from 0% (no genetic effects)
to 100% (complete genetic effects). Heritabilities are population level estimates,
specific to a particular population in a given environment, and this can sometimes
be an important consideration when comparing A? estimates across populations.

According to classical quantitative genetics theory (e.g., Falconer and Mackay,?
Lynch and Walsh?) the observed phenotypic variation (G3) in a trait can be expressed
as the sum of both genetic (Gé) and random environmental effects (Gé). This is
written as

0} =02 + 0} (6-1)
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In its simplest form, this model provides a starting point for understanding the
quantitative genetics of complex traits. For example, 67 can be decomposed fur-
ther into components representing the variance due to additive effects of genes at
several loci (67), dominance effects (G,), and epistasis (67), while 67 can be decom-
posed into the variance due to specific measured environmental factors (67 . . )
and that due to random, unmeasured environmental factors (Gé random)- BTOGd sense
heritability refers to the proportion of the phenotypic variance attributable to all
sources of genetic variance and is written as

h?= cé/cf, (6-2)

Narrow sense heritability refers to the proportion of the phenotypic variance
attributable to only the additive genetic variance and is written as

= c? / o2 (6-3)

Generally speaking, at least initially, narrow sense heritability is more useful
in characterizing the genetic effects of continuously distributed traits, such as stature
or weight. Inheritance of such quantitative traits is likely to be influenced by a
number of genes with small to moderate effects. For that reason, quantitative traits
are often referred to as being polygenic. However, not all genes influencing a trait
are likely to make the same contribution to the phenotypic variance of the trait.
Also, since it is very difficult to identify genes explaining only a small proportion
of the phenotypic variance of a trait (e.g., 5% or less), it is perhaps more practi-
cal to refer to most quantitative traits as being oligogenic, meaning that it is likely
that a few genes with pronounced and identifiable effects of varying degrees are
together responsible for most of the genetic contribution to the phenotypic vari-
ance of a trait. In most instances, k2 estimates refer to narrow sense heritabilities.
The variance components approach to decomposing the phenotypic variation exhib-
ited in a quantitative trait briefly described here has its roots in the seminal work
by Fisher* and is a powerful method for evaluating the different sources of vari-
ation contributing to the overall variance of a complex trait.

Genetic and Environmental Correlations

Quantitative genetics is much more than simply calculating 42 estimates. Since
it is well established that measures of growth and development have substantial
and significant heritable components, the intellectual focus turns to the nature of
the genetic regulation of growth and development. For example, significant phe-
notypic correlations often exist between different measures of growth and devel-
opment. These phenotypic correlations may be due to pleiotropy, the joint effects
of a gene or genes on different traits, or to shared environmental factors. In most
cases, significant phenotypic correlations between two traits are due to both
pleiotropy and shared environmental effects.

Just as the phenotypic variance of one trait can be decomposed into genetic and
environmental variance components, so too the phenotypic correlation between
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two traits can be decomposed into genetic and environmental covariance compo-
nents. Therefore, the phenotypic correlation between two traits is a function of the
h? of each trait and the genetic and environmental correlations between them. This
is written as

Pp = \BEB2pg + A/ (1= B} (1= h2)p, (6-4)

where pj, is the phenotypic correlation, p,, is the genetic correlation, p, is the envi-
ronmental correlation, 47 is the heritability of trait 1 and A3 is the heritability of
trait 2. If both traits have low heritabilities, the phenotypic correlation between
them is largely due to the environmental correlation; whereas if both traits have
high heritabilities, the phenotypic correlation between them is due largely to the
genetic correlation.

As with phenotypic correlations, additive genetic and random environmental
correlations range from —1.0 to 1.0. A genetic correlation of 1.0, for example, indi-
cates complete positive pleiotropy between two traits. That is, there are genes that
affect both of the traits being examined in the same manner. A genetic correlation
significantly less than 1 indicates incomplete pleiotropy, meaning that the two traits
are influenced to some extent by the same set of genes, but that other genes also
are influencing the value of one or the other of the two traits. A genetic correla-
tion of 0 between two traits indicates that the two traits have different genes con-
trolling them. Finally, a negative genetic correlation indicates that the same set of
genes operates in an opposite manner on the two traits. Similarly, the random envi-
ronmental correlation is a measure of the direction and strength of the correlated
response of two traits to nongenetic factors. If specific nongenetic factors have
been identified and measured that influence the covariance of the two traits, how-
ever, then the environmental correlation can be decomposed into nonrandom and
random components.

Multivariate quantitative genetic analyses, in which the heritabilities of two (or
more) traits are estimated along with the genetic and environmental covariances
between them, are powerful tools for investigating the nature of relationships
between different aspects or measures of growth and development.

Applications of Genetic and Environmental Correlations to Longitudinal Data

Another topic of particular interest in the field of growth and development is
the nature of the genetic control of a trait over time. For these types of analyses,
it is necessary to have serial measurements of the trait or traits of interest. Serial
measurements of traits separated by time are normally correlated to some degree,
with higher phenotypic correlations often found over short intervals and lower
phenotypic correlations found over longer intervals. Canalization is a familiar term
to auxologists, referring to the tendency of a trait to follow a certain course or
trajectory over time. The more highly canalized a trait, the higher are the phe-
notypic correlations between repeated measurements. From a genetic perspective,
traits that are highly canalized and that show a relative insensitivity to changes
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in environmental conditions are likely to have relatively high heritabilities. The
same genes, however, may or may not be influencing the trait to the same extent
over the entire course of growth and development.

To test hypotheses concerning the genetic control of growth at different ages,
the approach just discussed for the examination of two traits at one point in time
is taken. In its simplest form, however, the “two traits” are now the same trait mea-
sured at two points in time. The genetic and environmental correlations between
repeated measures of the trait at different ages are then calculated. This approach
allows for disentangling shared genetic effects from shared environmental effects
on a trait measured over the course of childhood.

The strength of a genetic correlation for a single trait with repeated measures
is indicative of the degree of consistency or uniformity in the genetic control of
the trait over time. For example, if a genetic correlation of 1.0 is found between
stature measured at age 8 years and measured again at age 18, then it can be inferred
that the genes influencing stature during the middle of childhood are the same as
those that influence height in early adulthood. If a genetic correlation is obtained
that is significantly lower than 1.0, however, then there is evidence that a differ-
ent suite of genes control stature at ages 8 and 18 years. Similarly, the environ-
mental correlation is a measure of the consistency or uniformity of the response
of the trait to nongenetic factors over time.

Genotype-by-Environment Interaction

Understanding how genes interact with aspects of the physical and internal bio-
logical environment is essential for a complete understanding of the genetic archi-
tecture of complex traits. In studies where relatives live in different environments,
genotype-by-environment (G X E) interactions can be examined using extensions
of variance components methods for studying quantitative trait variation.

G x E interaction is likely an important influence on the variation observed among
children in their growth and development, particularly in populations with a high
prevalence of environmental factors known to negatively affect growth and devel-
opment. The key to G X E interaction, however, is that not all children may respond
to the same degree to such environmental factors, and a portion of that differen-
tial response at the phenotypic level may be due to genetic variation among indi-
viduals.

The simplest approach to modeling G X E interaction is to make the genetic
variance in a trait a function of a dichotomous environmental variable. Examples
of this could be the presence or absence of a particular disease in a child or high
or low protein intake. Figure 6-1 shows a simple hypothetical depiction of the
response of three genotypes at a locus to two different environments. In the pres-
ence of G X E interaction, the relationship between trait levels and specific geno-
types vary as a function of the environment. In this case, trait levels in Environment
1 are substantially less variable compared to trait levels in Environment 2. For geno-
types AA and AB, trait levels remain stable or decrease from Environment 1 to
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Trait Levels
1
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FIGURE 6-1 Hypothetical depiction of gene by environment interaction with the response of
three genotypes at a locus to two different environments.

Environment 2. For genotype BB, trait levels increase from Environment 1 to 2.
This example demonstrates how gene expression may vary under different envi-
ronmental conditions.

In G x E analyses of the response of a quantitative trait, the variance compo-
nents method is expanded and environment-specific additive genetic variances are
estimated. For example, a large number of related children might be measured for
a trait at a specific age and also tested for the presence of a particular infection at
that age. If the additive genetic variances of the measured trait are not significantly
different between infected and noninfected children, then that would be an indi-
cation that there is no G X E interaction between that trait and that infection at
that age. If, on the other hand, the additive genetic variances of the measured trait
are significantly different between infected and noninfected children, that would
indicate a genetic basis to the differential response of the growth status of chil-
dren to infection at that age. G X E interaction is also tested by examining the genetic
correlation between the trait measured in different environments. A genetic cor-
relation significantly different from 1.0 is another indication of G X E interaction.
In the example here, a genetic correlation significantly less than 1.0 would indicate
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that the G X E interaction is due to an incompletely correlated genetic response
of the trait in infected and noninfected children.

Genotype-by-Sex Interaction

Sexual dimorphism in the growth and development of children is well known,
but the genetic basis of this sexual dimorphism is poorly understood. The approach
for studying G X E interaction using related individuals living in different envi-
ronments just described can be used to study genotype-by-sex (G X S) interactions.
The rationale here being that the hormonal environments of males and females
differ considerably and the expression of autosomal genes controlling a quantita-
tive trait may be influenced by the sex-environment encountered.

In analyses of G x S interaction, the variance components method is again
expanded. Additional parameters are estimated, the most important being sex-
specific variance components and the genetic correlation between the sexes for
the trait. G X S interaction is indicated by significantly different additive genetic
variances for males and females or a genetic correlation between the sexes sig-
nificantly less than 1.0.

G X% S interaction analyses can be used to examine the genetic basis to the sex-
ual dimorphism in measures of growth and development. The aim of G X S inter-
action analyses is to determine if the sexual dimorphism evidenced in a trait during
childhood age is itself a heritable trait. In some families, for example, male and
female children might not be very different in a measure of growth or develop-
ment at a particular age, while in other families there might be significant differ-
ences between male and female relatives in that measure of growth or
development at that age.

Genotype-by-Age Interaction

The nature of genetic influences on measures of growth and development may
change over the course of childhood. As discussed earlier, the genetic correlation
between a trait measured at two points in time can provide insight into the genetic
control of a trait over time. If extensive longitudinal data from related children
are available, genotype-by-age (G X A) interactions can be more rigorously exam-
ined. Like G X S interactions, G X A interactions are a type of G X E interaction.
In this case, the “environment” is the age of the child at the time of the measure-
ment of a trait. In these analyses, the additive genetic variance of a trait is mod-
eled as a function of age. From these age-specific additive genetic variances,
age-specific heritabilities of the trait can be determined. Also estimated are the addi-
tive genetic and environmental correlations between the trait measured across time.

G X A interaction is indicated by an additive genetic variance of a trait chang-
ing over a span of ages. This suggests that the genetic expression of a trait is depen-
dent on the age of the child. G X A interaction also is indicated by a change in the
genetic correlation between a trait measured over time. For example, a genetic cor-
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relation between a trait that decreases significantly from 1.0 over a span of ages
indicates G X A interaction.

Identifying Genes Influencing Growth and Development

Once it has been determined that a trait has a significant heritability, interest
turns to locating and identifying the actual genes that influence variation in the
trait. Recent advances in molecular and statistical genetic methods make it possi-
ble to search for genes influencing complex traits. Unlike monogenic traits, which
are influenced by a single gene with large effects, most complex traits are influ-
enced by genes at a number of loci whose individual effects can be small. While
understanding of monogenic growth disorders has significantly increased over the
last few decades, understanding the genetics of normal variation in quantitative
measures of growth and development has been a daunting task until more recently.
Technological advances in molecular biology, not the least of which includes the
sequencing of the human genome, and methodological advances in statistical genet-
ics have made it possible to identify genes of small to moderate effect. There are
two basic strategies to follow in the search for genes involved in the regulation of
growth and development: population-based association studies or family-based quan-
titative trait linkage studies.

Association Studies

The first approach is the candidate gene association approach. Here, genes sus-
pected to be physiologically involved in the trait are examined. For example, a
sample of unrelated individuals are selected and genotyped for a polymorphism
in or near the candidate gene. Simple statistical tests are then used to evaluate asso-
ciations between marker genotype status and value of the trait. Carriers of a rare
allele, for example, may have a mean value for the trait that is significantly dif-
ferent than the mean value of the trait in those who do not have a copy of that
allele. Association studies have an obvious appeal. They are simple and straight-
forward compared to the analysis of marker genotype and quantitative trait data
from family members.

There is a major problem with association studies, however, that has become
evident in the last few years, as greater knowledge has been gained regarding link-
age disequilibrium. Two loci are in equilibrium when alleles at the two loci are
randomly associated with each other. If the relationship between the loci is not
random, then linkage disequilibrium is present. Unfortunately, linkage disequilibrium
can occur for a number of reasons, including new mutations, genetic drift, and in
the presence of selection. Additionally, significant associations can be due to het-
erogeneity in the population sampled. This occurs when population subgroups dif-
fer systematically in both allele frequencies and levels of the quantitative trait of
interest. The main problem with association studies, however, is that disequilib-
rium cannot be predicted. Two loci may be very close to each other and yet be in
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equilibrium. Conversely, two loci may be relatively far apart from each other and
yet be in disequilibrium. There is no sure way to know that the marker that has
been typed is in disequilibrium with the trait that has been measured. If it is known
a priori that the marker typed is in fact a functional polymorphism (that is, there
is a measurable difference among marker genotypes in gene expression, such as
one genotype results in much lower levels of a particular protein compared to the
other genotypes), however, then association studies might be a viable strategy to
pursue if familial data are unavailable.

Quantitative Trait Linkage Analysis

The second approach to gene discovery involves linkage mapping. Linkage stud-
ies require a great deal of planning prior to their initiation to obtain maximal sta-
tistical power to detect genes of modest to moderate effect. The premise behind
linkage analysis is that, if two loci are physically located close to each other, then
alleles at these loci will be more likely to be inherited together. In this sense, the
loci are said to be linked. As the distance between loci increases, the probability
that alleles at these loci will cross over or recombine during meiosis increases.
Through investigation of the frequency of recombination events among genetic
markers, one can localize to chromosomal regions loci influencing quantitative vari-
ation of a trait. Once a region has been identified, then more precise molecular
mapping techniques can be used to more clearly define regions of interest and to
identify functional polymorphisms.

In recent years there have been many advances in linkage analysis as applied
to complex traits. Most recently, allele-sharing methods have gained prominence
for quantitative traits. The key premise behind allele-sharing methods is the con-
cept of identity by descent (IBD). In comparisons between relatives, two alleles
that are structurally identical are said to have identity by state (IBS); alleles that
are structurally identical and inherited from a common ancestor (e.g., two siblings
getting the same allele from their mother) are further classified as IBD. A pair of
relatives can share either 0, 1, or 2 alleles IBD at any given marker locus. The
likelihood of their sharing 0, 1, or 2 alleles IBD is contingent on their coefficient
of kinship. Linkage between a quantitative trait locus (QTL) and a marker exists
in chromosomal regions when pairs of relatives who are more phenotypically sim-
ilar share more alleles at a marker locus than pairs of relatives who are more phe-
notypically dissimilar.

The power to detect and localize QTLs is a function of several factors. The most
important consideration is the strength of the genetic effect. Traits that are highly
heritable will have a higher probability of being mapped than those of low to mod-
est heritability. Also, as in any statistical analysis, sample size is of importance,
but in linkage studies, other aspects of the sample are equally important. The fam-
ily structure of the sample is especially important. Having many families is good,
but having fewer more complex extended pedigrees yields increased statistical power
because of the greater number and variety of relationships among relatives.
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STUDY DESIGNS

A number of different study designs can be used to examine the genetics of com-
plex traits. Each study design has certain advantages and disadvantages. This sec-
tion describes some of the major types of study designs used by genetic
epidemiologists to study complex quantitative traits.

Twin Studies

Over the years, studies of twins have been useful in establishing the familial
aggregation of many complex traits. In its basic form, the twin model compares
phenotypic differences between two classes of twins, monozygotic (MZ) and dizy-
gotic (DZ). MZ twins share 100% of their genetic makeup, while DZ twins on
average share only half of their genetic makeup (i.e., on the genetic level they are
the same as any other pair of full siblings). Because of this, phenotypic differences
observed between MZ twins are assumed to be the result of environmental fac-
tors only, while phenotypic differences between DZ twins are considered to be due
to differences in both genes and environmental exposure. Therefore, by calculat-
ing phenotypic correlations in groups of MZ and DZ twins and comparing them,
assumptions can be made about the degree of genetic control of different traits.

One important assumption in the classical twin study design is that both MZ
and DZ twin pairs are equally likely to share a common environment. This assump-
tion may not be valid, however, because MZ twins are often more likely to share
common activities, foods, and other aspects of the environment to a greater extent
than DZ twins. Because there is no fully satisfactory way to separate shared genetic
and environmental effects, studies of twins often yield inflated 42 estimates (indeed,
there are some published A? estimates from twin studies that are greater than 1, an
estimate that is biologically impossible).

The twin study design is especially problematic if the focus of the study is a
growth-related outcome. Twin births are physiologically different from singleton
births due to competition over maternal resources during pregnancy. Fetal growth
rates among twins may be considerably discordant, and the postnatal growth of
twins is often different from that of siblings from singleton births (e.g., catch-up
growth in twins).

Nuclear Families

Another commonly used study design is the nuclear family design. In this study
design, correlations between the various classes of first-degree relatives in a nuclear
family are estimated. These include parent-offspring, sibling-sibling, and spouse-
spouse correlations. Heritabilities can be estimated from these different familial
correlations. Heritability estimates calculated from nuclear family data, however,
are subject to inflation, due to the effects of shared environmental factors, such
as diet and lifestyle, among family members living in a single residence. Given
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this, heritabilities are often adjusted by taking into account the degree of spousal
correlation in the family. It is assumed that any correlation found between spouses
is the result of shared environmental factors. Such spousal correlations may depend
on the length of time that the couple has been married. Also, such spousal corre-
lations may be the result of assortative mating.

A number of practical considerations must be taken into account in studies of
nuclear family members apart from those just mentioned. For example, it is some-
times difficult to obtain information about certain life events because they are often
separated in time by a generation—20-30 years may be needed to collect growth
measures of the children of parents who were measured when they were children.
Also, generational differences in growth may be due to secular trends. This may
effectively reduce the heritability of certain traits by diminishing the degree of phe-
notypic correlation observed. These two problems can be eliminated by examin-
ing only sibling correlations, but the problem of shared environment remains.

Extended Pedigrees

The study design that offers the most promise for elucidating the genetic archi-
tecture of complex traits is the extended family approach. This approach involves
collecting information from all available family members and estimating pheno-
typic correlations between all relatives of varying degrees. By sampling members
outside of the immediate nuclear family, many of the problems encountered with
shared environmental effects in other study designs are minimized, because fam-
ily members come from a number of different households. This results in more
accurate and reliable A2 estimates. In addition, by sampling members in different
households who thereby live in potentially different environmental circumstances,
there is opportunity to investigate the effects of G X E interaction. With regard to
the study of growth and development, large extended pedigrees will include sub-
stantial numbers of related children who are of approximately the same age. This
enables analyses to proceed very quickly after the initiation of data collection.

There are a few practical drawbacks to this approach, however. The single most
important consideration is that the methods involved in calculating quantitative
genetic parameters are computationally intensive. This, however, is much less of
an obstacle as computer technologies continue to progress. Indeed, the incredible
advances in computer technology over the last 20 years has made the statistical
genetic analyses of data from large pedigrees tractable. Also, collecting data from
large numbers of individuals of varying ages requires a great deal of planning, effort,
and research funding.

STUDIES OF THE GENETICS OF
GROWTH AND DEVELOPMENT

The preceding sections introduced a number of basic terms and concepts nec-
essary for understanding genetic epidemiological approaches to growth and devel-
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opment. This section provides a brief overview of numerous studies on genetic
factors in growth and development that have been conducted over the last cen-
tury. The review presented here provides a sampling of a significant part of this
literature, focusing on studies of height, birth weight, menarche, and skeletal
development.

Population Differences in Growth and Development

There is considerable variation across populations in growth in height, weight,
and other body dimensions, as well as in the tempo and timing of maturation.’ For
example, mean adult height varies from approximately 150 cm for males in the
shortest populations on earth (e.g., Mbuti pygmies of central Africa) to over 180 cm
for males in northern European populations. These long-standing observations of
racial or ethnic differences in growth and development rendered support for the
notion that genetic factors are likely involved. The degree to which genetic fac-
tors influence growth and development cannot be addressed, however, by the sim-
ple comparison of measures of growth and development traits across populations.
The populations compared often are exposed to vastly different environments, and
the shortest and smallest populations also tend to have the poorest economic sta-
tus, while the tallest populations tend to be from industrialized nations. Between-
population differences may be due to differences in both genetic and environmental
factors, whose relative importance is often confounded. For example, evidence of
secular trends in stature and pubertal maturation,’ and the degree of similarity for
stature in high socioeconomic status groups from various parts of the world (e.g.,
Martorell, Mendoza, and Castillo®), argue that a significant part of interpopula-
tion variation in growth and development is due to environmental factors.

Family Studies of Growth and Development

Population comparisons provide only indirect evidence of a connection between
genetic factors and phenotypic variation in growth and development. In contrast,
family studies within populations can clearly define the relationships between genes
and growth, because environmental and genetic sources of variation can be explic-
itly modeled with these designs. Table 6-1 summarizes published familial corre-
lations and the heritability estimates for birth weight, height, weight, and other
anthropometric measures, as well as age at menarche in females from a selection
of family studies from diverse populations. While Table 6-1 does not contain an
exhaustive listing of all published findings, the studies listed were published in
widely circulated journals and represent the range of findings reported in the
literature.

Several general comments can be made regarding these investigations. First,
the studies to date are based almost entirely on first-degree familial correlations.
That is, they are based on either nuclear family or twin pair designs. And, as dis-
cussed already, there are important concerns when studying only first-degree rel-
atives, particularly when studying growth and development. These concerns include



TABLE 6-1

Heritability Estimates of Anthropometrics During Childhood and Adolescence

Design Family Heritability or
Trait Reference Population Structure Sample Size Familial Correlations Variance Estimates
Birth weight
European Clausson, Lichtenstein, Sweden Cross-sectional 868 MZ h?=0.25-0.40
& Cnattinigius, 2000+ Twins 1141 DZ
Nance et al., 19834 United States Cross-sectional Offspring of 385  r, =048
Nuclear, twins twin pairs Tyatsibs.mo = 0-31
Phatfsibs-ta = —0-03
Penrose, 19548 United Kingdom Cross-sectional Fetal genetic
Nuclear factors: 18%
Maternal genetic
factors: 20%
Environmental factors:
62%
Non-European Morton, 195547 Japan Cross-sectional Tins = 0-56
Nuclear, twins Tpe = 0.52
rhulfsihs-mo =058
rhalfsibs—fa =0.10
Height
European Susanne, 19774 Belgium Cross-sectional 125 families r.=051 h=0.82
Nuclear
Solomon, Thompson, Finland Cross-sectional 2869 individuals h? =0.58
& Rissanen, 1983%° Nuclear
Mueller, 1976 United States, Cross-sectional Varied Fpe= 0.37 (average)

United Kingdom,
West Europe,
East Europe

Nuclear

oll
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Malina, Mueller, &
Holman, 1976%

Garn, Bailey, & Cole,
1976°!

Fischbein, 19772

Fischbein and
Nordqvist, 1978%

Byard, Guo, & Roche,
1993

Towne et al., 199336

United States
White and black

United States

Sweden

Sweden

United States

United States

Cross-sectional
Nuclear
Cross-sectional
(adopted/bio-
logical siblings)

Longitudinal
Twins

Longitudinal
Twins

Age: 10-16 yr
(growth curve
concordance)
Longitudinal
Nuclear
(height curve
parameters)

Longitudinal
Nuclear/extended
(height curve
parameters)

Age: 0-2 yr

422 black families
384 white families

6726 biological,
504 adoptive
parent-offspring
pairs

94 MZ

233 DZ

94 MZ

133 DZ

228 families

569 individuals

=0.29
=0.35

radopled sibs

rbiological sibs

vz =09

Tpz = 0.6-0.7
Average growth
profile similarity
within twin pair:
vz = 0.85

T, = 0.54

Age at TO:

Fpe= 0.17,

I = 0.32

TOV: 1, =0.26,
Taps = 0.35

Age at PHV: T = 0.22,
=0.35

rsihs

h*=0.49 (white)
h*=0.37 (black)

Recumbent length at
birth: A2=0.83
Velocity 0-2 yr:
h*=0.67
Acceleration 0-2 yr:
h*=0.78

(continues)
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TABLE 6-1 (continued)
Design Family Heritability or
Trait Reference Population Structure Sample Size Familial Correlations Variance Estimates
Height (cont.)
European (cont.) Wilson, 1976° United States Longitudinal 159 MZ T'yz = 0.58 (birth)-0.94
Twins 195 DZ (age 4)
Age: 04 yr T, = 0.69 (birth)-0.61
(age 8)
Beunen et al., 1998!° Belgium Longitudinal 99 twin pairs Age at TO: h?=0.93
Twins TOV: h*=0.90
Age:10-18 yr Age at PHV: 2= 0.92
PHV: /2= 0.89
Welon & Bielicki, Warsaw, Poland Longitudinal 496 parent-child P parent.son = 0.36 (8 yr),
19713 Nuclear pairs 0.43 (18 yr)
Age: 8-18 yr Fparent-dau = 0.54 (8 yr),
0.59 (18 yr)
Vandenberg & United States Longitudinal 29 MZ Concordance between
Falkner, 1965% Twins 31 DZ MZ and DZ twins:
(stature curve MZ = DZ initial value
parameters) (birth)
Age: 0-6 yr MZ < DZ (velocity)
MZ < DZ (acceleration)
Hauspie et al., 1994%° Poland Longitudinal 44 MZ
Twins 42 DZ Age at TO: h?=0.49
(stature curve Age at PHV: 1?=0.74
parameters) PHV: i2=0.76
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Non-European Roberts, Billewicz, West Africa Cross-sectional 276 sibships Fa-child: h2=0.61
& McGregor, 19787 Nuclear Mo-child: h2=0.85
Full and half sibs Midparent-child:
h?=0.65
Full sibs: h>=0.81
Paternal half-sibs:
h?=0.56
(“best” h? estimate)
Mueller & Titcomb, Colombia Cross-sectional 403 families Tochia = 0-28 h*=0.49 (boys)
19778 Nuclear Feeniia = 0-27 h?=0.47 (girls)
Age: 7-12 yr
Devi & Reddi, 1983% India Cross-sectional 436 families re.=034 h?=0.65
Nuclear r,.=0.33
Kaur & Singh, 198160 India Cross-sectional 82 families T = 0.48 h?=0.92
Nuclear
Sharma et al., 19849! India Cross-sectional 151 sibs Fops = 0.30
Nuclear/twins 98 DZ T, = 0.59
44 MZ Iz = 0.98
Mueller, 1976 Colombia, Africa, Cross-sectional Varied T = 0.29 (average)
Peru, New Guinea, Nuclear
Japan
Weight
Susanne, 197748 Belgium Cross-sectional 125 families T = 0.34 h?=0.64
Nuclear
Mueller & Titcomb, Colombia Cross-sectional 403 families Tomchitg = 0-36 h*=0.16 (boys)
19778 Nuclear Tioenia = 0-31 h?=0.21 (girls)
Kaur & Singh, 198160 India Cross-sectional 82 families T = 0.34 h?=0.39
Nuclear
(continues)
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TABLE 6-1 (continued)

Trait

Reference

Population

Design Family
Structure

Sample Size

Familial Correlations

Heritability or
Variance Estimates

Weight (cont.)

Garn et al., 1976°!

United States

Cross-sectional

6726 biological,

=0.18

radupted sibs

(Adopted/ 504 adoptive Tiological sibs = 0-27
biological parent-offspring
siblings) pairs
Wilson, 1976° United States Longitudinal 159 MZ 1y = 0.61(birth)—
0.86 (age 4)
Twins 195 DZ 7', = 0.68 (birth)—
Age: 04 yr 0.55 (age 8)
Fischbein, 19772 Sweden Longitudinal 94 MZ ryz = 0.8-0.9
Twins from 10-16 yr
Age: 10-16 yr 233 DZ Tz boys = 0.6-0.7
from 10-16 yr
Tz gins = 0-7 (10 yr)—
0.2 (16 yr)
Fischbein & Sweden Longitudinal 94 MZ Average growth
Nordgqvist, 1978 Twins 133 DZ profile similarity
Age: 10-16 yr within twin pair:
Growth curve 'z = 0.79
concordance T'py = 0.22 (girls)—-
0.53 (boys)
Biacromial breadth
Sharma et al., 19849! India Cross-sectional 610 individuals Fops = 0.32
Nuclear/twins T, = 0.56

rap = 0.95

ocl
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Devi & Reddi, 1983% India Cross-sectional 436 families re=0.30 h?=0.49
Nuclear Tps = 0.37

Kaur & Singh, 198160 India Cross-sectional 82 families I = 0.38 h?=0.75
Nuclear

Mueller & Titcomb, Colombia Cross-sectional 403 families Tochia = 0-33 h?=0.63 (boys)

19778 Nuclear 7-12 yr Feneniia = 0-32 h*= 0.40 (girls)

Susanne, 197748 Belgium Cross-sectional 125 families r.=033 h2=0.8
Nuclear

Biiliac breadth

TIkoma et al., 1988 Japan Cross-sectional 3632 individuals  r, =0.30 h*=0.54-0.55
Nuclear Fpe= 0.27

Devi & Reddi, 1983 India Cross-sectional 436 families I = 0.18 h?=0.34
Nuclear Taps = 0-18

Susanne, 197748 Belgium Cross-sectional 125 families Toe= 0.49 h?=0.73
Nuclear

Upper arm circumference

Mueller & Titcomb, Colombia Cross-sectional 403 families Toochia = 0-37 h? = 0.20 (boys)

19778 Nuclear 7-12 yr Feneniia = 0-32 h*=0.34 (girls)

Sharma et al., 1984°! India Cross-sectional 162 sibs 7= 0.26
Nuclear/twins 98 DZ T'py,=0.52

4 Mz Fygy = 0.95

Devi & Reddi, 1983° India Cross-sectional 436 families Toe= 0.26 h?=0.46
Nuclear Tpe = 0.24

Kaur & Singh, 1981 India Cross-sectional 82 families r.=023 =024
Nuclear

Susanne, 197748 Belgium Cross-sectional 125 families I = 0.30 h?=0.50

Nuclear

(continues)
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TABLE 6-1 (continued)
Design Family Heritability or
Trait Reference Population Structure Sample Size Familial Correlations Variance Estimates
Age at menarche
Damon et al., 1969?! United States Retrospective 78 mo-dau pairs  r, . =024
Nuclear
Orley, 197793 Hungary Retrospective 550 mo-dau pairs  r_ .. =0.25
Nuclear
Kaur & Singh, 1981 India Retrospective 72 mo-dau pairs  r_, =0.39
Nuclear
Meyer et al., 199123 Australia Retrospective 1178 MZ ryz=0.71 h?=0.17 (additive
effects)
Twins 711 DZ Tpy=0.22 d?=0.54 (dominance
effects)
Malina, Ryan, & United States Retrospective 109 mo-dau pairs  r__, =025
Bonci, 1994%* Nuclear 77 sib pairs rg, =044
University
athletes
Brooks-Gunn & United States Retrospective 307 mo-dau pairs  r, . =0.26
Warren, 19882 Nuclear family (nondancers)
Age: 14-17 yr T omdan = 0-32
(daughters) (ballet dancers)
Loesch et al., 199526 Poland Longitudinal 95 MZ h? (raw) = 0.95

Twins (all female) 97 DZ

Age: 0-18 yr

(examined genetic
correlations among

maturity traits)

h*= 0.44 (unique
genetic effects)

h? =0.53 (shared
genetic effects with
skeletal maturity)

Abbreviations: Mo = mother; Fa = father; Dau = daughter; MZ = monozygotic twins; DZ = dizygotic twins; r = parent-child correlation; r,
tion; TO = “takeoff” (height velocity minimum); TOV = velocity at “takeoff” (height velocity minimum); PHV = peak height velocity.

. = sibling correla-
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secular trends that may reduce correlations between parents and offspring, and the
shared environments of siblings, especially twins, that may inflate correlations
between them. Second, specific environmental sources of variation, such as diet
and disease, usually have not been incorporated into the analyses. Not accounting
for the variance in a trait attributable to such environmental factors can lead to erro-
neous estimation of the heritability of the trait. Third, the majority of studies have
focused solely on height at a given point in time (mostly adult height). A much smaller
number of studies have examined variation in other anthropometrics. Fourth, the
majority of studies are based on cross-sectional data. Only a very few studies have
longitudinal growth and development data from related individuals that permit exam-
ination of genetic influences on patterns of change in height, weight, and other mea-
sures over time. And fifth, almost all of the studies have focused solely on the
magnitude of genetic effects. There are very few multivariate quantitative genetic
analyses of measures of growth and development; analyses of genotype-by-
environment, -sex, or -age interactions; association studies; or linkage analyses.

Birth Weight

The genetics of prenatal growth has largely been approached by examining the
heritability of birth weight. Initially, genetic influences on birth weight were deduced
from the known effects of quantitative changes in chromosomes. For example, super-
numerary autosomes (trisomy 21, 18, and 13) and abnormal numbers of X chro-
mosomes (as in Turner syndrome) all result in growth retardation. Formal
quantitative genetic analyses of birth weight find somewhat lower heritability esti-
mates than for body weight and length in postnatal life, which are both highly her-
itable (see later). Assessment of genetic influences on birth weight is complicated,
however, because prenatal growth (at least as measured by birth weight) is influ-
enced by both the genetic makeup of the fetus and the maternal intrauterine envi-
ronment, and there is no fully satisfactory way to partition these two sources of
variation. Therefore, not surprisingly, estimates of the influences of fetal genes,
maternal genes, nongenetic maternal factors, and random environmental effects
on fetal growth vary considerably across studies. The role of fetal genes varies
from 0 to 50%, maternal factors from 27 to 50%, and random environmental fac-
tors from 8 to 43% in the variation in birth weight.”

A classic study by Penrose® attempted to partition the variance in birth weight
among fetal genes, maternal genes, nongenetic maternal factors, and random envi-
ronmental effects. He concluded that fetal genes accounted for approximately 18%
of the phenotypic variance, while “maternal factors” (a combination of both genetic
and uterine environment) explained approximately 40% of the phenotypic vari-
ance. The importance of uterine environment in the control of prenatal growth is
also demonstrated by the changes in twin correlations from birth onward (e.g., Wil-
son®). Intrapair differences in the birth weight of MZ twins are often significant
at birth (tending to be larger than differences between DZ twins), because MZ twins
compete for placental resources. Differences in weight between MZ twins decreases
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over time. By 3 years of age, the MZ twin correlation is about 0.80-0.90 and the
DZ twin correlation is about 0.40-0.50.

A problem with the use of birth weight as a measure of prenatal growth is that
it represents growth status at a variety of maturational ages depending on gesta-
tional age. Most studies of the genetics of birth weight have not controlled for ges-
tational age. This flaw has likely led to underestimates of genetic influences. Indeed,
using a variance components method for pedigree data and modeling a gestational
age covariate effect, we found a high heritability of birth weight in the Fels Lon-
gitudinal Study population (4% = 0.80; Demerath et al., unpublished results). Con-
tinued work along these lines will help identify specific factors influencing fetal
growth and development. However, progress depends on measurement strategies
that better capture the process of fetal development (e.g., serial ultrasound biometry).

Height

Data from nearly 4000 individuals in 1100 nuclear families in England ana-
lyzed by Pearson and Lee!® provide perhaps the earliest evidence for the inheri-
tance of height. In this landmark study, Pearson and Lee found a significant
correlation between spouses (0.28), which shows positive assortative mating for
height, but higher correlations between siblings (0.54) and between parents and
offspring (0.50). Since the expected correlation between full siblings and between
parents and offspring would be 0.50 if the A2 of the trait was 1.0, they concluded
that the population variation in height was highly determined by genetic factors.
These early results have been corroborated by hundreds of subsequent family stud-
ies. In populations around the world, the estimates of the A? of height range from
0.6 to above 0.9, clearly showing that height is a highly heritable trait.

In a review of 24 studies of parent-child correlations of height and weight, how-
ever, Mueller!! indicated that population estimates of heritability tend to be sys-
tematically lower in developing countries than affluent countries. There are a number
of reasons why this might be so. As mentioned earlier, according to classic quan-
titative genetic theory, the heritability of height or any trait is a function of the
population in which the estimate is made, as well as of the trait itself. Heritabil-
ity estimates tend to be higher if there is positive assortative mating (i.e., a sig-
nificant phenotypic correlation between parents). And indeed, assortative mating
for height has been found in European populations more frequently than in non-
European populations. Also, non-European populations in the developing world
tend to live under more nutritional and disease stress than European populations.
In these populations, such environmental factors have the potential to affect a given
trait more than in affluent populations. Since heritability is the proportion of vari-
ance due to genetic influences, a larger proportion of environmentally induced vari-
ation reduces the heritability. Additionally, many non-European populations are
experiencing rapid economic change, which results in the growth environments
of children differing quite markedly from that of their parents, thus decreasing par-
ent-offspring correlations and the estimate of total variation attributable to genes.
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Other Anthropometric Measurements

Whereas the heritability of skeletal length (e.g., height, sitting height) tends to
be high, the h? of skeletal breadth (e.g., biiliac and biacromial diameters) tends to
be somewhat lower, averaging between 0.4 and 0.8. In turn, skeletal breadth tends
to have higher heritability than weight, circumference, and skinfolds. It has been
assumed that soft-tissue traits are more easily altered by the changing nutritional
environment of individuals than skeletal tissues, which respond less quickly to
changes in nutritional status, and, as a result, have a greater proportion of their
variance explained by environmental, rather than genetic, factors. Nonetheless,
growth status in all anthropometrics has been shown to have a significant herita-
ble component.

Longitudinal Studies

As mentioned earlier, the vast majority of family studies of growth are cross-
sectional. Only a few studies have longitudinal growth and development data from
related children that permit genetic analyses of the processes of growth and devel-
opment. Some of these longitudinal studies of the genetics of growth, for exam-
ple, examined changes in parent-child or sibling correlations from age to age.
Reports from the Fels Longitudinal Study,'? Poland, ' and elsewhere'*! indicated
that
parent-child correlations for height increase during the first 4 years of life, decrease
during adolescence (when heterogeneity of maturational tempo disrupt familial sim-
ilarity), and subsequently rise above the prepubertal level.

Modern longitudinal studies of growth and development use various growth curve
fitting methods to pinpoint maturational events, particularly of changes in the tempo
of growth in stature, and then examine growth curve parameters in genetic anal-
yses. For example, Buenen et al.'® report high heritability estimates for the ages
at takeoff and peak height velocities, and the heights at those ages. Similar anal-
yses of Fels Longitudinal Study data are discussed in more detail later.

Maturation

Not only is physical size heritable, but the timing and tempo of maturation also
are significantly controlled by genes. A number of early studies of dental devel-
opment found that radiographic measures of the timing of tooth formation (calci-
fication) and dental emergence were more highly correlated within MZ twin pairs
than DZ twin pairs, suggesting a heritability of 0.85-0.90.!7 Also, the number and
pattern of dental cusps were found to be under genetic control. The rate of skele-
tal maturation has been compared in siblings over time in several reports, with the
general finding being that there is a great deal of similarity between sibs in the
age of ossification onset of bones in the hand and foot. The general pattern of skele-
tal maturation (i.e., the tendency to be an “early” or “late” maturing individual)
also suggests that the tempo of development is highly heritable, with sib-sib cor-
relations of 0.45.'8
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The process of maturation is commonly believed to be controlled, at least par-
tially, by genes independent from those controlling final size. This conjecture stems
from the observation that siblings may reach identical height even though they dif-
fered in the timing of maturational events.!® Further and more widespread use of
the multivariate quantitative approaches discussed previously, in which genetic and
environmental correlations between different traits may be calculated, allows for
greater understanding of the extent of shared genetic and nongenetic factors under-
lying growth and development traits.

Age at menarche is one of the most studied developmental traits. Many early
studies suggested that age at menarche has a genetic basis (e.g., Boas?®). The mother-
daughter and sister-sister correlations in the age at menarche were close to 0.50,
indicating a high degree of genetic determination of age at menarche. These and
later studies, however, relied primarily on recalled ages at menarche, and thus recall
bias (greater in mothers than in daughters) is introduced into these estimates. Sub-
sequent work has confirmed a strong genetic influence on age at menarche.?'-23
Beyond the documentation of the magnitude of genetic influences on menarche,
arecent study sought to decompose the known relationships between skeletal devel-
opment, BMI, and the onset of menarche into their shared genetic and environ-
mental components.?® Further work of this type will improve our understanding
of the orchestration of changes in body size and maturation.

EXAMPLES FROM THE FELS LONGITUDINAL STUDY
AND THE JIRI GROWTH STUDY

This section highlights some of the topics discussed in the preceding sections
through examples of genetic analyses conducted over the years in the Fels Lon-
gitudinal Study and those currently underway in the recently established Jiri Growth
Study.

Fels Longitudinal Study

The Fels Longitudinal Study began in 1929 in Yellow Springs, Ohio. It was
one of several longitudinal studies of child growth and development initiated in
the United States between the end of World War I and the start of the Great Depres-
sion, and it is the only one that has survived to today. Although the Fels Longitu-
dinal Study did not begin with an interest in genetics, familial data began to be
collected soon after the study began. Most of the mothers who enrolled their chil-
dren in the early years of the study had more children later, and many of those
children subsequently became participants. Also, a set of monozygotic, dichori-
onic triplets was recruited early in the study specifically to examine their simi-
larities in growth and development. Another set of triplets and a few twin pairs
also were recruited in later years. Over time, other relatives were incorporated into
the study, the first of these being the offspring of study participants. The Fels
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Longitudinal Study today has more than 1000 participants with extensive serial
data from infancy and cross-sectional data from more than 2000 of their relatives.
These individuals represent about 200 kindreds consisting of both nuclear and
extended families.

The description of the Genetics Program of the Fels Longitudinal Study writ-
ten by its first director, Lester W. Sontag, is remarkable for its modern sounding
tone.?” Sontag noted that many aspects of growth and development are likely to
have significant genetic determination but are influenced by environmental fac-
tors as well. He noted that the study included many families with two or more chil-
dren, and that these “constitute the material for the study of inheritance of growth
patterns as well as of metabolic characteristics.”

For example, the set of monozygotic, dichorionic triplets just mentioned were
the subject of three early reports that described their similarities in physical and
mental traits as young children, striae in their bones, and the onset of ossification
from infancy through pubescence.?®3% Soon after the triplet’s 18th birthday,’!
Reynolds and Schoen reported a description of their growth patterns. A paper by
Reynolds?? is especially noteworthy because it used familial data from different
types of relatives to examine the effects of degree of kinship on patterns of ossi-
fication. Included in this analysis were the set of identical triplets, as well as 3
pairs of identical twins, 22 pairs of siblings, 8 pairs of first cousins, and 18 unre-
lated children. Reynolds found that close relatives were very similar in pattern of
ossification, distant relatives less so, and unrelated even less similar.

A series of studies from the late 1950s to the late 1960s by Garn and colleagues
used data from siblings, parents, and offspring to examine patterns of familial cor-
relations in traits pertaining especially to dental and skeletal maturation. An exam-
ple of the analyses and sample sizes from this period is provided by Garn, Lewis,
and Kerewsky,* who examined ossification data from radiographs of the hand-
wrist and chest for 72 parent-child pairs, 318 sibling pairs, 4 pairs of dizygotic
twins, and 4 pairs of monozygotic twins. Since these were serial data taken at half-
yearly intervals from ages 1 to 7, there were 1211 pairings of parent-child data,
6690 pairings of sibling data, 102 pairings of data from dizygotic twins, and 176
pairings of data from monozygotic twins. They concluded that, “In these well-
nourished . . . Ohio-born white children, genes appear to account for a major pro-
portion of ossification variance during growth.” These investigators also examined
the genetics of various dental traits, including the timing of stages of dental devel-
opment,'” tooth morphology,3* and the appearance of discrete dental traits.’> The
influence of familial factors on growth in body size also were examined.'?

Genetic analyses of growth and development data from the Fels Longitudinal
Study data have had a resurgence in recent years. This is due largely to advances
in statistical genetic methods that maximize the amount of information available
in longitudinal data from large numbers of relatives of varying degrees of rela-
tionship to one another, as well as advances in molecular genetic methodology
that allow for relatively low-cost genotyping. For example, Towne et al.*® fitted
a three-parameter function to serial recumbent lengths from 569 infants in order
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to characterize each individual’s unique pattern of growth during infancy. Figure
6-2 shows the growth curves of two infant boys who differ in their patterns of
growth. Boy #1 started out in life shorter than Boy #2, but had a rate of increase
in recumbent length that was much greater than that of Boy #2. Both boys, how-
ever, experienced about the same amount of growth (~42 cm) from birth to age 2
years. In this study, substantial h? estimates of 0.83 for recumbent length at birth,
0.67 for rate of increase in length, and 0.78 for a parameter describing the curvi-
linear shape of growth in recumbent length from birth to 2 years were found.
Towne et al.’” used the triple logistic model of Bock et al.?® to fit growth curves
to serial stature data from 471 Fels Study participants, age 2-22 years, represent-
ing 188 kindreds, to conduct a multivariate quantitative genetic analysis of dif-
ferent parameters of the pubertal growth spurt. Figure 6-3 shows the growth and
velocity curves of two girls with visibly different growth patterns. Girl #1 was only
9.37 years old when she was at the peak of her pubertal growth spurt, whereas the
age at peak height velocity of Girl #2 was 13.09 years. At the time of peak height
velocity, Girl #1 was shorter than Girl #2 (141.1 cm vs. 156.5 cm), which is expected
given her younger age at peak height velocity; but at the age at peak height veloc-
ity, Girl #1 had a higher rate of growth than Girl #2 (8.8 cm/yr vs. 6.4 cm/yr). By
the end of their growth, Girl #1 was a petite woman (158.5 cm) while Girl #2 was
somewhat taller than average (170.6 cm). Highly significant 4> estimates—on the
order of 0.85 for age at peak height velocity, 0.61 for growth rate at peak height
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FIGURE 6-2 Height distance curves for two boys with differing growth patterns between
birth and 24 months old.
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velocity, and 0.96 for stature at the age of peak height velocity—were found. Espe-
cially interesting was the finding of additive genetic correlations between these
pubertal growth spurt parameters that were significantly lower than 1.0, suggest-
ing incomplete pleiotropic effects of genes on different aspects of growth. That
is, these three different growth curve parameters may have, to some extent, unique
genetic underpinnings.

In a recent association study, Towne et al.® found evidence of the effects of a
functional polymorphism in the B-subunit of the luteinizing hormone gene (LH-
B) on stature during childhood. A total of 736 individuals, from 137 nuclear and
extended families, measured a total of 13,300 times between 2 and 18 years old,
were genotyped for the LH-B polymorphism. Individuals with the less common
LH-B allele were found to be shorter than those homozygous for the common LH-
B allele at all childhood ages.

With regard to the genetics of development, Towne et al.*? used a multivariate
variance components method incorporating parametric correlation functions to
model the heritability of skeletal maturity in children from 3 to 15 years old and
the genetic and environmental correlations between skeletal maturity assessed across
this age range. A total of 6893 annual skeletal age assessments, made from hand-
wrist radiographs taken of 807 children from 192 nuclear and extended families,
were simultaneously analyzed. The best-fitting model had 65 parameters and allowed
for an exponential decay in genetic and environmental correlations as a function
of chronological age differences. From this model, the h? estimates of skeletal age
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FIGURE 6-3 Height distance and velocity curves for two girls with different growth patterns
between 12 months and 20 years old.
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at each chronological age were 3 =0.71,4=0.73,5=0.77, 6 =0.93, 7 = 0.78,
8=0.77,9=0.73,10=0.63, 11 =0.45,12=0.39, 13 =0.34, 14 =0.23, and 15 =
0.11. The genetic correlation matrix showed a pattern of decreasing correlations
between skeletal age at different chronological ages as age differences increased
(e.g., p; between skeletal age at 3 years old and skeletal age at 4 years old was
0.96, but between skeletal age at 3 years old and skeletal age at 15 years old, p,
was 0.56). The random environmental correlation matrix showed an even more
pronounced pattern of decreasing correlations between skeletal age at different
chronological ages as age differences increased (e.g., p between skeletal age at
3 years old and skeletal age at 4 years old was 0.77, but p, between skeletal age
at 3 years old and skeletal age at 15 years old was only 0.12). These results show
a high heritability of skeletal age through early puberty and suggest that skeletal
maturation at different stages of development is influenced by different sets of genes
and environmental factors.

Jiri Growth Study

The goal of the Jiri Growth Study is to elucidate the roles of genetic and envi-
ronmental factors influencing processes of childhood growth and development. This
is being accomplished by establishing a longitudinal study of the growth and devel-
opment of a large cohort of related children living in rural Nepal, where gas-
trointestinal parasitic diseases (helminthic and protozoan infections in particular)
are endemic. Initiated in 1998 by one of the authors (B.T.), the Jiri Growth Study
is an infant compared to the 73-year-old Fels Longitudinal Study. But, by virtue
of its extended pedigree study design and the use of modern statistical genetic meth-
ods, it will not take long to mature into a genetic epidemiological study of growth
and development.

The Jiri Growth Study is an offshoot of the Jiri Helminth Project. The Jiri
Helminth Project began in 1995 as a collaborative effort of U.S. and Nepali inves-
tigators, with primary grant funding from the U.S. National Institutes of Health
to Sarah Williams-Blangero and John Blangero in the Department of Genetics at
the Southwest Foundation for Biomedical Research. The goal of the Jiri Helminth
Project is to examine both genetic and environmental factors that predispose indi-
viduals to helminthic infection.

Roundworm, hookworm, and whipworm are major health concerns in both trop-
ical and temperate areas of the world. Worldwide, approximately one out of every
four persons is infected by at least one of these three helminths. They are major
causes of morbidity in developing nations and significant causes of mortality in areas
with limited health care. Increasing urbanization in many areas of the developing
world, usually without adequate infrastructure development (e.g., water and sani-
tation systems), has resulted in increasing rates of intestinal parasitic infections.

There has been increasing evidence over the last 20 years that susceptibility or
predisposition to helminthic infection has a genetic component, with several stud-
ies finding familial aggregation of roundworm and whipworm infections. None of
these studies, however, were conducted using data from large numbers of relatives
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and modern genetic epidemiological approaches. The Jirel ethnic group in the Jiri
region of eastern Nepal is an ideal study population in which to examine the genetic
epidemiology of helminthic infection. The Jirel population today numbers approx-
imately 4000 individuals, who live in nine villages. The Jirels have been the focus
of extensive anthropologic, population genetic, and genetic epidemiologic stud-
ies over the last 15 years. Over this time the complete genealogy of the Jirel pop-
ulation has been compiled. Almost all Jirels trace their ancestry back approximately
150 years to a population of some 200 individuals. Most Jirels today are mem-
bers of one very large extended pedigree of approximately 3500 individuals.

The tremendous power that this population structure provides for genetic epi-
demiologic research is evidenced in the tens of thousands of pairwise kin rela-
tionships that exist among the some 2000 Jirels participating in the Jiri Helminth
Project. For example, Williams-Blangero et al.*! recently reported 4> estimates
between 0.30 and 0.50 for different quantifications of roundworm burden (i.e., egg
counts and worm counts). Similar heritabilities for hookworm and whipworm infec-
tion have been estimated in preliminary analyses (Williams-Blangero, personal
communication). These results demonstrate a highly significant genetic basis to
susceptibility to helminthic infection in the Jirel population.

Given the negative impact that helminthic infections have on growth and devel-
opment, it is reasonable to hypothesize that genes predisposing for susceptibility
to helminthic infection also negatively influence processes of growth and devel-
opment. In an initial analysis of height and roundworm infection status data from
432 Jirel children, Towne, Blangero, and Williams-Blangero*? found a high 4 of
0.91 for height and negative associations of height with roundworm infection sta-
tus, with the effect being more pronounced in males. For example, on average, a
12-year-old boy infected with roundworms would be 2.2 cm shorter than an unin-
fected 12-year-old boy, while an infected 12-year-old girl would be only 0.5 cm
shorter than an uninfected 12-year-old girl.

Ultimately, some 1000 Jirel children will be examined on a regular basis as part
of the Jiri Growth Study. In addition to annual quantitative determinations of
helminthic and protozoan infections, a comprehensive battery of anthropometrics,
body composition measures, developmental indicators, and blood biochemistries
will be collected from each child. Extensive sociocultural survey data also will be
collected to examine associations between growth and development and features
of household environment. The Jiri Growth Study offers unique opportunities to
quantify genetic and environmental factors influencing growth and development
over the course of childhood and to explicitly examine genotype-by-environment
interaction effects on human growth and development.

CONCLUSION
For over a century, there has been scientific interest in the genetic under-

pinnings of growth and development. But, as with any area of scientific inquiry,
to one degree or another, all studies of the genetics of growth and development
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have been limited by the methods and technologies available to them at the
time. For that reason, most of the literature is limited to heritability estimates
of measures of growth and development gathered from first-degree relatives.
The opportunities exist today, however, for much more sophisticated studies
of both genetic and environmental factors that influence the processes of growth
and development.

One problem, though, is that modern genetic epidemiological studies of growth
and development can be expensive undertakings. Such studies are readily justi-
fied, however, on the very practical and applied grounds that growth and devel-
opment of children can have health consequences later in life. Indeed, much of
the current research emphasis in the Fels Longitudinal Study pertains to studies
of the relationships between age-related changes in body composition (including
those that occur during childhood) and the development and progression of car-
diovascular disease (CVD) risk factors in later life, an area of active research today.
A current Fels Longitudinal Study project, for example, is aimed at evaluating the
role of birth weight in predisposing to adult CVD, taking into account the signif-
icant heritable components of both birth weight and various measures of adult CVD
risk. Demerath et al.*® recently found that birth weight was negatively associated
with fasting insulin concentration in adulthood after adjusting for BMI and age,
but after taking into account the significant heritability of insulin concentration,
birth weight only accounted for 1-2% of the remaining phenotypic variance of
fasting insulin concentration. Another current Fels Longitudinal Study project is
examining changes in serum lipids during growth and development. Although lipid
and lipoprotein levels track from childhood to adulthood, Czerwinski et al.** found
higher heritabilities of lipids and lipoproteins after puberty than before, suggest-
ing that the genetic control of lipid and lipoprotein levels may be influenced by
maturational factors.

We hope this chapter has demonstrated that the processes of growth and devel-
opment are to a large extent controlled by genes; therefore, the first task in estab-
lishing a genetic epidemiology of growth discussed in the Introduction:
“characterizing the magnitude of genetic influences on growth and development
phenotypes” has been essentially completed. Auxological genetics is now poised
to move beyond this critical but basic assertion to a thorough understanding of the
sources of genetic control over growth during prenatal and postnatal life. This will
involve examining how those genetic influences operate over time, identifying and
localizing specific genetic polymorphisms that contribute to variation in growth
and development, and elucidating how genetic and environmental factors interact
during growth and development. Given the advances in statistical and molecular
genetics made over the last 20 years and the renewed interest in childhood growth
due to its potential relationship with diseases of adulthood, these goals may now
be achieved.
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GLOSSARY

Allele: A variant of the DNA sequence at a particular locus. Typically, indi-
viduals possess two allelic variants at each locus, derived from the mater-
nal and paternal chromosomes, respectively. The two alleles may be identical
or different, making the individual homozygous or heterozygous, respectively,
at that locus.

Assortative mating: Selection of a mate based on phenotypic characteristics.
Positive assortative mating occurs when selection is based on a shared char-
acter. Negative assortative mating occurs when selection is based on an
unshared character.

Complex trait or phenotype: Any phenotype whose expression is influenced
by multiple genes, or by one or more genes and one or more environmen-
tal factors. Complex traits can be quantitative or discrete.

Epistasis: Interactions between alleles at different loci. Also known as gene X
gene interaction.

Gene: A segment of DNA that codes for a specific protein or enzyme.

Genotype: The group of genes making up an organism. The genotype at a par-
ticular locus consists of the two alleles present at that locus.

Heritability: A measure that expresses the extent to which phenotypes are deter-
mined by genes transmitted from parents to their offspring. Heritability (in
the narrow sense) is defined as the proportion of the total phenotypic vari-
ance attributable to the additive effects of genes.

Identity by descent (IBD): Identical alleles at the same locus found in two related
individuals that are identical because they originated from a common ancestor.

Identity by state (IBS): Identical alleles found within two individuals. If the
two individuals are related, the two alleles may also be identical by descent
if they are replicates of the same ancestral allele from a previous generation.

Kinship coefficient: The probability that two genes from two individuals for
a given locus are identical by descent. A general measure of relatedness.

Linkage analysis: A method of analysis used to localize the position of genes
on a chromosome.

Linkage disequilibrium: Nonrandom association within a population of alleles
at two or more linked loci. Linkage disequilibrium decays with increasing
genetic (recombination) distance between loci.

Locus: The position of a gene on a chromosome.

Monogenic: A trait is monogenic if it is influenced primarily or entirely by only
one genetic locus.

Mutation: Specific sequence variants in the nucleotide sequence of a gene. These
variants may or may not be inherited.

Oligogenic: A trait is oligogenic if it is influenced by a few loci of significant,
individually detectable effects.
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Phenotype: The observable characteristics of an organism or a specific trait
produced by the genotype in conjunction with the environment.

Polygenic: A phenotype is polygenic if it is influenced by many genes of rel-
atively small individual effects, such that the influence of any single locus
is very difficult or impossible to detect on its own.

Polymorphism: The joint occurrence in a population of two or more geneti-
cally determined alternative phenotypes, each occurring at an appreciable
frequency (arbitrarily, 1% or higher). A polymorphism may be defined at
either the protein level (e.g., Rh+ and Rh- red blood cell groups) or at the
DNA level (alternative alleles at a locus).

Quantitative trait locus: Any locus that influences variation in a complex
phenotype.

Recombination (crossover): The exchange of segments of homologous chro-
mosomes following chromosomal duplication and synapse formation dur-
ing meiosis. Recombination is responsible for the production of offspring
with combinations of alleles at linked loci that differ from those possessed
by the two parents.
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