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PREFACE TO THE THIRD EDITION

UCH HAS HAPPENED during the two decades since the first edition of this book. We
I \ / I have the benefit of innumerable comments from a generation of students and instruc-
tors who have used the text to learn and to teach. Their helpful suggestions improved

the second edition and drove the evolution of this third edition.

The number of osteological features presented in this edition has increased to make it a more
comprehensive reference for human skeletal anatomy. All anatomical terminology has been re-
vised to reflect the latest standards in international anatomical terminology, most importantly
the Terminologia Anatomica (Federative Committee on Anatomical Terminology, 1998).

CT scans of all major long bones have been added (taken from the bones of the same indi-
vidual used to illustrate the postcrania). These will help readers become familiar with the cross-
sectional characteristics of these elements. These are incorporated into a new chapter with color
anatomical plates designed to assist the student in understanding the relationship between bony
morphology and soft-tissue anatomy.

Additional detail on the timing of appearance and fusion of primary and secondary centers of
ossification has been added. A section on nonmetric traits has been added to each of the descrip-
tive chapters, as well as sections illustrating and defining measurements most commonly used in
human osteology.

A new case study has been added, describing the entire process entailed in a major paleoan-
thropological discovery; in this case, that of the first skeleton of Ardipithecus ramidus. A new ap-
pendix has been added that offers students an alternative method for identifying isolated teeth.

The glossary has been enlarged with cross-references, acronyms, and many new terms. The
chapter on anatomical terminology has been enriched with information on the Latin and Greek
roots of many morphological terms. The index has been greatly enlarged and restructured to
facilitate the use of this book as a reference volume.

Many thanks to the students who painstakingly proofread multiple revisions of the manu-
script, greatly improving the book. In particular, thanks go to Caitlin Ibarra, Alex Levin, and
Colleen Young for their work on the rough drafts of chapters. Ben Mersey and Sabrina Sholts
checked the final drafts for consistency and accuracy. Josh Carlson deserves special thanks for
coordinating these proofreading efforts and for extensive bibliographic scholarship and figure
layout. Leslea Hlusko provided assistance with a new section on dental development, and Owen
Lovejoy provided assistance on bone biology. Henry Gilbert was instrumental in developing
and adapting the graphics and photographic content of the new “Ardi” case study chapter. David
DeGusta provided helpful suggestions for revising the chapter on molecular osteology. Socorro
Béez was the source of many valuable suggestions for improving the chapter on osteological and
dental pathology.
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Lyman Jellema has provided pivotal assistance in each of the editions of this book. He and
Yohannes Haile-Selassie were generous and flexible in arranging for CT scanning and additional
photography. The micro-CT scans of long bones were taken by Andrew Burghardt of the Muscu-
loskeletal Quantitative Imaging Research Group, in the Department of Radiology and Biomedi-
cal Imaging at U. C. San Francisco. Thanks to Dorothy Dechant at the Institute of Dental History
and Craniofacial Study, Spencer R. Atkinson Library of Applied Anatomy, University of the Pa-
cific, Arthur A. Dugoni School of Dentistry for providing permissions, assistance, and specimens
used to illustrate this book.

Tari Broderick, Nancy Maragioglio, Liz Brown, Renske van Dijk, and Kristi Anderson at El-
sevier all played instrumental roles in making this book possible, and we thank them all. We
would also like to offer thanks to the staff of the Phoebe A. Hearst Museum of Anthropology for
their support and patience.

Finally,a huge debt of gratitude is due to Natasha Johnson (wife of MTB). Without her unflag-
ging motivation, love, support, and assistance over the past four years, this edition would not have
been possible. Thank you.

Tim D. White
Michael T. Black
Pieter A. Folkens



PREFACE TO THE SECOND EDITION

ITH NEARLY A DECADE of advances in osteological research—and the positive re-

N & / sponse to the first edition — it was time to revise Human Osteology. This revision was

driven by colleagues and students who found the first volume valuable and called for

“more and better." We have strengthened and updated each chapter, added a host of new figures,

tables, and features, and incorporated new standards. Among the advances are a new glossary and

new sections on morphogenesis, bone modification, and disease and demography. The chapter on

assessing age, sex, stature, ancestry, and identity has been greatly strengthened, and an occupation

section has been added to the paleopathology chapter. A new chapter on molecular osteology
and four new case studies have been added.

Many of our colleagues contributed excellent suggestions for revision. We have tried to in-
corporate as many as were feasible. In particular, we thank those authors who wrote published
reviews, as well as Susan Antdn, Donna Boyd, Kristian Carlson, Mark Fleishman, David Frayer,
Marie Geise, Haskel Greenfield, Mark Griffin, Rebecca Keith, Murray Marks, Debra Martin, Da-
vid Mills, Mary Ellen Morbeck, Robert Paine, John Verano, and Richard Wilkinson. We obvi-
ously couldn't add all the things that all the users and reviewers requested, but we have done our
best to honor all the good advice from these colleagues.

The most important contributor to the completion of the second edition was David DeGusta.
His research and writing skills are apparent throughout, and he contributed much of the new
chapter on molecular osteology. As with the first edition, Lyman Jellema was tireless in tracking
down the bones to illustrate the new growth sections, and we sincerely appreciate his profes-
sionalism, kind assistance, and attention to detail (Lyman even sent cat toys to prevent the felid
Lubaka from chewing on specimens). Susan Chin helped to construct the glossary and the guide
to electronic resources in osteology. Clark Larsen, Phil Walker,and Juan Luis Arsuaga contribut-
ed background and photographs of their work featured in the new case studies, and Robert Paine
contributed new photographs in Chapter 3. Gene Hammel helped with demographic questions,
Henry Gilbert helped with figures, and José Miguel Carretero provided critical observations on
the hand skeleton. Alan Shabel was a skilled and tireless proofreader. Thanks again go to the
students in Berkeley's “Osteo U” for all their critical observations and helpful suggestions that
made this a better book.

Tim D. White
Pieter A. Folkens
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PREFACE TO THE FIRST EDITION

NATOMISTS, FORENSIC SCIENTISTS, osteologists, paleontologists, and archacologists

frequently encounter human remains in their work. These remains are used by such

researchers to investigate both the recent and the ancient past. For these scholars, an
illustrated human osteology book represents an important tool for identification and analysis in
both field and laboratory.

In the educational setting, memorizing the name of each bone in the human skeleton is easily
accomplished. Each year thousands of students prove this in introductory anatomy and physi-
cal anthropology courses. This book is intended to serve as a text for students who wish to ad-
vance their osteological skills beyond this level — to be able to accurately identify isolated and
fragmentary skeletal remains, and to use these remains to learn something about the individuals
represented by only bones and teeth.

Recent professional literature suggests that some students of physical anthropology have mis-
interpreted the de-emphasis of “traditional” osteometric methods— that they have mistakenly
concluded that basic identification no longer has an important role in the field. This book puts
great emphasis on the identification of bones and teeth. Such identification is fundamental to
students and professionals in paleontological, archaeological, and forensic contexts. Basic iden-
tification of element, side, and taxon is a prerequisite to further interpretive analysis in all three
settings. In this text, we devote attention to these basics while attempting to provide introduc-
tion and access to the wide range of modern work on the human skeleton.

I (T. W)) do not consider myself a human osteologist in the traditional sense of the word. My
interests are more archaeological and paleontological. I wrote this book after teaching a decade's
worth of introductory human osteology classes at the University of California at Berkeley. For
many of those years I supplemented Bass's text (1987 and carlier editions) with a variety of other
books and papers. With this background, I concluded that my notes, handouts, and experience
could be added to information available in a number of other sources and distilled into a single
text for use in a one-semester college course on human osteology.

It is essential that instructors secure skeletal remains to use in teaching osteology. The two-
dimensional images in this textbook should prove valuable in instruction and learning. They
have been carefully crafted to show a maximum amount of anatomical information. These pho-
tographs cannot, however, substitute for work with the actual bones and teeth. For students to
derive the most knowledge from this book they should have access to a minimum of one articu-
lated adult human skeleton, one complete disarticulated adult skeleton, one child's skeleton, and
a variety of fragmentary human bones. It should be understood that this is a bare minimum,
and it is recommended that students be introduced to a much wider range of skeletal materials
during their study. If archacological material is to be used in instruction, it is essential that every
piece be individually labeled and that the bone be solid enough to withstand heavy handling,
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Whatever success Pieter Folkens and I have achieved in developing a useful book we owe large-
ly to the approximately 175 students who met the challenge of weekly laboratory examinations
and exhaustive midterms in what one class described as “Osteo U Gary Richards was a graduate
of the first class in osteology that I taught. He has served as a teaching associate in most of the oth-
ers. Thanks are extended to him for the hard work, patience, and talent he devoted to the class.

A number of colleagues have made this book possible. William Woodcock at Academic Press
first suggested the text. Academic Press editor John Thomas made it readable, and Linda Shapiro,
Kerry Pinchbeck, Lisa Herider, Nancy Olsen, and Chuck Arthur saw it through to completion.
Gene Hammel and M. J. Tyler of the Department of Anthropology provided the initial Macintosh
that made it possible, and Apple Computer's generous grant to the Institute of Human Origins
assisted in the preparation of the text. Bruce Latimer and Lyman Jellema of the Cleveland Mu-
seum of Natural History helped us to obtain the Hamann-Todd postcranial skeleton illustrated
here. Mitchell Day assisted in providing specimens for illustrations from the University of the
Pacific School of Dentistry's Atkinson Cranio-Osteological Collection of the A. W. Ward Museum,
and Jane Becker and Gary Thodas of that institution provided assistance in extending this loan.
Susan Ant6n and Gary Richards provided invaluable assistance in obtaining material from the
University of California Lowie Museum of Anthropology collections. Their curatorial work on
these collections, as well as support of this work by the National Science Foundation, is gratefully
acknowledged. Kent Lightfoot of Berkeley's Archacological Research Facility provided assistance
with records and photographs (15.3-15.6). Betty Clark of Berkeley's Cowell Hospital assisted in
providing the radiographs used in the text. Thanks go to Bob Jones of U.C. Berkeley's Museum
of Vertebrate Zoology for removing the grease from the illustrated skeleton. Andrew Mackenzie,
Michael Black, and Richard May assisted in choosing Lowie Museum specimens used to illustrate
variation. Larissa Smith of the Institute of Human Origins helped with translations. Clark Lar-
sen provided helpful critical comments on an early draft of the manuscript. Yoel Rak and Bill
Kimbel critically reviewed Chapter 4, improving it considerably. Owen Lovejoy, Bruce Latimer,
and Scott Simpson thoroughly reviewed later drafts of the book, providing innumerable correc-
tions, clarifications, and valuable suggestions. Walter Hartwig read the page proofs. The students
in U.C. Berkeley's Introduction to Human Osteology, Fall 1986, 1987, 1988, and 1990 classes,
deserve special mention for commenting extensively on drafts of this text. Special thanks go to
Jeni McKeighen for editorial and indexing assistance. We thank all of these reviewers for their
contributions to the book and take full responsibility for any errors of fact that made it past this
set of dedicated readers. Ray Wood and Thomas Holland of the University of Missouri provided
advice on specimen photography. Bill Pack generously offered his photographic studio and his
expertise, and LuAnn Taylor and Todd Telander gave valued assistance during photographic ses-
sions. Film processing and printing were accomplished by the good people at GAMMA Photo-
graphic Labs of San Francisco. Larry Zimmerman, Douglas Ubelaker, George Gill, and Owen
Lovejoy kindly granted permission to reprint their photographs and drawings, and Scott Simpson
provided much help in obtaining illustrative material. Thanks go to the Harry Frank Guggen-
heim Foundation for support of research conducted by T. W. in parallel with this book. Generous
assistance with the case studies was provided by D. C. Johanson, Bill Kimbel, Berhane Asfaw, Gen
Suwa,and Gerald Eck (Olduvai); by Jerry Fetterman (Cottonwood Canyon); and by Owen Lovejoy
and Scott Simpson (Cleveland Homicide). These workers took valuable time from their ongoing
research efforts in order to round out the book by sharing their unique photographs, insights, and
experience.

Tim D. White
Pieter A. Folkens



Chapter 1

INTRODUCTION

ONES HAVE BEEN ENTOMBED for millions of years in sediments left by ancient lakes,

swamps, and rivers that once dotted Ethiopia’s Afar Depression. Today, as erosion cuts

into these ancient layers, the fossils reach the barren Afar surface, often shattering into
small, glistening, multicolored fragments of bone and teeth. Thinly scattered among the osseous
and dental remains of thousands of crocodiles, turtles, hippopotami, giraffes, carnivores, baboons,
pigs, horses, antelopes, and other animals found in the surface fossil assemblages are the remains
of primitive human ancestors. While paleontologists search Afar outcrops for osteological clues
about prehistoric human form, archaeologists uncover the osteological remains of the inhabitants
of Herculaneum who perished as Mount Vesuvius erupted, burying them with their possessions.
On the other side of the globe, anthropologists probe into a recent grave containing skeletal parts
that may be those of a Nazi war criminal. And around the world, forensic anthropologists assess
the sex and age of recovered remains to help law enforcement officials.

1.1 Human Osteology

A thread that binds these and thousands of other investigations is human osteology, the study
of human bones. The scientists performing the investigations employ their knowledge of the hu-
man skeleton in recovering and interpreting the bones. Outside of anatomical and medical sci-
ence, there are three main areas in which knowledge of human osteology is often applied. First,
osteological work is often aimed at identification of the relatively recently deceased and is usually
done in a legal context. This work, which pertains to the public forum, most often a court of
law, is called forensic osteology, a division of forensic anthropology. The other two contexts
in which human osteological knowledge is commonly applied are historical. The context can
be ancient and purely paleontological, as with the Pliocene pre-cultural hominids of Africa.
Alternatively, the context can be relatively recent, part of an archaeological record. For example,
human bones in the Aztec centers of Mexico were chronicled just a few hundred years ago by the
Spanish during the “conquest” of Mexico. Osteological analysis of materials from such cultural
contexts is routinely undertaken as part of archaeological research. Archacologists concentrate
on cultural residues of former human occupations, but they stand to gain a great deal of valuable
information from the skeletal remains of the ancient inhabitants. It has recently become fashion-
able to refer to the study of human remains from archacological contexts as “bioarchaeology.”
However, human skeletal parts are only a small part of the biological remains characterizing most
archacological sites— indeed, most archaeological sites lack human remains altogether!
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Figure 1.1 Osteology and associated scientific disciplines.

The information that human or protohuman remains can provide makes the recovery of bones
a critically important activity. Skeletal anatomy (including teeth) reflects the combined action of
genes and environment. The skeleton forms the framework for the body, whereas the teeth form
a direct interface between the organism and its environment. Bones can carry in their shape, or
morphology, the signature of soft tissues with which they were associated during life — tissues
including muscles, ligaments, tendons, arteries, nerves, veins, and organs. These soft tissues usu-
ally disappear soon after death. The skeleton, however, often preserves evidence of the former
existence and nature of many of these other body parts.

Because the bones and teeth of the skeleton are resistant to many kinds of decay, they often
form the most lasting record of an individual’s existence. It is possible to estimate an individual’s
age, sex, and stature from the bones and teeth. Study of the skeleton often makes it possible to dis-
cern a variety of pathologies from which the individual may have suffered. Analysis of groups of
individuals may offer insights into prehistoric population structure, biological affinities, cultural
behaviors,and patterns of disease. The evolutionary history of humanity itself is being read from
the fossil record — a record comprising mostly teeth and bones. Figure 1.1 illustrates the place of
osteology in relation to other scientific disciplines.

1.2 A Guide to the Text

The goal of forensic osteology often involves identification of an unknown individual. The pro-
cess of personally identifying the remains of the recently dead individual is called individua-
tion. To narrow the possibilities, the forensic osteologist first ascertains whether the remains
are human and then begins to explore the individual characteristics, such as age, sex, and stature,
comparing these variables in the hope of obtaining an exclusive match with what is known about
the missing individual. Human osteologists working in archaeological contexts usually cannot
perform such personal identification. Rather, their concerns lie with characteristics of the indi-
vidual and with the insights that skeletal remains of many individuals, representing biological
populations, might provide on diet, health, biological affinity, and population history. Osteolo-
gists working in a paleontological context (and note that many fossils of Pliocene and Pleistocene

CHAPTER 1 Introduction



age are found in archaeological contexts) are interested in using the normally rare fossil remains
of human ancestors and other relatives to learn all these things and also to discern evolutionary
relationships.

Skeletal remains can provide meaningful clues about the recent and the ancient past to all
these investigators. To use these clues, one must master some fundamentals. This book is about
those fundamentals.

The most difficult part of writing and revising this book has been choosing among the many
things that could have been included in a single volume. The “perfect” osteology book would be
a gigantic volume illustrating all stages of skeletal growth, all variations in the adult skeleton,and
all skeletal elements of all mammals that might be confused with a human. It would cover bone
histology, skeletal embryology and morphogenesis, and biomechanics. The volume would con-
tain bibliographic references to all papers published in osteology and would include full accounts
of every skeletal measurement and identification technique published and all applicable tables.
But given the constraints of format, production, and cost, our goal was to produce a single text
that is simultancously accessible to the college student and useful to the practicing professional
osteologist. Scheuer and Black’s 2000 and 2004 volumes are excellent companions to this book.
They present extensive illustrations of immature human skeletal remains.

A book such as this cannot possibly do justice to the large body of professional literature on
human osteology available in other books and in journals such as the American Journal of Physical
Anthropology, Journal of Human Evolution, Journal of Dental Research, Human Biology, Paleopathology
Newsletter, and the International Journal of Osteoarchaeology. Rather than reprint the data found
in these primary sources, and in secondary compilations such as Krogman and Iscan (1986) and
Bennett (1993), we have built pathways to them. Our “Suggested Further Readings” sections
briefly introduce samples of books and professional papers that the reader seeking further details
on each chapter topic might consult. All of these references, as well as those cited in the chapter
texts, are included in the bibliography at the end of the book. Neither the suggested further read-
ings nor the bibliography attempts to be comprehensive. Instead, these sources were compiled
to provide the professional with an orientation to the primary literature and to give the student
a set of sound departure points for further study in human osteology and related topics. This
approach is intended to encourage all users of the book to directly consult the original literature
in the acquisition and application of osteological knowledge. Through this direct approach, ad-
vanced students will achieve a better understanding of the nature of original research in human
osteology and a firsthand familiarity with the results of this research.

In this book we focus on the first two basic questions that any human osteologist must answer
about a bone or collection of bones whether in a forensic, archacological, or paleontological con-
text:

e Are the bones human?

« How many individuals are present?

Whether the context is forensic, archaeological, or paleontological, these questions usually
must be answered before further analysis is possible. This manual, a guide to human osteology,
emphasizes the anatomy of the human skeleton. The skeletal remains of some other animals,
particularly when fragmentary, are often difficult to distinguish from human bones and teeth.
Although there are no general differences that ensure effective sorting between human and non-
human bones, the first step in answering the question of whether the bones are human is to be-
come familiar with the human skeleton in all of its many variations in shape and size. France
(2009) illustrates whole bones of mammals most often confused with humans, but this confu-
sion rarely involves whole bones. Fragmentary nonhuman remains are more problematic and
are encountered more frequently. Once a familiarity with the range, or envelope, of variation
characterizing the modern human species is achieved, further work in comparative osteology of
both extinct and extant mammals becomes a much easier task. With further comparative work
comes more experience, and with that experience the osteologist is better able to make the basic
identifications required.

1.2 A Guide to the Text



4

Information on determining the age, sex, stature, and identity of skeletonized individuals is
provided in later chapters of the book. These second-level questions and many others, includ-
ing those about biomechanical capability, phylogenetic relationships, and geographic affinities,
however, can be answered accurately only after the elements and individuals have been identified
correctly. Too often the first, basic identifications are overlooked or hastily performed, and thus
any succeeding analyses are built on weak foundations.

We conclude this introductory chapter by considering some advice on methods and tech-
niques for studying, learning, and teaching human osteology. In Chapter 2 we introduce ana-
tomical terminology — the vocabulary of osteology that is essential in the scientific study of bony
and dental tissues. Chapter 3 is an introduction to bone as a tissue. Skeletal growth is introduced
here, along with a presentation of the major internal structure and functions of bones, teeth, and
joints. The critical topic of intraspecific variation (variation within a species) is discussed and its
various sources are identified and illustrated.

Chapters 4-13 form the core of the book. In these chapters we consider one anatomical re-
gion at a time, beginning with the bones of the skull. A separate chapter and format are employed
for the dentition. We introduce Chapters 4-13 with brief accounts of the phylogenetic history
of the body segment(s) and osteological elements described in the chapter. This approach sets
the osteological elements in a broad evolutionary framework. These introductory statements are
mostly drawn from the excellent functional human anatomy text by Cartmill, Hylander, and
Shafland (1987),and the interested reader may pursue further details there and in other compara-
tive texts such as Jarvik (1980) and Shubin (2009).

In the descriptive chapters (4-13), each bone is shown individually, in various views, by means
of photographs and, when possible, CT (computerized tomographic) sections. For ease of com-
parison, the scale for all individual bones is natural size, whereas teeth are shown twice natural
size. For paired bones, only the right side is shown unless otherwise indicated. Orientations for
the articulated crania are standard, and other bones are illustrated in orientations showing the
most anatomy. For example, the “anterior view” of the frontal bone is a photograph of the ante-
rior surface of that bone. Because our focus is on external morphology, and because the dimen-
sion of depth is sacrificed when depicting bones and teeth on the printed page, we developed new
methods to illustrate osteological form. Our goal was to accurately portray external morphology
while minimizing the confusing stains, translucency, and shine found in natural bones and teeth.
Details of the preparation and photography of these specimens are given in Appendix 1.

Human osteology texts often depict human skeletons and their elements as if they were in-
terchangeable. Sets of illustrations often provide little or no visual information on the relative
sizes of different parts of the skeleton. Furthermore, bones are often unscaled and/or derived
from several individuals in such illustrations. This sacrifices additional information on pro-
portionality and fosters misguided typological thinking. To remedy this situation, we chose
the skeleton of a single individual to illustrate all the elements of the postcranial skeleton. All
postcranial elements shown in the descriptive chapters of this book are from a single modern
human individual, Hamann-Todd specimen number 857 a 24-year-old black male who stood
5'7" tall (170 cm) and weighed 138 1b (62.6 kg). This skeleton was chosen for its relatively few
unusual features (noted in the captions for each element), completeness, and excellent preserva-
tion. Articulated cranial and all dental specimens illustrated in Chapters 4 and 5 are of recent
Mesoamerican origin, and the disarticulated bones of the cranium are all from a single modern
individual from Southern Asia. Note that these cranial bones are from a 16-year-old individual
whose age allowed the bony elements to be disarticulated and shown intact. This young indi-
vidual had not fully developed all the markers of cranial robusticity illustrated by the articu-
lated skull.

Each descriptive chapter is organized systematically. The element is first named and its ar-
ticulations identified. Under the “Anatomy” section for each element, the major parts and osteo-
logically significant features of each element are identified in bold typeface and described.

The function and soft tissue relations for most structures are identified in italic typeface. It is
not our intention to give a complete listing of muscle origins and insertions. Instead, we provide
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data on soft tissue to make functional sense of bony features while reinforcing the reality of bone
as an integral part of the musculoskeletal system. Readings cited at the end of Chapter 3 include
human anatomy texts that the student may wish to obtain as companions to this one. Students
interested in pursuing soft tissue anatomy are urged to consult these books.

Ossification of each element is briefly considered in the descriptive chapters under a section
called “Growth.” Further details on development of various elements are presented in Chapter
18. The “Possible Confusion” and “Siding” sections provide information to complement the
illustrations and allow effective identification of isolated and fragmentary skeletal elements. The
“Nonmetric Traits” sections identify and describe the characters most widely used in human os-
teology, traits largely drawn from Buikstra and Ubelaker (1994), Finnegan (1978),and Pietrusews-
ky (2002), and present some additional variants not traditionally considered as nonmetric traits.
The “Measurements” sections provide definitions and techniques employed in gathering metric
data from human skeletal remains (largely following Martin, 1928, and Buikstra and Ubelaker,
1994, but also incorporating Arensburg, 1991; Bass, 1995; Bush et al., 1983; Dauber and Feneis,
2007; Flander, 1978; Gémez-Olivencia, et al., 2009; Howells, 1973; Latimer and Ward, 1993;
McCown and Keith, 1939; Moore-Jansen and Jantz, 1994; O’Higgins, etal., 1997; Schwartz, 1995;
Steele, 1976; Trinkaus, 2003 ; Trinkaus and Svoboda, 2006; and Trinkaus et al., 1999).

A color atlas of muscle origins and insertions, ligamentous attachments, and articular surfaces
for a selection of major bones is presented in Chapter 14. The attachment sites are shown over-
lain on the bones of the same individual used to illustrate Chapters 4-13, along with CT scans
taken of the major long bones.

In Chapter 15 we consider the discovery and recovery of osteological material. This chap-
ter also covers transport of the remains to the laboratory, primary cleaning of the material, and
restoration. In Chapter 16 we trace skeletal material through a variety of analytical techniques,
including measurement and photography, and we conclude with a section on the reporting of
human osteological remains.

In Chapter 17 we consider ethics in osteology. Chapter 18 is a guide to the assessment of an
individual’s age, sex, race, and stature from skeletal remains. In Chapter 19 we consider some of
the most common pathologies encountered in human skeletal remains. Chapter 20 is a discus-
sion of taphonomy, the study of processes that affect skeletal remains as they move along the
often tortuous path between death and curation. In Chapter 21 we address the subject of how the
biology of now-dead human populations, particularly the diet, demography, and affinities, might
be studied. Chapter 22 covers the rapidly growing field of molecular osteology.

The text then considers six case studies to show how the fundamentals outlined in the first 22
chapters have been applied in very different investigations involving hominid skeletal material.
There are two studies each from forensic, archacological, and paleontological contexts.

Measurements in this book are expressed in the metric system, as is standard in osteology and
most modern sciences. Carter (1980) provides a good history of the English and metric systems
for students unfamiliar with metric terms or for those who remain unconvinced of the metric
system’s utility in modern scientific investigation.

1.3 Teaching Osteology

Instruction in human osteology should begin at the undergraduate level, whether in biology or
anthropology. Two of us (TDW and MTB) have found that an intensive, one-semester, upper di-
vision course in osteology provides a good foundation for undergraduate and graduate students
interested in forensic anthropology, bones in archaeological context, and hominid paleontology.
Indeed, courses in these specialty fields prove far more meaningful to students with such a foun-
dation. We have found that students learn best when challenged by frequent examination, when
able to access a wide series of original comparative specimens during their studies, and when kept
to a rigorous schedule of weekly quizzes and frequent comprehensive exams (with timed identi-
fication stations).

1.3 Teaching Osteology

5
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This book is topically organized for ease of access by users at all levels. Instructors will have
their own preferences for the order of presentation, and the book is organized to allow this. Our
personal preference for teaching an introductory human osteology course is to begin with Chap-
ters 1 (introduction) and 2 (terminology), and then proceed directly to Chapters 4 (skull) and
5 (teeth). By covering the skull and dentition chapters early in the semester, the students are
continually challenged with the most difficult parts of the skeleton. They work on this for the
remainder of the course, thereby maximizing their learning and retention of this information.
During the students’ laboratory work on the skull and teeth, we cover Chapters 3 (bone biology)
and 17 (ethics) and proceed to lecture on recovery and analysis (Chapters 15 and 16), cover-
ing the cranial half of Chapter 18 (age, sex, etc.). Case studies are introduced throughout the
course. At the midsemester mark we turn to the postcranial skeleton, studying Chapters 6-13
and exploring case studies, population biology (Chapter 21), and molecular osteology (Chapter
22). After the students have mastered basic identification of all elements in the skeleton, the
semester finishes up with a look at how paleopathology (Chapter 19) and taphonomy (Chapter
20) extend the morphological envelopes of human skeletal remains. The book and the lectures
provide the vocabulary (see the glossary), basic concepts, and references necessary for the student
to approach, use, learn, and eventually master the primary professional research literature on
human osteology.

1.4 Resources for the Osteologist

The most important single resource for the osteologist is a collection of skeletal remains. Ideally,
the laboratory should have a growth series of skeletons of individuals of known age to accompany
mounted skeletons of several individuals, as well as element collections in which many individu-
als of known sex, age, occupation, and pathology are represented. A collection of skeletal remains
from a variety of modern nonhuman animals is also very important, as is a cast collection of
fossil hominoids. The laboratory should also have a full set of casts of standard comparative
sets, such as the ASU dental trait plaques and the Suchey-Brooks pubic symphyseal aging casts.
A full set of osteometric instruments is invaluable, as is having access to a radiographic facility
for radiographs and CT scans. Access to cadavers for dissection in a human anatomy laboratory
is also desirable. Of course, like the ideal textbook, the ideal laboratory can only be approached,
never realized.

Beyond the physical plant, proper equipment, and a collection of specimens for analysis and
comparison in the laboratory, a key resource for the human osteologist is a comprehensive corpus
of publications. A library with comprehensive published resources on forensics, human osteol-
ogy and anatomy, zooarchacology, and human paleontology is essential (even smaller libraries can
meet this requirement, if they have an active interlibrary loan program). A collaborative com-
munity of researchers and students with whom the novice or experienced osteologist can interact
completes the ideal setting,

1.5 Studying Osteology

The gulf between knowing the names of elements in an adult skeleton and correctly identifying
the taxon, element, and side of an isolated, fragmentary bone or tooth is a wide one. It must often
seem to the student that an instructor is performing magic in correctly identifying, for example,a
human left upper third premolar. It is, however, far from magic. The ability to identify skeletal
material is a skill that can be acquired only through intensive study of actual specimens.

It is not enough to be able to side and identify intact elements, because intact elements are
rarely found in field paleontological situations and only sometimes found in archacological and
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forensic contexts. The many hominid specimens “recovered” from faunal collections because
they were originally misidentified as nonhominid are ample testimony to many specialists’ su-
perficial knowledge of the skeleton. Even the recently published Neanderthal DNA nuclear ge-
nome (Green et al., 2010) came from exactly such originally underidentified fragments. Learn-
ing to identify bones and teeth can be slow, painful, and frustrating, but the rewards make the
effort worthwhile. The loss of scientific data and the professional embarrassment caused by a
misidentification make the effort essential.

A great way to reinforce and extend your learning is to partner with another motivated student
and challenge each other with numerous mock quizzes. After you've identified a few bones or
fragments, using the book and your notes whenever necessary, challenge your partner to identify
one of the more difficult pieces in one minute or less, without referring to the book, notes, or other
skeletal or comparative material. It’s a great way to identify your weaknesses, to improve upon
your skills,and to get accustomed to the fast-paced format of osteological quizzes.

Students may find many techniques useful in learning the skeleton. First, remember that the
osteologist always has an intact comparative skeleton close at hand, even in remote field situa-
tions — the skeleton embedded in his or her own body. It is useful to visualize and even palpate
(feel your own bones through the skin) the way in which an isolated skeletal element might “plug
into” your own body. This is particularly true for identifying and siding teeth, which are con-
veniently exposed in the osteologist's mouth. Never ridicule an osteologist who holds a radius
against the right forearm and then shifts it to the left forearm before identifying it; that osteolo-
gist will probably side the bone correctly. When identifying the side of any identified skeletal ele-
ment, all the osteologist has to do is establish three axes (the plural of axis, pronounced ‘ack-sees’) in
space: top to bottom, side to side, and front to back. Anatomical features of the bone will assist in
this, thereby providing the clues necessary for correct identification and orientation.

A second tip for identifying skeletal remains involves hierarchies of decisions. Begin identify-
ing a bone by deciding which elements it cannot be. For example, a radius fragment cannot be a
cranial bone or tooth (which excludes hundreds of possibilities), a tibia or humerus (too small),
a metatarsal (too big), or even a fibula (wrong shape). You will be surprised how soon you can
exclude all but the correct choice if you approach identification in this way.

No matter how often you misidentify a bone or tooth, keep trying. Do not constantly use the
articulated skeleton or intact skull as a crutch. There is great osteological truth to the idea that
“with every mistake we must surely be learning” Try to learn from your mistakes. Try to identify
the kinds of mistakes you are making. Are you most often misidentifying immature specimens?
If so, set out a growth series for each skeletal element and see how the shape of the bone changes
with growth. Are you having trouble with nonhuman skeletal parts? If so, look at a range of hu-
man variation to get a good idea of how much variation to expect. Are you simply confusing one
part of the skeleton for another? If so, look at all the elements in the skeleton that might mimic
each other when fragmentary and check the “Possible Confusion” sections in the descriptive
chapters of this book. Keep this book nearby. It is much easier to carry than a skeleton, and the
life-size photographs in many views should facilitate comparisons and identifications.

1.6 Working with Human Bones

Because the results of human osteology have an impact on so many disciplines, there are a variety
of career options that involve human skeletal remains. Most of these choices involve the academ-
ic setting. As a result, most professional human osteologists work in colleges, universities, and
museums. Even in forensic anthropology, the most “applied” of human osteological endeavors,
coroners, medical examiners, and law enforcement agencies most often turn to local or national
specialists employed in higher education (Galloway and Simmons, 1997). Most human osteolo-
gists and hominid paleontologists are also employed as teachers and researchers in academic set-
tings, often teaching in departments of anthropology or biology or in medical school departments
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of anatomy. Some are employed by cultural resource management (CRM) firms, but these posi-
tions are often short-term and project-oriented.

Wherever employed, the human osteologist is involved with specimens in collections. As you
work with human bones and teeth, always respect them as objects of scientific inquiry. In some
ways, skeletal resources are like books in a library. Bones and teeth have the potential, if read
correctly, to inform about the living, breathing people to whom they once belonged. Treat these
remains with care; some of them are fragile and all of them are irreplaceable.

Respect any system of organization in which you find skeletal material. Never mix bones and
teeth of different individuals, even for a short time or with the best of intentions. Remember that
mixing of bones results in a loss of contextual information—an action that is potentially even
more devastating than physical breakage of an element. In the library, history books shelved in-
correctly in the biology section become unavailable to any historian who wishes to consult them.
Bones returned to the wrong storage location are almost impossible to retrieve.

Finally, respect the people who came before you by treating their bones with care. Respect
the generations of students and professionals who will follow you by keeping the bones and their
provenience intact.

Suggested Further Readings

There are several introductory osteology textbooks. These books are highly variable in their
content, the quality of their illustrations, and their coverage. In addition to these, the human
anatomy books identified at the end of Chapter 4 are useful supplements to the study of human
osteology.

Aiello, L., and Dean, C. (1990) An introduction to human evolutionary anatomy. San Diego, CA: El-
sevier. 608 pp.
A simultaneous introduction to both functional anatomy and paleoanthropology,
exploring the types of biobehavioral deductions that can be drawn from human fos-
sils.

Alexander, R. M. (2004) Human bones: A scientific and pictorial investigation. New York, NY: Pi Press.
208 pp.

An introduction to human bones and skeletal biomechanics by one of the world’s

most respected biomechanists.

Baker, B. J., Dupras, T. L., and Tocheri, M. W.(2005) The osteology of infants and children. College
Station, TX: Texas A&M University Press. 192 pp.
An introductory guide to the identification of immature human skeletal remains.

Bass, W. M. (2005) Human osteology: A laboratory and field manual (5th ed.). Columbia, MO: Mis-
souri Archacological Society. 365 pp.

An introductory manual that emphasizes identification.

Brothwell, D. R. (1981) Digging up bones (3rd ed.). Ithaca, NY: Cornell University Press. 208 pp.
A beginner’s guide to recovery and analysis of skeletal remains.

Buikstra, J. E., and Ubelaker, D. H. (Eds.) (1994) Standards for data collection from human skeletal
remains.(Report Number 44). Fayetteville, AR: Arkansas Archaeological Survey. 206 pp.

The essential osteological standards volume in North America.
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France, D. (2009) Human and nonhuman bone identification: A color atlas. Boca Raton, FL: CRC
Press. 584 pp.

Filled with thousands of photographs, this is an excellent guide to nonhuman osteol-

ogy for forensic anthropologists and others working in North America.

Goldberg, K. E.(1985) The skeleton: Fantastic framework. New York, NY: Torstar Books. 165 pp.
An enjoyable, readable guide to the skeleton for the layperson. Excellent color pho-
tographs.

Katzenberg, M. A., and Saunders, S. R. (Eds.) (2008) Biological anthropology of the human skeleton
(2nd ed.). New York, NJ: Wiley-Liss. 680 pp.
An edited volume that brings together 30 specialists to explore recent advances,
limitations, and future directions for work in nearly 20 areas of modern osteological
research.

Komar, D. A.,and Buikstra, J. E.(2007) Forensic anthropology: Contemporary theory and practice. New
York, NY: Oxford University Press. 362 pp.
A comprehensive overview of the current state of forensic anthropology.

Matshes, E. W,, Burbridge, B., Sher, B., Mohamed, A., and Juurlink, B. (2004) Human osteology <&
skeletal radiology: An atlas and guide. Boca Raton, FL: CRC Press. 448 pp.
An introductory text on human osteology that incorporates large numbers of plain

film radiographs, CT scans, and MRI images alongside photographs of bones.

Schaefer, M., Black, S., and Scheuer, L. (2009) Juvenile osteology: A laboratory and field manual. San
Diego, CA: Academic Press. 284 pp.
A concise and easy-to-use quick reference for the identification of immature human
skeletal remains.

Schwartz, J. H. (2006) Skeleton keys: An introduction to human skeletal morphology, development, and
analysis (2nd ed.). New York, NY: Oxford University Press. 416 pp.

An introduction to human osteology.

Shipman, P.,, Walker, A.,and Bichell, D.(1985) The human skeleton. Cambridge, MA: Harvard Uni-
versity Press. 343 pp.
A guide that stresses functional aspects of the skeleton at many levels.

Shubin, N. (2009) Your inner fish: A journey into the 3.5-billion-year history of the human body. New
York, NY: Vintage Books. 256 pp.
An enjoyable introductory book that places the anatomical structures that comprise
humans into an evolutionary context.

Steele, D. G., and Bramblett, C. A. (1988) The anatomy and biology of the human skeleton. College
Station, TX: Texas A&M University Press. 304 pp.
An atlas dedicated to the identification and biology of the human skeleton.

Ubelaker, D. H. (1996) Skeletons testify: Anthropology in forensic science. Yearbook of Physical
Anthropology 39: 229-244.

An overview of osteology’s role in forensic science.

Ubelaker, D.H.(2008) Human skeletal remains: Excavation, analysis, interpretation (illust. ed.). New
Brunswick, NJ: Aldine Transaction. 146 pp.
A guide to human osteology that emphasizes recovery and interpretation. Excellent
photographs of excavations. The text features comparative photographs of skeletal
elements of large mammals common in North America.

Suggested Further Readings
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Chapter 2

ANATOMICAL TERMINOLOGY

NATOMISTS AND ANTHROPOLOGISTS throughout the world use a specific vocabulary to
Adescribe the human body. Anatomical nomenclature is both concise and precise, allow-

ing unambiguous communication among all researchers who study skeletal material.
Indeed, it is virtually impossible to follow even basic descriptions or interpretations in paleontol-
ogy, physical anthropology, medicine, human anatomy, and a variety of allied disciplines without
a command of the basic, general anatomical terms introduced in this chapter. Here we define
the essential planes of reference, directional terms, body motions, and bony formations necessary
for the detailed study of human osteology. Because anatomical nomenclature has evolved from
a classical foundation, and because many of the names used to describe bones and their parts are
derived from Latin and Greek terms, we also include a section on roots, prefixes, and suffixes.
Building on this foundation, we also offer sections on anatomical regions, shape-related terms,
and age-related terms. A working knowledge of these terms will facilitate learning the names of
bones and their parts.

Anatomical terminology for hominids assumes that the body is in what is called standard
anatomical position (Figure 2.1). Standard anatomical position is that of a human standing,
looking forward, feet together and pointing forward, arms alongside the trunk with palms facing
forward and thumbs pointing away from the body. The result of this careful positioning is that
none of the long bones are crossed from the viewer's perspective. The terms left and right refer
to the sides of the individual being studied, not to the observer’s own right or left sides. Cranial
skeletal anatomy refers to the skull; the remainder of the skeleton is called postcranial anatomy.
The axial skeleton refers to the bones of the trunk, including the vertebrae, sacrum, ribs, and
sternum. The appendicular skeleton refers to the bones of the limbs, including the shoulder
and pelvic girdles, and the hands and feet.

2.1 Planes of Reference

Three basic reference planes are used in human osteology. The sagittal (midsagittal, median, or
midline) plane divides the body into symmetrical right and left halves. Any planar slice through
the body that parallels the sagittal plane is called a parasagittal section. The coronal (frontal)
plane passes through bregma (the intersection of the sagittal and coronal sutures; see Section 4.5.1)
and divides the body into anterior and posterior halves and is placed at right angles to the sagittal
plane. Any planar slice through the body that parallels the coronal plane is called a paracoronal
section. A transverse (horizontal) plane slices through the body at any height but always passes
perpendicular to the sagittal and frontal planes.
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1. Paired cranial elements (22) 9. Thoracic vertebrae (12; var¥) 17. Carpals (16) 26. Talus (2)
2. Single cranial elements (5) 10. Humerus (2) 18. Metacarpals (10) 27. Calcaneus (2)
3. Mandible (1) 11. Ribs (24;var¥) 19. Proximal hand phalanges (10) 28. Other tarsals (10)
4. Hyoid (1) 12. Ulna (2) 20. Intermediate hand phalanges (8) 29. Metatarsals (10)
5. Cervical vertebrae (7) 13. Radius (2) 21. Distal hand phalanges (10) 30. Proximal foot phalanges (10)
6. Clavicle (2) 14. Lumbar vertebrae (5;var¥) 22. Femur (2) 31. Intermediate foot phalanges (8)
7. Scapula (2) 15. Sacrum (1) 23. Patella (2) 32. Distal foot phalanges (10)
8. Sternum (1) 16. Os coxae (2) 24. Fibula (2) Coccyx (1; not visible)

25. Tibia (2) TOTAL: 206 Adult

* Commonly variable elements indicated by (var*)

Figure 2.1 Directional terms and planes for a human and a quadrupedal mammal. Knowledge of the directional terms and planes of
reference is necessary for any work in human anatomy. In human osteology, these terms are essential for the study and comparison of skeletal
elements. Both the human body and human skeleton are presented in standard anatomical position: standing straight, facing straight ahead, arms
at sides, palms and toes facing forward.
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2.2 Directional Terms

In osteology it is useful to refer to directions of motion or the relative locations of various skeletal
parts. All of the directional terms used here refer to the human body in standard anatomical
position, but it is important to note that most of these terms are applicable to all mammals. A
few terms may occasionally cause confusion when hominid (the zoological family of primates to
which humans and their immediate ancestors and near-relatives belong) and nonhominid bones
are being compared because humans are orthograde (trunk upright) bipeds and most other mam-
mals are pronograde (trunk horizontal) quadrupeds.

2.2.1 General (Figure 2.1)

a. Superior: toward the head end of the hominid body. The superior boundary of the human
parietal bone is the sagittal suture. Cephalic and cranial are synonymous with superior in
bipeds, and unlike superior, they can be used homologously for both bipeds and quadrupeds.

b. Inferior: opposite of superior; for hominids, body parts away from the head. The inferior
surface of the calcaneus, or heel bone, is the part of the bone that rests nearest to, or lies in
contact with, the ground. Caudal, toward the tail, is often used in the description of qua-
drupedal anatomy.

c. Anterior: toward the front of the hominid body. The breastbone, or sternum, is located
anterior to the backbone, or vertebral column. Ventral, toward the belly, may be used ho-
mologously for bipeds and quadrupeds.

d. Posterior: opposite of anterior; for hominids, toward the back of the individual. The oc-
cipital bone is on the posterior and inferior end of the skull. Dorsal is often used for ho-
mologous parts of the quadruped anatomy.

e. Medial: toward the midline. The sternum is medial to the adjacent distal ribs.

f. Lateral: opposite of medial; away from the midline. The thumb occupies a lateral position
relative to the little finger in standard anatomical position.

g.  Proximal: nearest the axial skeleton, usually used for limb bones. The proximal end of the
upper arm bone, the humerus, is the end toward the shoulder.

h. Distal: opposite of proximal; farthest from the axial skeleton. The distal end of the termi-
nal foot phalanx fits into the front end of a shoe.

i. External: outer; closer to the surface. The rib cage is external to the lungs and heart.

j. Internal: opposite of external; inner. The internal surface of the parietal is marked by a set
of grooves made by blood vessels that lie external to the brain.

k. Extrinsic: external to that which it acts upon. Flexor pollicis longus, a muscle that flexes
the thumb, is considered an extrinsic hand muscle because the belly of the muscle is found
deep in the forearm, not the hand itself.

. Intrinsic: internal to that which it acts upon. Flexor pollicis brevis, another muscle that
flexes the thumb, is considered an intrinsic hand muscle because the muscle is located en-
tirely in the hand.

m. Endocranial: inner surface of the cranial vault. The brain fills the endocranial cavity.

n. Ectocranial: outer surface of the cranial vault. The temporal line is on the ectocranial sur-
face of the parietal.

o. Superficial: closer to the surface. The ribs are superficial compared to the heart.

p- Deep: opposite of superficial; far from the surface. The dentine core of a tooth is deep to
the enamel.

g- Subcutaneous: just below the skin. The anteromedial surface of the tibia is subcutaneous.

2.2 Directional Terms
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2.2.2 Hands and Feet (Figure 2.1)

a.  Palmar: palm side of the hand. The palmar surfaces of the digits bear fingerprints.

b. Plantar: sole of the foot. The plantar surface of the foot contacts the ground during nor-
mal walking,

¢ Volar: a general term, referring to the ‘hollow’ of either the hand or foot: in the hand, volar
is synonymous with palmar, and in the foot, it is synonymous with plantar.

d.  Dorsal: top of the foot or the back of the hand. The dorsal surfaces of hands and feet often
bear hair, whereas the palmar and plantar surfaces do not.

2.2.3 Teeth (Figure 2.2)

a. Mesial: toward the midline point of the dental arch where the central incisors contact
each other. The anterior portion of molar and premolar crowns and the medial parts of
canines and incisors are called the mesial parts of these teeth. The mesial surface of the
canine touches the incisor next to it, and the mesial surface of the first molar touches the
premolar next to it.

b. Distal: opposite of mesial. The distal half of a premolar is the posterior half of the tooth.

c. Lingual: toward the tongue. The /ingual surfaces of tooth crowns are usually hidden from
view when a person smiles.

d. Labial: opposite of lingual; toward the lips; usually reserved for incisors and canines. The
labial surfaces of incisors are observed when a person smiles.

e.  Buccal: (pronounced ‘buckle’) opposite of lingual; toward the cheeks; usually reserved for
premolars and molars. A wad of chewing tobacco is sometimes wedged between the cheek
and the buccal surfaces of the molars of American baseball players.

f.  Interproximal: the area of a tooth in contact with an adjacent tooth in the same jaw. Den-
tal floss often gets stuck in interproximal areas.
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Figure 2.2 Directional terms and planes of reference for human teeth.
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g Occlusal: facing the opposing dental arch, usually the chewing surface of each tooth.
Caries (“cavities”) are often found on the irregular occlusal surfaces of the molar teeth.

h. Apical: at or towards the tip of the root. Blood vessels enter the pulp cavity through an
apical opening,
i. Cervical: at,around, or pertaining to either the neck proper (the portion of the body be-
tween the head and shoulders) or to any of a number of anatomical constrictions referred
to as ‘neck’or ‘cervix.’ Dental plaque tends to build up along the cervical margins of teeth.

j. Incisal: the biting, or occlusal, edge of the incisors. The incisal edges of the central incisors
are used to bite into an apple.

k. Mesiodistal: axis running from mesial to distal. The mesiodistal dimension of a molar
may be reduced by interproximal wear.

I Buccolingual and labiolingual: axis running from labial or buccal to lingual. The inci-
sors of Neanderthals often have large labiolingual dimensions.

2.3 Motions of the Body

Movement of the body is accomplished by muscles acting directly or via tendons on bones. The
less mobile attachment point that anchors a muscle is called the origin of the muscle. The inser-
tion is the site of muscle attachment with relatively more movement than the origin.

2.3.1 General

a. Flexion: generally,a bending movement that decreases the angle between body parts.
When a hand is clenched into a fist there is strong flexion of the phalanges on the metacar-
pal heads. By convention, flexion at the shoulder or hip joint refers to a ventral (forward)
movement of the limb.

b. Extension: opposite of flexion; a straightening movement that increases the angle be-
tween body parts. The classic karate chop is made by a rigid hand in which the fingers are
extended. By convention, extension at the shoulder or hip joint is a dorsal (backward) swing

of the limb.

c. Abduction: movement of a body part, usually a limb, away from the sagittal plane. When
the arm is raised to the side from standard anatomical position, abduction of the arm oc-
curs. For the special case of fingers and toes, abduction is movement of the digit away from

the midline of the hand or foot (spreading the digits).

d. Adduction: opposite of abduction; movement of a body part, usually a limb, toward the
sagittal plane. Bringing the arm down to slap the side of the thigh is adduction. For the
special case of fingers and toes, adduction is movement of the digit toward the midline of

the hand or foot (closing the digits).

e. Circumduction: a combination of abduction and adduction, as well as flexion and exten-
sion, that results in an appendage being moved in a cone-shaped path. When the driver
of a slow vehicle signals someone behind him to pass, this “waving on” is often done by
circumducting the arm.

f. Rotation: motion that occurs as one body part turns on an axis. The movement of the
head of the radius on the distal humerus is an example of rozation.

g.  Opposition: motion in which body parts are brought together. Opposition of the thumb

and finger tips allows us to grasp small objects.

2.3 Motions of the Body
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2.3.2 Hands and Feet

a. Pronation: rotary motion of the forearm that turns the palm from anteriorly facing
(thumb lateral) to posteriorly facing (thumb medial). Typewriters are used with the hand
in pronation.

b. Supination: opposite of pronation; rotary motion of the forearm that returns the palm
to a position in which the thumb is lateral. When chimpanzees beg for food the hand is
often held in supination.

c. Dorsiflexion: flexion of the anterior portion of the foot away from the ground. When a
mime walks on her heels, her feet are dorsiflexed.

d. Plantarflexion (or volarflexion): opposite of dorsiflexion; flexing of the anterior por-
tion of the foot inferiorly, toward the ground at the ankle. Action in both dorsiflexion
and plantarflexion occurs at the ankle. When a ballerina walks on her toes, her feet are
strongly plantarflexed.

e. Eversion: turning the sole of the foot outward so that it faces away from the midline of the
body. Also known as pronation of the foot.

. Inversion: turning the sole of the foot inward so that it faces toward the midline of the
body. Also known as supination of the foot.

2.4 General Bone Features

Whereas the directions and motions described in Sections 2.2 and 2.3 have very precise mean-
ings, the series of general terms applied to bony features is more ambiguous and cross-cutting, For
example: the theoretical question “when is a tubercle big enough to be called a tuberosity (or a
trochanter)?” is rarely faced by the osteologist. This is because the conventional labels for vari-
ous bones and bone parts are always adopted to ensure stability of nomenclature and effectiveness
of communication. Specific terms for nearly all bones and their parts are already established,and
have been for a long time. The “greater trochanter” of a femur, for example, identifies a particular,
unique structure for all human osteologists. Recognize that the following terms are often vague
by themselves, but are unambiguous when coupled with element-specific names introduced in
Chapters 4-13.

2.4.1 Projections and Parts

Process: a bony prominence. The mastoid process forms the prominence behind the ear.

b. Eminence: a bony projection; usually not as prominent as a process. The articular
eminence of the temporal bone is the rounded area with which the mandibular condyle
articulates during chewing,

c.  Spine: generally a longer, thinner, sharper process than an eminence. Synonymous
with spinous process. Vertebral spinous processes are used in the identification of various
vertebrae.

d. Tuberosity: a large, usually rugose (roughened) eminence of variable shape; often a site of
tendon or ligament attachment. The deltoid ruberosity marks the shaft of the humerus.

e. Tubercle: a small, usually rugose eminence; often a site of tendon or ligament attachment.
The conoid ubercle is found along the inferior edge of the clavicle.

f. Trochanter: one of two large, prominent, blunt, rugose processes found only on the femur.
The larger of these is called the greater trochanter, the smaller is the lesser trochanter.
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g. Malleolus (pl. malleoli): a rounded protuberance adjacent to the ankle joint. It is easy to
palpate (examine by touch) both lateral and medial malleoli.

h. Boss: a smooth, round, broad eminence. Female skulls tend to show more bossing of the
frontal bone than those of males.

i. Articulation: an area where adjacent bones are in contact (via cartilage or fibrous tissue)
ata joint. The proximal surfaces of the tibia are said to articulate with the distal end of the
femur.

j.  Condyle: a rounded articular process. The occipital cond)yles lie on the base of the cranium
and articulate with the uppermost vertebra, the atlas.

k. Epicondyle: a nonarticular projection adjacent to a condyle. The lateral epicondyle of the
humerus is located just proximal to the elbow, adjacent to the lateral condylar surface.

I Head: a large, rounded, usually articular end of a bone. The /ead of the humerus is the
superior (proximal) end of the bone.

m. Shaft, or diaphysis (pl. diaphyses): the long, straight section between the ends of a long
bone. The femoral shaft is roughly circular in cross section.

n. Epiphysis (pl. epiphyses): in general usage, usually the end portion or extremity of a long
bone that is expanded for articulation. The proximal epiphysis of the tibia is the expanded
end of the bone that articulates with the femur. See Chapter 3 for more precise definitions
of the diaphysis, epiphysis, and metaphysis.

o. Neck: the section of a bone between the head and the shaft. The neck of the femur is long
relative to the size of the femoral head in some early hominids.

p- Torus (pl. tori): a bony thickening. The supraorbital forus on some Homo erectus frontal
bones is very thick.

g Ridge: alinear bony elevation, often roughened. The lateral supracondylar ridge of the
humerus borders the bone above the lateral epicondyle.

r. Crest: a prominent, usually sharp and thin ridge of bone; often formed between adjacent
muscle masses. The sagittal crest is a structure on the skull that forms during the
development of large temporalis muscles in the gorilla.

s. Line: a raised linear surface, not as thick as a torus or as sharp as a crest. The inferior
temporal /ines mark the superior extent of the temporalis muscles.

t.  Hamulus: a hook-shaped projection. The hamulus of the wrist’s hamate bone gives the
bone its name.

u. Facet: a small articular surface on a bone, or a tooth-to-tooth contact. Bodies of the
thoracic vertebrae have facets for articulation with the heads of ribs. Occlusal facets form
on the chewing surfaces of the teeth shortly after crown eruption.

v.  Ramus (pl. rami): a branch. The pubic bone splits into two rami around the obturator
foramen.

2.4.2 Depressions and Openings

a. Fossa (pl. fossae): a depressed area; usually broad and shallow. The olecranon fossa is
located on the posterior surface of the distal humerus, where it receives the proximal ulna
during full extension of the arm.

b. Fovea (pl. foveae): a pit-like, depressed area; usually smaller than a fossa. The anterior
fovea of an unworn molar is seen in occlusal view.

c.  Groove: a long pit or furrow. The intertubercular groove passes between two tubercles on
the humerus.

2.4 General Bone Features
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Sulcus (pl. sulci): a long, wide groove. A strong supratoral sulcus is present on African ape
crania but is weak or absent on Australopithecus crania.

Fontanelle: a space between cranial bones of an infant. The soft spot atop a baby’s head
indicates the presence of a fontanelle.

Suture: where adjacent bones of the skull meet (articulate). The lambdoidal suture is
between occipital and parietal bones.

Foramen (pl. foramina): an opening through a bone, usually a passage for blood vessels
and nerves. The mental foramen is an opening on the lateral surface of the mandible.

Canal: a tunnel-like passage, usually extending from a foramen. The carotid canal is

found at the base of the skull.

Canaliculus (pl. canaliculi): a very small passage or duct. Within compact bone, cells
called osteocytes are locally interconnected via a network of canaliculi.

Meatus (pl. meati or meatuses): a short, wide canal. The external acoustic meatus is the
canal that connects the middle and outer ear.

Sinus (pl. sinuses): a cavity within a cranial bone. The frontal sinus is well-developed in
some early hominid crania.

Alveolus (pl. alveoli): a tooth socket. The canine alveolus in the mandible is deeper than
the incisor alveolus.

Useful Prefixes and Suffixes

A- without, or not (Greek). Cartilage is avascular in adults.

Allo-: other or different (Greek). Changes in body proportions occur as a result of
allometric growth, r.e, different body parts growing at different rates.

Ante-: before, ahead of, preceding, or in front of (Latin). Antemortem injuries occur before

the death of the individual.

Anti-: opposite or against (Greek, contrasts with pro-). Because of lateral symmetry, each
right bone has a left antimere.

Apo-: separate, apart, away from, or detached (Greek). Secondary growth centers at sites of
muscular insertions are called apophyses, or traction epiphyses.

Basi-: of, or relating to the bottom or base (Latin, basis, base, pedestal). The bottom of the
cranium is referred to as the basicranium.

Bi-: twice, double, on both sides, in both directions, between both (Latin, see also i-). The
osteometric measurement ‘bi-iliac breadth’ is often used as a proxy (or surrogate) for body

width.

Brachi-, brachio-, or -brachial: of, or relating to the arm, specifically the upper arm (Lat-
in, brachialis, from brachium, arm). The brachioradialis muscle reaches from the humerus to
the radius. Do not confuse with brachy-.

Brachy-: short (Greek, brakhus, short). A cranium that is short (front-to-back) relative to
its width (side-to-side) is considered to be brachycephalic. Do not confuse with brachi-.

-cep, -ceps: head or heads (Latin, ceps, from caput, head). The biceps brachii muscle has two
distinct heads, each originating from a different part of the scapula.

Chondro- or -chondro-: cartilage or cartilaginous (Greek, khondros, grain or cartilage).
Chondroblasts are cartilage-forming cells.

Circum-: around (Latin). The action of swinging your arm in a large circle is called
circumduction.
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aa.

ab.

ac.
ad.
ac.

af.

ag.

ah.

ai.

aj.

ak.

al.

Con-: with or together (Latin). A disease present from birth is called a congenital disease.

Cost- or -costal: related to a rib or ribs (Latin, costa, rib). The costoclavicular ligament
runs between the clavicle and the first rib.

Cyt-, -cyte, or -cytic: a mature cell (Greek, kutos, vessel). Osteocyres are found in lacunae
(small spaces in the bone in which living bone cells live), trapped by the very matrix they
have secreted.

Demi-: half (Latin). The sixth thoracic vertebra has both superior and inferior demifacets.
Di-: twice or double (Greek, see also &i-). The digastric muscle is named for its two bellies.

Dia-: across, through, or apart (Greek). A long bone’s diaphysis reaches from one epiphysis
to the other.

Dis-: undoing, removal, reversal, or absence (Latin). When part of a joint is separated from
the rest of the joint, it is referred to as a dislocation.

Ecto-: outside (Greek, contrasts with endo-). Button sarcomas, small cancerous lesions, are
frequently found on the ectocranial surface of the cranial vault.

Endo-: inside (Greek, contrasts with ecto-). Endocranial capacity is often used as a proxy
for brain size in skeletal remains.

Epi-: at, upon, close to, adjacent, above, or in addition (Greek). The bony endplates of a
growing bone are called gpiphyses.

-form, -iform: having the shape or form of (Latin). The pirsform aperture is an opening

roughly in the shape of a pear.

Hemi-: half (Greek, similar to semi-). The humeral head is only hemispheric, while the
femoral head is much closer to spherical.

Hetero-: other, or different (Greek, contrasts with somo-). Humans, like most mammals,
have complex and differentiated teeth, a trait called Aererodonty.

Homo-: similar, same, or identical (Greek, contrasts with hetero-). The vertebral column is
made up of a set of serially somologous elements.

Hypo-: less than, under, beneath, below, or to a lesser degree (Greek, contrasts with Ayper-.
See also sub-). The hypoglossal nerve enters the underside of the tongue.

Hyper-: more than, over, beyond, above, or to a greater degree (Greek, contrasts with Aypo-;
see also super-). The radial tuberosity was enlarged and roughened, probably in response to
a hypertrophied biceps brachii muscle.

Infra-: below or beneath (Latin). The infraorbital foramen opens beneath the eye socket.
Inter-: between. An interosseous membrane connects the shafts of the tibia and the fibula.
-itis: denotes an inflammatory disease (Greek). Ostestis is an inflammation of bony tissue.

Lacri-/lacry-: of, belonging to, or related to tears (Latin, lacrima, “tear”). The nasolacrimal
duct drains tears into the nasal cavity.

Meso-: intermediate, medium (Greek, mesos, middle). The mesosternum is referred to as
the corpus sterni.

Meta-: between or with (Greek). The metaphysis is an area of growth sandwiched between
the epiphysis and the diaphysis.

Neuro-: related to the brain or central nervous system (Greek, neuron, nerve or sinew).
The neurocranium is that part of the cranium that houses the brain.

-oma (pl. -omata): growth or tumor. (Latin, from Greek) An osteoma is a bone tumor.

Ortho-: straight or upright (Greek). An animal whose trunk is kept habitually upright is

said to have orthograde posture.

-osis: designates a disease, condition, or disorder (Greek). Osteoporosis is a condition in
which bone becomes less dense (i.e,, more porous).

2.5 Useful Prefixes and Suffixes
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am.

an.

ao0.

ap.

ag.

ar.

as.

at.

au.

av.

aw.

ax.

ay.

azZ.

ba.

bb.

be.

bd.

be.

bf.

Osteo- or -osteo-: of, or relating to, bones (Greek, osteon, “bone”). The study of bones is
called osteology.

Para-: beside, next to, or parallel to (Greek). A body has only one sagittal plane, but it may
have an infinite number of parasagittal planes.

Peri-: near, around, or about (Greek). The membrane that tightly covers a bone is called
the periosteum.

-physis (pl. -physes): a growth, projection, or protuberance (Greek). The rear articular
surfaces of vertebrae extend towards their neighbors on zygapophyses.

-phyte: a pathological outgrowth (Greek, phyron, “plant”). Abnormal bony outgrowths are
called osteophytes.

Platy-: broad and flat (Greek). Side-to-side flattening of the tibia is called platycnemia.

Pre-: before — with respect to location, time, degree, or importance (Latin). The vertebrae
above the sacrum are referred to collectively as presacral vertebrae.

Proto-: first, largest, primary, most important (Greek, protos, first). The protocone
dominates the other molar cusps.

Retro-: having a location behind (Latin, retro, backward). Neanderthals have a refromolar
sulcus behind their lower wisdom tooth.

Semi-: half or partly (Latin, similar to hemi-). The semicircular canals of the middle ear
house the organs of balance.

Splanchno-: related to the viscera or internal organs (latinized Greek). The part of the
cranium that encases the beginnings of the digestive and respiratory systems is called the
splanchnocranium.

-stitial: related to a place where something stands (Latin, sistere, to stand). Bone growth
that happens between the epiphyses and pushes them apart is called interstitial bone
growth.

Sub-: under, below, beneath, or less than (Latin, see also &ypo-). The subclavius muscle
attaches to the underside of the clavicle.

Super-: above, extra, beyond, in addition, or greater than (Latin, see also Ayper-). There are
usually only three molars per side and per arch. Occasionally, an additional molar will
develop; these are called supernumerary molars.

Supra-: above, beyond, in addition (Latin, related to super-). The supraspinous fossa, as its
name suggests, is a depression found above the scapular spine.

Syn-: similarly, alike, or together (Latin, syn, from Greek sun, together). Cranial sutures
are one kind of synarthrosis— a nearly immovable articulation — where bones are held
together by fibrous connective tissue.

-topic: place or usual location (Greek, -topia, from ropos, place). Heteroropic ossification is a
condition in which bone tissue is formed in places in the body other than the skeleton.
-trophy: maintenance, nourishment (Greek, trophia, nourishment). If muscles are not
used, they atrophy; if heavily used, they hypertrophy.

Tri-: having three parts (Latin, #r7, three). The friceps brachialis muscle has three heads,
each originating from a different location but all merging into a single insertion.

Zygo-: denoting a joining or pairing (Greek, zugon, “yoke”). There are two zygomatic
bones, one at each side of the face.
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2.6 Anatomical Regions

There are many specific terms for anatomical regions or parts of the body that, once learned, will

help you make sense of the countless anatomical terms to which they contribute.

5 g om0

-

e

I Sl ]

aa.

ab.
ac.
ad.

ac.

af.

Antebrachial: of, belonging to, or related to the forearm (Latin, ante + brachium, before the
arm).

Antecubital: of, belonging to, or related to the front of the elbow (Latin, ante + cubitus,

before the elbow).

Axillary: of, belonging to, or related to the armpit (Latin, axilla, armpit). Do not confuse
axillary with axial.

Brachial: of, belonging to, or related to the arm, specifically the upper arm (Latin, brachium,
arm).

Buccal: of, belonging to, or related to the cheek (Latin, bucca, cheek).

Carpal: of, belonging to, or related to the wrist (Latin, carpus, wrist).

Cephalic: of, belonging to, or related to the head (Greek, kephale, head).
Cervical: of, belonging to, or related to the neck (Latin, cervix, neck).

Cnemial: of, belonging to, or related to the shin or tibia (Greek, cnem, tibia).
Costal: of, belonging to, or related to the ribs (Latin, cosza, rib).

Coxal: of, belonging to, or related to the pelvis, hip, or hip-joint (Latin, coxa, hip).
Crural: of, belonging to, or related to the leg, specifically the lower leg or calf (Latin, crus,
leg).

Cubital: of, belonging to, or related to the elbow (Latin, cubitus, elbow).
Cutaneous: of, belonging to, or related to the skin (Latin, cutis, skin).

Dermal: of, belonging to, or related to the skin (Greek, derma, skin).

Digital: of, belonging to, or related to the finger(s) or toe(s) (Latin, digitus, finger).
Dorsal: of, belonging to, or related to the back (Latin, dorsum, back).

Femoral: of, belonging to, or related to the leg, specifically the thigh, or upper leg (Latin,
femur, thigh).

Glossal: of, belonging to, or related to the tongue (Greek, glossus, tongue).

Hallucial: of, belonging to, or related to the big toe (Latin, a//ex, big toe).

Lingual: of, belonging to, or related to the tongue (Latin, /ingua, tongue or language).
Lumbar: of, belonging to, or related to the loin, or lower back (Latin, fumbus, loin).
Manual: of, belonging to, or related to the hand (Latin, manus, hand).

Mental: of, belonging to, or related to the chin (Latin, mentum, chin).

Nasal: of, belonging to, or related to the nose (Latin, nasale, nose).

Neural: of, belonging to, or related to the brain or nervous system (Greek, neuron, nerve).

Nuchal: of, belonging to, or related to the nape, or back of the neck (Latin, nucha, neck or
spinal cord).

Orbital: of, belonging to, or related to the eye socket (Latin, orbita, eye socket).
Patellar: of, belonging to, or related to the front of the knee (Latin, patella, kneecap).
Pedal: of, belonging to, or related to the foot (Latin, pes, foot).

Pollical: of, belonging to, or related to the thumb (Latin, pollex, thumb, big toe).

Popliteal: of, belonging to, or related to the back of the knee (Latin, popliteus, back of the
knee).

2.6 Anatomical Regions
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ag. Tarsal: of, belonging to, or related to the ankle (Latin, rarsus, ankle).

ah. Temporal: of, belonging to, or related to the temples (Latin temporalis, from tempus or
tempor-, time: so named because one of the hallmarks of age is gray hair at the temples).

ai. Thoracic: of, belonging to, or related to the chest (Latin from Greek, thorax, breast-plate,
cuirass, chest, or breast).

aj. Vascular: of, belonging to, or related to vessels, specifically blood vessels (Latin, vascularis,
from wvasculum, a diminutive of vas, vessel).

2.7 Shape-related Terms

A number of terms are used by anatomists and osteologists to describe the shape of anatomical
structures.

a. Ala(pl. alae): in the shape of a wing (Latin, ala, wing).
b. Arch: in the shape of a simple, symmetrical curved line (Latin, arcus).

c.  Bifid: split into two parts by a cleft or notch (Latin: &z, two, and fid-, from findfre, to cleave or
split). See bifurcated.

d. Bifurcated: split into two branches or forks (Latin, bifurcus, two-forked). See bifid.
e. Bilobate: composed of two distinct (but connected) lobes or blunt projections.
f. Cervix/Cervical: restricted or constricted (Latin, cervix, neck).

g.  Concave: having a profile or a surface that curves inward (Latin, con-, together, and cavus,

hollow).
h.  Conoid: having a cone-like shape (Greek, konoeides, from conus, cone, and -eidos, form).
i.  Convex: having a profile or a surface that curves outward (Latin, convexus, vaulted, arched).
j.  Coracoid: shaped like a raven’s beak (Greek, korakoeides, from korax, raven).
k. Coronoid: hook-shaped (Greek).

. Crenulate: finely wrinkled, notched, or undulating (French, crenel, from Latin crena,
notch).

m. Cristal: crested, in the shape of a crest (Latin, crista, tuft, plume, crest).

n. Cruciate: crossed, or cross-shaped (Latin cruciatus, from crux, cruc-, cross, and -atus,
adjectival ending; see also cruciform).

o. Cruciform: in the shape of a cross (Latin crux, cruc-, cross, and -form, shaped; see also
cruciate).

p- Cuneiform: in the shape of a wedge (Latin, cunesformis, from cuneus, wedge).
q- Deltoid: in the shape of the Greek letter A (delta); i.e., having a triangular shape or outline.

r.  Hamate: hook-shaped (Latin; see also uncinate). The hamate bone has a process which
helps enclose the carpal tunnel.

s. Helical: in the shape of a helix (latinized Greek, felix, screw-shaped).
t. Hemispherical: a spherical object cut exactly in half results in two hemispherical objects.

u. Interdigitated: intricately joined together (articulated), as when fingers are woven
together.

v. Lambdoid: in the shape of the Greek letter N (/ambda), much like an inverted Y.
w. Laminar: wall-like; usually applied to thin, vertical structures (Latin, lamina, thin plate).
x. Lentiform: in the shape of a lentil; lens-shaped (Latin, lens-, lentil, and -iform, shaped).

y. Lobate: having a lobe or lobes (Latin, lobus, a round projecting part).
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z. Lunate: shaped like a crescent, esp. like a crescent moon (Latin /una, moon).
aa. Navicular: in the shape of a boat (Latin navicula, little boat).
ab. Obturated: obstructed; closed or blocked off (Latin, obturare, to obstruct).
ac.  Ovoid: in the shape of an oval (Latin, ovoides, from ovum, egg).

ad. Parabolic: in the shape of a parabola; a symmetrical curving line whose branches get
gradually and increasingly close to parallel without ever becoming parallel (latinized
Greek, parabole, from para, beside, and bole, a throw).

ae. Pisiform: in the shape of a pea (Latin, pisiformis, pea-shaped).

af. Quadrate: rectilinear; in the general shape of a rectangle or square; .e, having four sides
joining at 90° angles (Latin, quadrat-, made square, from quattuor, four).

ag. Rectus: in a straight line; straight, linear (Latin, rectus, straight).

ah. Rhomboid: shaped like a rhombus (any parallelogram besides a square or rectangle)
(latinized Greek, rhombos).

ai.  Sellar: having a saddle shape (Latin, sella, seat or saddle).
aj. Sesamoid: shaped like a sesame seed (latinized Greek, sesamon, sesame seed).
ak. Sigmoid: in the shape of the Greek letter ‘S’ (2, sigma). Recursively curving, like a snake.

al. Spherical: having the shape of a perfectly round ball (latinized Greek, sphairikos, from
sphaira, sphere).
am. Squamous: scale-like; in the form of a reptile’s scale (Latin, squamosus, from squama, scale).

an. Stenotic: abnormally narrowed or constricted (used for passages and internal spaces)
(latinized Greek, stenos, narrow).

ao. Toroidal: a wide ridge or shelf that is semi-circular or bulging in cross section (Latin, torus,
swelling).

ap. Trochlear: spindle- or spool-shaped (Latin, trochlea, pulley). In the shape of a pulley,
grooved in the center and raised on the edges.

aq. Uncinate: hook-shaped (Latin, uncinatus, from uncinus, hook; see also hamate).

ar.  Vault: the arched roof of a cavity (Old French voute, from Latin, volvere, to roll).

Suggested Further Readings

Virtually all texts in human anatomy provide guides to anatomical terminology.

Bass, W. M. (2005) Human osteology: A laboratory and field manual (5th ed.). Columbia, MO:
Missouri Archaeological Society. 365 pp.
Appendices for the osteology student are concise sources of information on bone
nomenclature.

Dauber, W, and Feneis, H.(2007) Pocket atlas of human anatomy: Founded by Heinz Feneis (Sth ed.).
New York, NY: Theime. 545 pp.
A comprehensive reference, thoroughly aligned with the latest terminology of the
Federative Committee on Anatomical Terminology.

Federative Committee on Anatomical Terminology. (1998) Terminologia Anatomica: International
anatomical terminology. New York, NY: Thieme. 292 pp. + CD-ROM.
This work revises the international standards for anatomical nomenclature, superseding
all editions of the Nomina Anatomica.
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Kachlik, D., Baca, V., Bozdechova, I, Cech, P., and Musil, V.(2008) Anatomical terminology and
nomenclature: Past, present and highlights. Surgical and Radiologic Anatomy30:459-466.
A history of modern systems of anatomical terminology, from the Basiliensia Nomina
Anatomica of 1895 to the most recent revision, the Terminologia Anatomica of 1998.

Lisowski, F. P,, and Oxnard, C. E. (2007) Anatomical terms and their derivation. Hackensack, NJ:
World Scientific Publishing. 136 pp.

A pocket-sized guide to anatomical terminology, providing a means to better
understand those terms by exploring their origins in Greek and Latin words.

O’Rahilly, R.(1989) Anatomical terminology, then and now. Acta Anatomica 134:291-300.

A good history of the first 25 centuries of anatomical nomenclature.

Sakai, T.(2007) Historical evolution of anatomical terminology from ancient to modern.
Anatomical Science International 82:65-81.
A comprehensive investigation of systems of organizing and naming anatomical
structures created over the past 1800 years.
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Chapter 3

BoNE B1oLOGY AND VARIATION

ONE, AS A CONNECTIVE TISSUE, and bones, as elements, may be studied on several hierar-
B chical levels. Information derived from many skeletons may be used in reconstructing

population biology (Chapter 21). Study of the various elements of a single skeleton may
be used to elucidate the biological aspects of an individual (Chapters 18 and 19). Such assess-
ments are built on a foundation that emphasizes the identification of the bony elements that con-
stitute each human skeleton (Chapters 4-13). Before embarking on a systematic consideration of
human skeletal elements, it is useful to consider bone biology. This chapter should therefore be
considered an essential stepping stone to the descriptive and interpretive chapters that follow.

It is important to note the multiple functions of bone as a tissue and of bones as organs. Bones
act as essential mechanical components of the musculoskeletal system. They serve to protect
and support soft tissues; to anchor muscles, tendons, and ligaments; and as the rigid levers that
muscles operate to produce movement. Bones also function as physiologically critical centers for
the production of blood cells, as storage facilities for fat, and as reservoirs of important elements
such as calcium (essential for blood clotting and muscle contraction). Bone as a tissue is adapted
to these functions. The varied mechanical and physiological functions of bones as organs are in-
timately related to both the gross and microscopic (including molecular) structure of bone tissue,
which we review in this chapter.

Bone is a dynamic tissue that allows for growth during ontogeny (development) of the indi-
vidual. It is shaped and reshaped by cells that reside within it. Because of this, the gross shape,
or morphology, of bones can be altered during life. The shape and size of bones and teeth can
also vary dramatically between individuals. Before introducing bone biology at the level of the
molecule, the cell, and the gross element, it is critical that we examine a property of all biologi-
cal structures, the property of variation. Understanding and appreciating variation in bony and
dental gross anatomy is critically important in any work with the human skeleton.

3.1 Variation

If we were to take a random sample of 50 male and 50 female living individuals from various
human populations, it would be easy to establish physical characteristics that would allow each
person to be recognized individually. Variation would be employed in sorting among individuals
within the population, and only in the rare instance of identical twins would there be much dif-
ficulty in distinguishing different people. This is because the human species, like other species,
exhibits variation. This variation extends to the teeth and bones of the skeleton.
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In identifying our friends and acquaintances, we make use of our ability to recognize variation.
Without variation in physical features it would be impossible for us to identify one another at the
group and individual levels. In fact, our use of soft tissue variation seems so natural that we take
it for granted. Oddly enough, however, the amount of variation in the hard tissues of the body
is often not anticipated by students of osteology. Shape and size in human bones and teeth vary
widely, and analysis of this variation makes human osteology simultaneously challenging for the
beginner and useful for the professional.

There are four major factors leading to variation in human skeletal anatomy. One source of
this variation is ontogeny, or growth. A great deal of skeletal variation in size and shape is ob-
served along the continuum of growth between fetus and adult. This variation can be used by the
osteologist in determining the age at death from skeletal remains. In Chapter 18 we discuss how
such analyses are conducted.

A second source of skeletal variation in humans is the sex of the individual. Humans are mod-
erately sexually dimorphic in body size, and in any given skeletal population this dimorphism
is manifested in the relatively smaller size of female bones and teeth. This size variation is ac-
companied by shape variation, which allows certain skeletal elements to be used in determining
the sexual identity of prehistoric remains. In Chapter 18 we discuss sex determination of osteo-
logical material.

A third type of variation is geographic, or population-based. Different human groups vary
in many skeletal and dental characteristics. This geographic variation can be employed to assess
the geographic (sometimes called racial) affinity of skeletal remains. In Chapters 18 and 21 we
consider the use of this kind of variation in the study of past and present human populations.

Finally, even individuals of the same age, sex, and population differ in anatomy; apart from
most identical twins, no two people are identical in their external size and shape. Skeletal ele-
ments are not exceptions to this rule. Normal variation between different individuals of the same
age, sex, and population is called individual, or idiosyncratic, variation. This variation can be
substantial, but it is too often overlooked. Figure 3.1 illustrates the influences of ontogeny, sex,
and idiosyncrasy on variation in the talus, one of the bones of the ankle.

A profusion of classifications of fossils has been created by the failure to appreciate normal
skeletal variation in modern species and the failure to understand the principles and goals of
taxonomy (White,2009b). In the resulting forest of family trees, ill-conceived species and genera
are hung like ornaments. Normal variation within closely related extant (modern) species must
guide our expectations of variation in species whose members lived in the past. For this reason,
osteologists unfamiliar with normal variation in the present are inclined to misinterpret similar
variation in the past as indicating multiple species. To help avoid such misinterpretation, the pa-
leontologist must become familiar with variation in modern humans and their closest relatives,
the great apes, by studying large skeletal collections. In assessing any skeletal element, note onto-
genetic changes in shape and size by studying different individuals who died at different ages. To
assess normal variation in the adult skeleton arising from the other sources identified previously,
try to examine a large, mixed-sex sample of individuals. Figures 3.1, 3.2, 3.3, and 3.4 illustrate
variation in size and shape in single-site, balanced-sex samples from prehistoric California.

The reality of dimensional (size) and morphological (shape) variation in the hard tissues of
individuals makes typology, the practice of choosing a single individual to characterize a species,
a particularly unsuitable approach to the study and understanding of human osteology and evo-
lution. Yet, to illustrate basic points of anatomy and identification it is necessary to begin some-
where. In using this book’s chapters on identification (Chapters 4-13), the student should think
of the skeletal elements chosen for illustration as representative, but never as typical. There is no
“typical” individual. We illustrate variation in skeletal size and shape in this book to reinforce
the fact that such variation in biological structures is normal and to be expected.

CHAPTER 3 Bone Biology and Variation



Figure 3.1 Types of variation. Normal variation in a bone of the ankle, the talus (viewed from the inferior, or lower, aspect; the anterior, or
front, surface of each bone is toward the top of the page). All of the tali shown here were selected from a single-site skeletal sample of 50 pre-
historic Californians to illustrate skeletal variation attributable to age, sex, and idiosyncrasy. All specimens are from the left side except for the

specimen in the upper right corner, which has been mirrored for easier comparison. One-half natural size.

Top: Idiosyncratic variation. Six adult male tali chosen from a sex-balanced sample of 50 adult individuals. Variation in this series is seen in the
size and shape of the overall bone outline as well as in the proportions of the parts of the bone and in the topography of the various surfaces. Such
variation is common in human skeletal remains.

Middle: Sex variation. Three adult female (/eff) and three adult male (right) specimens chosen at random from a sex-balanced sample of 50 adult
skeletons. Homo sapiens is a primate species whose sexual dimorphism in body size is moderate by primate standards, less than the gorilla, but
more than the common chimpanzee. Chapter 19 considers sexual dimorphism in the human skeleton.

Bottom: Ontogenetic variation. The specimen at the far left is a talus from a newborn child. Tali from individuals at ages 1.5, 6, 10, 12,and 18
years show ontogenetic changes in size and shape of this skeletal element.

3.2 A Few Facts about Bone

Bone —one of the strongest biological materials in existence, particularly in terms of bearing
weight (its compressive strength) —is the main supporting tissue of the body. During human
running, the bones of the knee joint are loaded with a force in excess of five times the weight of
the entire body. Yet, despite its great strength, bone is a very lightweight material. The skeleton
itself constitutes less than 20% of the weight of the entire body, whereas a framework of steel bars
performing the same mechanical functions as the human skeleton would weigh four to five times
more. Bone is a composite material, formed of protein (collagen) and mineral (hydroxyapatite).
Bone differs from steel because it is a living tissue that can repair and reshape itself in response to
external stresses. More detailed reviews of the physical, geometric, and mechanical properties of
bone as a tissue, and bones as organs, are provided by Burr (1980) and Currey (1983,2002).

Bone is the virtually universal rigid underpinning of the musculoskeletal system, and must
therefore routinely resist compression, tension, shear, bending, and torsion during the lifetime of
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Figure 3.2 Normal variation. Adult human clavicles (collarbones) selected to illustrate the total range of variation in size, outline, and topog-
raphy in a single-site, sex-balanced sample of 80 normal prehistoric Californians. Note the variation in overall size, in the shape of the bone,
and in the topography of the surface. This kind and amount of variation should be expected in any normal sample of similar age and mixed sex
composition. These right-side specimens are shown in inferior view, with the lateral (arm end) toward the top of the page. One-half natural size.

an individual. In 1869 the German surgeon Julius Wolff formulated a physiological “law™ that
today bears his name. Wolff observed that bones are living, highly vascularized, structures that
can change shape during life (remodel), and hypothesized that such changes would in some way
systematically improve their capacity to resist such external loading. Simply put, Wolff’s Law
(referred to as the “law of bone transformation” in 1883) holds that bone is deposited where it is
needed and resorbed where it is not needed.

This view that skeletal responses deploy bone in mechanically beneficial ways became gener-
ally assumed to underlie not only minor, local changes in the skeleton, but extensive develop-
mental changes that contributed to overall bone form. While extensive experimental research
has demonstrated that bone is certainly responsive to loading, such responses have been found
to be highly complex and difficult to understand. In addition, more recent investigation of the
underlying factors responsible for bone form has demonstrated an overwhelming influence of
genetic factors (especially transcription factors specific to growth regions within the bone) in de-
termining overall form. Therefore, natural selection is still the primary key to exploring how
and why bones assume their adult shape. Before considering how bones operate at the molecular,
cellular, and gross anatomical levels, it is important that we understand the roles of bones in the
musculoskeletal system.

3.3 Bones as Elements of the Musculoskeletal System

In the most basic terms, the musculoskeletal system is a system of bony levers operated by mus-
cles. Any connection between different skeletal elements is called a joint. Bones in the skel-
eton articulate at joints and are connected to one another by means of ligaments and cartilage.
Cartilage is a tough and dense but elastic and compressible connective tissue. Bones are moved
by muscles acting directly on the bones or indirectly via tendons, which are closely packed par-
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Figure 3.3 Normal variation. Adult human femora (upper leg bones) selected to illustrate the size and

shape variation encountered in a single-site, sex-balanced sample of 100 normal prehistoric Californians.
There is considerable variation between specimens shown here in size, robusticity, markings of muscle
attachments, and proportions and angles of the different parts of each femur. These left-side specimens
are shown in posterior view, with the superior (top) end of the bone toward the top of the page. One-third
natural size.

allel bundles of collagen fibers. Movement at the joints is controlled and limited by the shapes
of the articular surfaces and by ligaments that bind the joints together and prevent dislocation
(Figure 3.5).

The hip, elbow, knee, and thumb joints are all examples of freely moving joints called synovial
joints. The surfaces of the bones participating in synovial joints are coated with a thin (usually
1-5 mm) layer of slick, articular cartilage called hyaline cartilage. The area between the adja-
cent bones is the joint cavity, a space lined by a membrane that secretes a lubricant called syn-
ovial fluid, which resembles egg white in consistency. This fluid nourishes cartilage cells of the
joint and is confined to the joint by the fibrous joint capsule, a sac made of connective tissue. Itis
reinforced by ligaments connecting to the periosteum of the articulating bones (Section 3.4). The
combination of hyaline cartilage coating the bone surfaces and synovial fluid lubricating these
surfaces gives synovial joints durability with smooth movement and low friction.

Synovial joints are often classified according to the geometric properties of the articulation.
The hip joint is a spheroidal, or ball-and-socket joint, with the hemispherical femur head fitting
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Figure 3.4 Dental variation due to age (reflected in wear), sex, and idiosyncrasy. The tooth rows shown here were selected from a single-site,
sex-balanced skeletal sample of 60 prehistoric (Late Horizon) Californians. Note the differences in wear, size, and shape of the teeth as well as the

variation in tooth row curvature and length.

into the acetabulum, a cavity in the pelvis. This joint structure allows movement in many direc-
tions. The elbow and knee joints are called hinge joints because they allow a hinge-like move-
ment limited mostly to one plane. The joint at the base of the thumb is called a saddle-shaped,
or sellar, joint because of its shape. It allows movement in two basic directions. Planar joints
allow two bones to slide across one another, examples of which can be found in the wrist and the
arch of the foot.

Because of their mobility, synovial joints are the most obvious joints in the musculoskeletal
system, but there are two other important joint types in the body: cartilaginous joints and fi-
brous joints. In cartilaginous joints (or synchondroses), the articulating bones are united by
means of cartilage, and very little movement is allowed. The temporary joints between growth
centers (described later) in a single growing bone are cartilaginous. Some of these joints persist
in adulthood, such as the cartilaginous connections between the ribs and the breastbone (ster-
num). A symphysis isa type of cartilaginous joint in which the fibrocartilage between the bone
surfaces is covered by a thin layer of hyaline cartilage. Syndesmoses are tight, inflexible fibrous
joints between bones that are united by bands of dense, fibrous tissue in the form of membranes
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Figure 3.5 Dorsal view of a human right wrist and hand. This composite illustration combines the techniques of sectioning (little finger),
dissection (ring and middle fingers), and radiography (thumb). The bones are embedded in a matrix of soft tissues including skin, nerves, arter-
ies, veins, muscles, ligaments, tendons, and joint cartilage. In the assessment of external bone morphology, neither the soft tissue matrix nor the

internal structure should be forgotten.
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or ligaments; an example is the joint at which the two lower leg bones (tibia and fibula) articu-
late above the ankle (the distal tibiofibular articulation). Cranial sutures are fibrous joints of
the skull; these are interlocking, usually tortuous joints in which the bones are close together
and the fibrous tissue between them is thin. A gomphosis is the joint between the roots of the
teeth and the bone of the jaws. When any two bony elements fuse together, the result is called
a synostosis.

Movement of the skeleton takes place, for the most part, at synovial joints. This movement is
caused by the muscles, which work by contracting across joints between bones. Muscles usually
attach to two different bones, but they may attach to several. Most muscles are connected to bones
via tendons. Ligaments are cords, bands, or sheets of collagenous bundles that extend between
and bind the bones forming a joint. Ligaments resist tension, thereby strengthening the jointand
permitting only movements compatible with the function of the joint.

Muscle attachment sites are conventionally identified in relative terms. The site that stays
relatively stable during contraction of the muscle is called the origin. For the appendages, this
is usually the attachment site closest to the trunk. The site that is moved by the contraction of
a muscle is termed the insertion. For example, the muscles that flex the fingers originate in the
anterior compartment of the forearm and insert on the fingerprint side of the finger bones (pha-
langes). Actions caused by muscles are usually reciprocal. At the elbow joint, different muscles
cause opposite motions such as extension (straightening the arm) and flexion (bending the arm).
Such muscles are called antagonists. Muscles are often identified by the primary action that
their contraction causes. Chapters 4-14 introduce some of the major muscles that move the hu-
man skeleton and leave traces of their origins and insertions on the bones. For now, we can easily
illustrate several basics of the musculoskeletal system with the human hand and arm. Muscles
in the forearm are easily palpated as the hand is clenched and opened. These muscles act via
tendons, which become very visible across the front and back of the wrist when it is flexed and
extended. For example, the extensor digitorum muscle, a resident of the forearm, functions in ex-
tending the four fingers as it operates via four tendons that cross the wrist.

3.4 Gross Anatomy of Bones

The wide range of bone shapes in the human skeleton seem to defy classification at first. However,
the bones in the body are easily partitioned into a few basic, but overlapping shapes. The limb
bones and many of the hand and foot bones, usually called long bones, are tubular in shape, with
expanded ends (Figure 3.6). The bones of the cranial vault, shoulder, pelvis, and rib cage tend to
be flat and tabular. The bones of the ankle, wrist,and spine are blocky and irregular. Despite this
variety of external form, the makeup of bones at both the gross and microscopic levels is remark-
ably constant.

At the gross level, all of the bones in the adult skeleton have two basic structural components:
compact and spongy bone. The solid, dense bone that is found in the walls of bone shafts and
on external bone surfaces is called compact, or cortical, bone. At joints, compact bone covered
by cartilage during life is called subchondral bone. This is recognized as smoother and shinier
than nonarticular compact bone and lacks the haversian systems described later.

The second kind of bone has a more spongy, porous, lightweight, honeycomb structure. This
bone is found under protuberances where tendons attach: in the vertebral bodies, in the ends of
long bones, in short bones, and sandwiched within flat bones. This cancellous, or trabecular,
bone is named after the thin bony spicules (trabeculae) that form it. The molecular and cellular
compositions of compact and trabecular bone tissue are identical; it is only the difference in po-
rosity that separates these gross anatomical bone types.

Areas of trabecular bone in the growing skeleton constitute sites of the red marrow, a blood-
forming, or hematopoietic, tissue that produces red and white blood cells and platelets. The
yellow marrow, mainly a reserve of fat cells found in the medullary cavity (hollow inside the
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Figure 3.6 Anatomy of a bone. A left tibia (shin bone) cut in a parasagittal section to show key elements
of the gross anatomy of a typical human long bone. Note the disposition of the compact and spongy bone.

One-half natural size.
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shaft) of tubular bones, is surrounded by compact bone. During growth, the red marrow is pro-
gressively replaced by yellow marrow in most of the long bones. As noted previously, in addition
to their role in blood cell production and fat storage, bones function as organs in yet another way:
bone tissue represents a calcium reservoir for the body.

Parts of tubular, or long, bones are often described according to the centers of ossification (Sec-
tion 3.7) that appear during the growth process. The ends of long bones are called the epiphyses
because they develop from secondary ossification centers of the bone (the articular surfaces of
the epiphyses are parts of joints). The shaft of a long bone is called its diaphysis because it is the
result of the primary ossification center of the bone. The expanded, flared ends of the shaft are
called metaphyses. A good example of these parts is the knee, where the epiphysis at the knee end
of the femur fuses to the metaphysis of the shaft when growth is complete. Some bones have ad-
ditional growth centers called apophyses (or sometimes traction epiphyses) that form at the site
of tendinous insertions. The iliac crest and the femoral trochanters are good examples of these.

During life, the outer surface of bones is usually covered with a thin tissue called the perios-
teum. This tissue is missing in dry bones, but in life it coats all bone surfaces not covered by car-
tilage. The periosteum is a tough, vascularized membrane that nourishes bone. Some of the thin
fibers of the periosteum penetrate the surface of bone, whereas others intertwine with tendons to
anchor muscles to the bone. The inner surface of bones is lined with an ill-defined and largely
cellular membrane called the endosteum. Both periosteum and endosteum are osteogenic tis-
sues — they contain bone-forming cells that are numerous and active during youth. These cells
are reduced in number, but remain potentially active, in adulthood. They may be stimulated to
deposit bone when the periosteum is traumatized.

Secondary Osteon
or Haversian System

B ——
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10x vessels
lacunae
(osteocytes
within)
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~ —— periosteum
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Figure 3.7 Gross and microscopic structure of bone.
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3.5 Molecular Structure of Bone

We now turn to an assessment of bones at more basic molecular and cellular levels. No matter
what shape a bone takes at the molecular level, its tissue is basically the same in all mammals.
Bone tissue, like fiberglass, is a composite of two kinds of materials. The first component is a large
protein molecule known as collagen, which constitutes about 90% of the organic content of bone.
Collagen is the most common protein in the body. Collagen molecules intertwine to form flex-
ible, slightly elastic fibers in bone. The collagen of mature bones is stiffened by a dense inorganic
filling of the second component, hydroxyapatite. In bone, crystals of this mineral, a form of cal-
cium phosphate, impregnate the collagen matrix. This weave of protein and minerals gives bone
its amazing properties. The combination of materials is illustrated by two simple experiments.
The mineral component gives bone its hardness and rigidity. When soaked in acid to dissolve
these minerals, a bone becomes a rubber-like, flexible structure. However, when a bone is heated
to combust the organic collagen, or leached out in some archaeological contexts, it becomes ex-
tremely brittle and crumbles.

Characterizations of bone at the molecular level give some clues about its physical properties,
but it is important to consider that bone as a tissue must be made and maintained by cells. Bone
must be responsive to stress, and it must be capable of growth. A look at the structure of bone
above the level of the collagen fibril and associated mineral provides insight into these dimen-
sions of bone function.

3.6 Histology and Metabolism of Bone

Histology is the study of tissues, usually at the microscopic level. There are two histological
types of mammalian bone: immature and mature. Immature bone (coarsely bundled bone
and woven bone) is the first kind of bone to develop in prenatal life. Its existence is usually
temporary, as it is replaced with mature bone as growth continues. Immature bone is usually
formed rapidly and characterizes the embryonic skeleton, sites of fracture repair, and a variety
of bone tumors. It has a relatively higher proportion of osteocytes (see later) than mature bone.
Woven bone is the more phylogenetically primitive bone type in evolutionary terms. It is coarse
and fibrous in microscopic appearance, with bundles of collagen fibers arranged in a nonoriented,
random pattern.

Both compact and trabecular portions of adult bones are made of mature, or lamellar, bone
tissue, named for the orderly, organized structure produced by the repeated addition of uniform
lamellae to bone surfaces during appositional growth. Compact bone is composed of dense bone
that cannot be nourished by diffusion from surface blood vessels. Haversian systems, with
their canals and canaliculi (Figure 3.7; described in this section), are the solution to this problem.
In contrast, the more porous trabecular bone receives nutrition from blood vessels in surrounding
marrow spaces and lacks haversian systems. Normal adult bone, both compact and trabecular, is
histologically lamellar bone. Lamellar bone is usually laid down more slowly than woven bone,
which it usually replaces.

Microscopic examination of a transverse section of compact bone in, for example, the tibial
shaft reveals the internal structure of haversian bone (Figure 3.7). Such a section resembles an
end view of a pile of sawed-off tree trunks. The cross section of each “trunk” often shows ap-
proximately four to eight concentric rings, known as haversian lamellae. A close examination
of each lamella would reveal a bed of parallel collagen fibers. Fibers in successive lamellae, how-
ever, are oriented in different directions. This alternation of fiber direction adds strength to the
structure.

Each “trunk” in the cross section of compact lamellar bone is known as a haversian system,
or secondary osteon. See Figure 3.8a-3.8c¢ for illustrations and descriptions of osteons. These
haversian systems measure about 300 xm (0.3 mm) in diameter and are about 3—-5 mm in length.
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Figure 3.8b Bone histology. An intact
secondary osteon with several fragmentary
osteons. Secondary osteons are products
of bone remodeling. Polarized lighting,
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Figure 3.8a Bone histology. A comparison
of primary and secondary osteons (from
Paine and Godfrey, 1997). Polarized lighting,
200x. The primary osteon is an island with
lamellar bone streaming around it; the larger
secondary osteon intersects the lamellae of
primary cortical bone. A primary osteon

is composed of a vascular canal without a
cement line (because it does not replace pre-
existing bone). The cement line (sheath) and
lamellar bone organized around the central
canal characterize the secondary osteon,
which fills a space left by the disappearance

of pre-existing bone.

Figure 3.8c Bone histology. A crowded
field of secondary osteons. The large hav-
ersian canals indicate incomplete forma-
tion of several osteons. Polarized lighting,
100x. See Chapter 19 for a discussion of
how analyses of these microscopic histologi-

cal structures in bone have been employed
in individual age assessment. Courtesy of
Robert Paine.



They represent the basic structural unit of compact bone, and their long axes parallel that of the
long bone of which they are part. Passing through the core of each haversian system is a hollow
haversian canal, through which blood, lymph, and nerve fibers pass. Additional smaller canals,
the Volkmann’s canals, pierce the bone tissue obliquely and at right angles from the periosteal
and endosteal surfaces to link the haversian canals, creating a network that supplies blood and
lymph to the cells of long bones.

Small cavities found within each lamella are called lacunae. Each lacuna harbors an osteo-
cyte, a living bone cell. Nutrients are transported to these cells through canaliculi, minute fluid-
filled channels that radiate from the centrally placed haversian canal to lacunae in succeeding
lamellae or from one lacuna to others. These channels in bone tissue enable the living cells to
survive in a heavily mineralized environment.

Three primary cell types are involved in forming and maintaining bone tissue. Osteoblasts
are bone-forming cells responsible for synthesizing and depositing bone material. Osteoblasts
are often concentrated just beneath the periosteum. They make large quantities of a material
known as osteoid (pre-bone tissue), an uncalcified organic matrix rich in collagen. Calcification
of bone takes place as crystals of hydroxyapatite, the inorganic component of bone, are deposited
into the osteoid matrix. Once surrounded by bony matrix, the osteoblasts are called osteocytes,
cells that reside in lacunae and are responsible for maintaining bone tissue. Osteoclasts are re-
sponsible for the resorption (removal) of bone tissue. All skeletal elements change dramatically
during ontogeny and continue to be capable of change in adulthood. Bone formation takes place
throughout life. The reshaping, or remodeling, of bone takes place at the cellular level as os-
teoclasts remove bone tissue and osteoblasts build bone tissue. The opposing processes of bone
formation and resorption allow bones to maintain or change their shape and size during growth.
Some osteologists distinguish between “modeling” as bone sculpting during growth and “remod-
eling” as the process of continuous removal and replacement of bone during life.

3.7 Bone Growth

The histological situation described in Section 3.6 accounts for the metabolism of bone and the
plasticity of bone in the adult. During ontogeny, however, the skeleton undergoes tremendous
growth. Osteocytes do not divide. Because bone matrix calcifies soon after being produced, the
tissue cannot undergo further expansion from within. Asa consequence, all bone growth is the
result of bone deposition on a pre-existing surface. Indeed, bone always develops by replace-
ment of a preexisting connective tissue. Embryologically, bone development (osteogenesis, or
ossification) occurs in two basic settings. In intramembranous ossification, bones, particu-
larly the frontal and parietal bones of the cranial vault, ossify by apposition on tissue within
an embryonic connective tissue membrane. Most bones in the skeleton, however, grow through
a process known as endochondral ossification, in which bones are preceded by cartilage pre-
cursors called cartilage models. Early in its development, in utero, the skeleton is flexible, but
ossification is initiated before birth. Visible elements of the early skeleton are mostly composed
of cartilage, a material that is good for rapid growth in an environment where the functions of
support are not yet necessary. Cartilage is composed mostly of collagen and, unlike bone, it is
flexible and avascular in the adult. The only difference between the two distinct mechanisms
of ossification is the environment in which ossification occurs. There is no difference between
the kind of bone produced.

Fetal ribs, vertebrae, the basicranium, and limb bones begin as cartilage models. Ossification
occurs within the cartilage model as it is penetrated by blood vessels. Growth radiates from the
location of the initial penetration, which becomes the nutrient foramen. A thin membrane
called the perichondrium surrounds the cartilage model of the long bone. Osteoblasts just be-
neath the perichondrium in the fetal long bone begin to deposit bone around the outside of the
cartilage shaft. Once this occurs, this membrane is called the periosteum, a fibrous connective
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tissue, which in turn deposits more bone, layer by layer. As the diameter of the growing long
bone shaft increases, osteoclasts on the endosteal surface remove bone and osteoblasts in the
periosteum deposit bone. Thus, appositional growth allows shaft diameters to enlarge during
development. The compact bone of an adult limb bone shaft is periosteal in origin, the original
immature shaft having been removed by osteoclasts to form an enlarged medullary cavity. Slow
subperiosteal apposition continues throughout life after an adolescent “growth spurt” (Garn,
1972; Garn et al., 1992).

Meanwhile, the developing long bone must also grow in length. During growth, the rough-
ened, porous, usually irregular end of an immature long bone’s metaphysis marks the region at
which most longitudinal growth occurs. Sandwiched between the metaphysis (the primary center
of ossification) and the epiphysis (the secondary center of ossification) during development is a
cartilaginous center known as the growth plate (epiphyseal plate), a tissue layer responsible for
bone formation. This plate, a layer of cartilage, “grows” away from the shaft center. The growing
cartilage is replaced by bone on the diaphyseal side of the plate. As the individual grows, the epi-
physeal plate is pushed farther from the primary growth center of the bone (the shaft), lengthening
the bone. Ossification and growth of the bone come to a halt when cells at the growth plate stop
dividing, and the epiphysis fuses with the metaphysis of the shaft. Because the ends of the long
bone flare, substantial remodeling occurs as the bone lengthens during this process (Figure 3.9).

At 11 weeks before birth there are usually about 800 ossification centers, the “bony pieces”
of the skeleton. At birth there are about 350 centers. As a rule, “primary” centers appear before
birth, and “secondary” centers appear after birth. The secondary center at the lower end of the
femur (upper leg bone) and the one atop the tibia (lower leg bone) begin to appear just prior to

Figure 3.9 Bone growth. Growth series for the left
human tibia (lower leg bone). The tibia on the far left is
that of a newborn child. Larger specimens to the right
are from individuals of ages 1.6, 6, 10, 12,and 18 years.
Specimens are shown in anterior view, with the proximal
: (top) end of the bone toward the top of the page. One-
nb 1.6yrs 6 yrs 10yrs 12 yrs fourth natural size.
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birth. Most long bones develop two secondary centers in addition to the primary centers of ossi-
fication. A few long bones develop a secondary center at one end only,and typical wrist and ankle
bones ossify entirely from their primary centers. By adulthood, all of the primary and secondary
centers have fused to yield the average adult human complement of 206 elements, the bones of
the adult human skeleton. These bones are listed in Chapter 2, Figure 2.1.

3.8 Morphogenesis

Developmental biology is currently a hyperactive field due to the application of molecular
techniques to the age-old problem of how form is produced. Discoveries in molecular biology,
embryonic limb development, amphibian limb regeneration, cell-cell communication, and the
structure and expression of morphogens, growth factors, and homeobox-containing genes have
rapidly advanced knowledge about how form is shaped during ontogeny.

As Miiller (1997) points out, “self-construction” and “self-organization” are terms that convey
the essential properties of development. All humans start with a single, apparently unstructured
cell, the fertilized egg. Embryogenesis follows, and then birth and further development. At the
end of the process, the fully developed human is an organism with an intricately wired brain that
contains over a hundred trillion synaptic contacts that help make it possible for us to ask how the
complex shapes and sizes of the human skeleton are encoded and how that code is translated by
cells during development. Cells differentiate, communicate, and interact morphologically and
functionally. Together they construct multicellular structures such as bones.

The shaping of form, or morphogenesis, from simple, seemingly amorphous, generative, start-
ing cells has puzzled biologists and philosophers alike. A big step toward solving the problem
came when it was demonstrated that DNA acted as a genetic code. The genome contains informa-
tion about how to make distinct proteins, rRNA, tRNA, and how to replicate itself. It contains
elements of a spatiotemporal program that controls the order and pattern of gene expression. As
Gilbert and Singer (2010) point out, we are still trying to uncover the details of how a develop-
ing human is created on the basis of such minimal information (approximately 20,000 -25,000
genes in a human). We know that different combinations of genes become effective in time and
space in different cells, organs, and body regions. We know that cells interact, influencing each
other. For example, a fracture of the adult humerus will stimulate production of bone and heal-
ing, but there was no way that the fertilized egg could “know” in advance that any individuals
humerus would be fractured at a particular time in adult life.

Basic events in animal development include cell proliferation (recurring cell division), cell
differentiation (which occurs in a defined spatial order), and pattern formation (the spatiotem-
poral ordering of molecules, cells, or tissues to form a pattern, which can then develop at different
scales). This is the process whereby spatial organization of cell differentiation is controlled. Cells
obtain positional information by virtue of their location within a tissue. Cells move, migrate,and
die according to genetically determined schedules. All of these events are important in morpho-
genesis, a process tightly choreographed by highly conserved genes and gene arrays.

Bone develops originally from embryonic mesenchymal stem cells that have a very broad
range of development potentialities (they are pluripotent), giving rise to fat, muscle, and other
cells. Along the road to their differentiation into bone-producing cells, a population of cells with
more limited potential is formed. These are only able to proliferate into chondroblasts or osteo-
blasts. These osteoprogenitor cells persist throughout postnatal life and are found in the endos-
teun and periosteum. They are most active during bone growth but can be reactivated in adult
life when fracture repair is initiated (Section 3.9).

During embryogenesis, an anlage, or aggregation of cells indicating the first trace of an or-
gan, forms. Recent work in limb development has begun to unravel the process through which
an integrated system of sequentially expressed genes and/or gene arrays guides development of
the limb assigning positional address by morphogens (molecules that influence morphogenesis),
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growth factors, signaling molecules, and homeoboxes (a family of highly conserved base pair
sequences of the DNA that encode small proteins that activate specific genes). The homeobox
sequence is preserved with only minor modifications in a wide variety of animals, and is very
similar in fruit flies, birds, and mammals.

It is already clear that development of a limb is guided by morphologic data sequestered in
highly systematic gene arrays and implemented by stereotyped and largely universal cellular re-
sponse regimens. For example, implantation of a single acrylic bead soaked in the protein fibro-
blast growth factor and subsequently placed in the flank of an early chick embryo can trigger the
formation of an entire new limb. It now appears that most sculpting of the skeletal frame occurs
during the earliest phases of embryogenesis. Once the anlage is formed, further skeletal develop-
ment appears to be directed primarily by the influence of stress history on gene expression by
what may be called “assembly rules.” These guide the behavior of each connective tissue cell dur-
ing this process. For the functional morphologist, these insights into morphogenesis have funda-
mental implications (Lovejoy et al., 1999,2003). What this means to the practicing osteologist is
that much individual skeletal variation is the product of the interaction of the environment with
these assembly rules rather than a direct readout of some gene(s). For example, the expression of
an intertrochanteric line on the femur (Section 12.1.1d) represents an individual variation rather
than a species-specific, genetically encoded trait.

3.9 Bone Repair

Bones occasionally break, or fracture, when subjected to abnormal stresses or when bone is weak-
ened pathologically. The process of repair begins as soon as the fracture occurs. Blood vessels in
the haversian canals, the periosteum, and the marrow are usually ruptured by a fracture. Blood
flows into the fracture zone and normally forms a hematoma (bloody mass) that coagulates as the
blood vessels are sealed off. The periosteum is usually torn at the fracture site and pulled away
from ends of the broken bones. This stimulates the osteogenic layer of the periosteum to begin
forming a callus, fracture repair tissue that forms a sort of natural splint. The callus first consists
of fibrous connective tissue that bridges the broken bone surfaces, tying them together. Within
two days the osteoblasts respond, and the callus is subsequently mineralized to form woven bone,
the primary bony callus. The primary bony callus takes about six weeks to develop. Later, this
woven bone callus is converted to lamellar bone. If orientation of the broken bone ends is close to
the original, and if subsequent movement at the fracture site is limited (especially by immobiliz-
ing the bone), the callus may become so remodeled that evidence of fracture is eventually present
only in radiographs. Further remodeling may completely eliminate any evidence of the fracture.
Chapter 19 illustrates some effects of fracture in bone. Recent clinical work has shown that pro-
teins known as bone morphogenetic proteins (BMPs) can be combined with a matrix composed
partly of demineralized collagen and applied to serious fractures to speed healing (De Biase and
Capanna, 2007).

In a fascinating intersection of applied and basic research, it turns out that these proteins are
produced by genes belonging to a very ancient family — genes homologous to those in fruit flies.
The nightmarish