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Foreword

Shelley Saunders

This book offers a welcome diversity of topics covering the broader subjects of
teeth and the study of teeth by anthropologists. There is an impressive array of
coverage here including the history of anthropological study of the teeth,
morphology and structure, pathology and epidemiology, the relationship between
nutrition, human behavior and the dentition, age and sex estimation from teeth, and
geographic and genetic variation. Most chapter authors have provided thorough
reviews of their subjects along with examples of recent analytical work and
recommendations for future research. North American researchers should
particularly appreciate the access to an extensive European literature cited in the
individual chapter bibliographies. Physical anthropologists with even a passing
interest in dental research should greet the publication of this book with pleasure
since it adds to a growing list of books on how the study of teeth can tell us so
much about past human populations.

In addition to the archaeological applications, there is the forensic objective of
dental anthropology which the editors refer to in their introduction which is dealt
with in this volume. The chapters dealing with methods of sex determination, age
estimation of juveniles and age estimation of adults using the teeth are exhaustive
and exacting and of critical importance to both “osteoarchaeologists” and forensic
anthropologists. Authors Liversidge, Herdeg and Rosing provide very clear
guidelines for the use of dental formation standards in juvenile age estimation,
recommendations that are so obviously necessary at this time. Authors R6sing and
Kvaal point out that histological and chemical techniques of adult age estimation
must now be part of standard practice, both for forensic work and archaeological
samples. I agree with them. Rapid methods of sample processing and data
collection by image analysis are widely available in industry. They should also be
more easily available to anthropologists. The chapters by Teschler-Nicola and
Prossinger grapple with a variety of mathematical approaches to using tooth size
for sex determination, particularly for juvenile skeletons producing some
interesting and informative results. Forensic workers can now almost routinely use
DNA sex determination for their cases. Those working with archaeological samples
are hampered by technological and financial barriers. It is possible to foresee that
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the next important study on sex determination in juvenile skeletons will include a
comparison of documented sex, dental size and DNA determinations. Multiple
methods of identification are always better than single methods.

Traditionally, biological anthropology has been concerned with the
documentation of human physical variation and its relevance to population
relationships and evolutionary trends. These topics are also dealt with in this book.
But some of the contributing authors identify the persistence of certain disturbing
problems, notably, variability created by inter-observer error and methodological
idiosyncracies (see chapters by Schnutenhaus and Rosing and Alt and Vach). 1
perceive that books like this one can act as catalysts for an increase in major
collaborative studies, where a number of dental anthropolgists work together to
collect, collate and analyze major bodies of data. Perhaps in this way we can
effectively answer some of the sweeping questions about diet, health and behavior
throughout human evolutionary history that characterize our discipline.



Foreword

Trinette Constandse-Westermann

It is a great honour and pleasure to be asked to write a foreword to this volume,
presenting the state of the art of the physical anthropology of teeth and their
surrounding tissues.

When teaching physical anthropology, the dentition is one of the most
informative parts of excavated human skeletons, and the understanding to be
derived from it relates to a number of different domains. Dentitions are sources of
insight into aspects of human phylogeny (evolutionary studies of dental
morphology) and anatomy/histology (investigations of gross and microscopic
dental structure). They also inform us about individual physical development and,
later in life, wear and degeneration (dental development and eruption, dental
attrition). Some aspects of human genetics can be elucidated by the study of specific
morphological dental traits, whose (partly) hereditary nature can be assessed in the
living and thereafter be used in the interpretation of studies of the deceased. Dental
pathology comprises a large number of disorders, e.g. caries periapical lesions, ante
mortem tooth loss, parodontal disease, calculus and hypoplasia. Finally, aspects of
human culture and behaviour can be revealed by the analysis of human dental
remains, e.g. the filing of teeth, pipe smoking, dental restoration and occupational
hazards. All the foregoing is illustrated in the presented work.

Due to the durability of teeth in their archaeological context, dental analyses
also contribute to our insights into processes transpiring at the population level,
e.g. demographical studies wherein the dental analysis forms the basis of the age
estimations. The occurrence of measurable levels of dental disease in the majority
of pre- and/or protohistoric populations lifts most studies of the pathology of teeth,
including the tissues around them, above the level of case studies and enables the
researcher to perform palaco-epidemiological analyses. Especially in Section 4 of
this work the problems relating to the epidemiology of dental (and other) diseases
have been treated.

In addition, the relatively frequent occurrence of teeth in cemetery contexts
creates the possibility to go beyond the purely biological interpretation of the data
extracted from these human remains. The integrated analysis of dental and other,
independently assessed, cultural/archaeological data offers a number of possibilities
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to gain insight in pre- and/or protohistoric social or socio-economic processes. The
study of enamel hypoplasia not only indicates at which specific age each individual
was subjected to dietary or pathological stress, but also the archaeological data may
make it possible to relate such stress to the age of weaning or to (changes in) dietary
patterns. The occurrence of hereditary traits in teeth may be linked to cemetery data,
i.e. the placement of the grave within the graveyard, grave structure, grave goods,
the treatment of the body of the deceased and its position within the grave. By the
integrated analysis of the physical anthropological (dental) and the archeological
(cemetery) data sets, possible familial and/or lineage relationships and pattering may
be revealed or at least may be ascribed a certain degree of probability. Also the study
of social stratification from cemetery or other archeological data may be supported
by dental analyses. Observed differences in the level of infectious (dental) disease
may be related to differences in dietary patterns and/or occupational stress between
hierarchically structured social groups. Especially in relatively simple prehistoric
societies, without or with only a minor level of labour specialization, the execution
of sex/gender specific tasks may be revealed by the joint analysis of dental, skeletal
and archeological data. Social and/or ethnic information my be derived from the
analysis of specific intentional treatments of the teeth, e.g. filing.

In all the foregoing fields of research, the data on teeth often surpass other
skeletal data in their usefulness. However, studies fully and fruitfully integrating
dental and other physical anthropological data on the one hand and cultural/
archeological information on the other, are still scarce in the scientific literature.
It is through this sort of cultural and biological processes transpiring in pre- and
protohistoric societies will become clearer. This book constitutes a firm platform
for the continuing integration of the biological (dental) and the cultural/
archeological research paradigms.
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team at the Anatomy Center of the Georg August University of Gottingen. Address:
Department of Anatomy, Goettingen University, Kreuzbergring 36, D-37075 Goettingen,
Germany.

Sigrid I. Kvaal obtained a Bachelor’s Degree in Dental Surgery (B.D.S.) at the University
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International Association and British Society of Dental Research. Her publications include
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childhood, growth standards and tooth size of deciduous teeth and crown formation times
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Dental College, 1972; Disturbance of dentine formation on rats and mice after administration
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the Facial Pain Clinic, School of Dentistry, University of Michigan, Ann Arbor. Dr. Obrez
is currently an Assistant Professor in the Department of Restorative Dentistry, College of
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muscle orientation (with Herring SW), Anatomical Record, 1993; The temporomandibular
joint: development, anatomy, physiology, and function, in: Clark’s Clinical Dentistry, Vol.
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CS), Journal of Prosthetic Dentistry, 1996; The effect of molar teeth on development of power
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CNRS, Strasbourg, 1996; Ziihne und Kiefer in der Archdozoologie — Relevanz und Methoden
in: Die Evolution der Zihne — Phylogenie, Ontogenie, Variation, Alt KW, Tiirp JC (eds),
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Hermann Prossinger (Dr. phil, University of Vienna, 1976) develops mathematical models
for anthropological research teams (Natural History Museum, Vienna, and Institute of
Human Biology, Vienna University). He has simulated neutron fluxes in nuclear reactor
safety models (Argonne.National Laboratory, USA) and physical microclimate models for
pest control (FAO, Rome). He has also studied scientific developments in medieval
astronomy. As an augmentation to his mathematical modelling research, he is currently
reviewing the epistemological implications of precursors of the (positivist) Wiener Kreis
for biology and the implications of the visualist approach to morphology in paleobiological
studies. Recent publications include: Suggestions for improving the objectivity of
paleodemographic data, exemplified in the analysis of Early Bronze Age cemeteries of the
Lower Traisen Valley (with Teschler-Nicola M) Anthropologie 1992; Schéidelasymmetrien,
Denkasymmetrien und Artefakte: zur Genesis der Imagination und der Nachweis ihrer
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Gottingen University. His doctoral thesis was about functional anatomy of the forelimb of a
mongoose species (1985). In the Department of Embryology at Gottingen University he
worked about dental embyology and enamel microstructure. He then specialized in
Orthodontics at Gottingen University and habilitated (1989) at the Medical Faculty at
Gottingen University. His habilitation thesis was a contribution to the development of human
deciduous tooth primordia. The findings were computer-aided 3-dimensional reconstructions
from serial sections, including the structures surrounding the developing dental primordia.
In 1992 he became Professor and Head of the Department of Oral Structural Biology at the
Medical Faculty at Freie Universitiit Berlin. In addition, he works part-time as an orthodontist
in a private practice in Berlin. In 1995 he was president of the 10th International Symposium
On Dental Morphology in Berlin. Main research interests: presently, he is involved in basic
research dealing with the description of human craniofacial development as revealed by
computed tomography. From these findings a computer-animated film is under production.
Furthermore, computer-aided 3-D-reconstructions from serial sections are in production to
cover the 3-dimensional development of the mandible, the maxilla, the temporomandibular
joint, and adjacent soft tissues. This collection covers the stages from 18 to 280 mm CRL.
Micromorphology of structures of the human stomatognathic system is another field of main
interest. The findings dealing with enamel structure are partly presented in the contribution
of this volume. At present, the structural development of fetal enamel is under closer
investigation. Address: Department of Oral Structural Biology, Medical Faculty at Freie
Universitét Berlin, ABmannshauser Str. 4-6, D-14197 Berlin, Germany.
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teachers: his mother I. Schwidetzky, R. Knussmann and H. Ziegert), he finished his biology
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diploma thesis in 1972 in Mainz, his natural science thesis in 1975 in Hamburg and his
anthropology habilitation thesis in 1987 in Ulm. Since 1994 he is professor of anthropology
at the medical school of Ulm university and responsible for a genetics and forensics
ambulance. His scientific fields are taxonomy of populations in Europe and Africa,
population history of Egypt and Baden-Wiirttemberg, method development and forensic
sciences. Additional teaching fields are human evolution, demography, ethics in science,
general biology (game theory, self-regulation, the evolution of sex) and statistics. He directed
26 MD, DD, PhD and master theses, 16 are in progress at the moment. For several years he
served in university management positions, the most important were member of the
university senate and central university commissioner for continuing education. His present
long-term interest focuses on mediaeval population adaptation and above all forensic
anthropology, including paternity analysis, identification of skeletons and of living persons
and age diagnosis in juvenile offenders. In skeletal identification he is particularly interested
in mass graves, particularly when connected to human rights issues. His bibliography
encompasses some eighty titles, including five monographs. He is one of the managing
editors of the journal Homo and member of the editorial board in some others. Learned
society memberships focus on physical anthropology, forensics and architecture history.
Address: Institute of Anthropology, Human Genetics, and Clinical Genetics, Department of
Human Genetics, Liststr. 3, D-89079 Ulm, Germany.

Jerome C. Rose, born in 1947, received his B.A. in Anthropology from the University of
Colorado, Boulder, in 1969 and his Ph.D. in Anthropology (Biological Anthropology) from
the University of Massachusetts, Amherst, in 1973. He taught Anthropology at the
University of Alabama in Birmingham (1973-1976) before moving to the University of
Arkansas, Fayetteville where he is Professor of Anthropology. Prof. Rose’s research areas
are dental anthropology and bioarcheology. He has published a number of articles and book
chapters on microscopic enamel defects and enamel hypoplasia (e.g., American Journal of
Physical Anthropology, Human Biology, Journal of Human Evolution and the Yearbook of
Physical Anthropology). More recently, he is engaged in Cultural Resource Management
Bioarcheology where he has conducted a number of skeletal analyses, but specializes in
literature syntheses and bioarcheological management overviews for various government
agencies. He has participated in the development of bioarcheology overviews covering
approximately 55% of the continental U.S.A. This research has been funded by 33 grants
and research contracts and has appeared in a number of journal articles, book chapters, and
published contract reports (e.g., International Journal of Osteoarcheology, Journal of
Economic History, and Plains Anthropologist). Prof. Rose has conducted bioarcheological
excavations in Illinois, Arkansas, Texas, Egypt and Jordan. In addition, he has served as a
bioarcheology consultant to the U.S. Government Services Administration and as a forensic
anthropologist for several law enforcement agencies. He has held research assignments at
Harvard University, Cambridge University, Ohio State University and was visiting Professor
of Anthropology at Yarmouk University, Irbid, Jordan. Prof. Rose is a member of the
American Association of Physical Anthropologists, Dental Anthropology Association,
Paleopathology Association, Sigma Xi, American Center of Oriental Research, and
American Research Center in Egypt. Address: Department of Anthropology, Old Main 330,
University of Arkansas, Fayetteville, AR 72701, USA.

Sigmar Schnutenhaus, born 19 May 1965. After school, he was admitted to the military
academy of the German medical corps. He received his dental doctor’s degree (Dr. med.
dent.) from the University of Ulm; the thesis was directed by F. W. Rosing. After some
clinical positions he is now a major of the medical corps and staff officer in the dental corps
of the south-west German military district headquarters. His main clinical field of work is
endodontic therapy and periprothodontics. Dr. Schnutenhaus is member in several scientific
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associations, e.g. Deutsche Gesellschaft fiir Zahn- Mund- und Kieferheilkunde (DGZMK),
Deutsche Gesellschaft fiir Parodontologie (DGP), German Association for Forensic Odonto-
Stomatology and Deutsche Gesellschaft fiir Wehrmedizin und Wehrpharmazie. Address:
Postfach 1135, D-78245 Hilzingen, Germany.

Tyede Helen Schmidt-Schultz, Dr. rer. nat., studied biochemistry, immunology, micro-
biology, organic chemistry and anthropology. Master of Science degree finished at the
beginning of 1989; her Ph. D. thesis, completed April 1992, dealt with regeneration of
myelin-producing oligodendrocytes. She worked more than five years in the Max Planck
Institute for Experimental Medicine, Gottingen. She is currently working on protein
chemistry in the Department of Clinical Biochemistry in the Internal Medicine Center,
University of Gottingen. For ten years she has been involved in several research projects in
paleopathology. She has investigated archeological skeletal remains from several sites in
Eastern Europe, the Near East, North and Middle America. Publications in enzyme
chemistry, neurobiology, cell biology, and paleopathology. Address: Department of Clinical
Biochemistry, Internal Medicine Center, University of Gottingen, Humboldt-Allee 3, D-
37075 Gottingen, Germany.

Michael Schultz, Dr. med., Dr. phil. nat., Dr. med. habil., startet his studies in medicine,
anthropology, microbiology, archeology (prehistory and early history), and ethnology at the
Johann-Wolfgang-Goethe-University in Frankfurt am Main in 1966. After finishing his
diploma thesis in anthropology in 1972 and receiving his Master of Science degree in 1973
he completed state medical examinations in the same year. He was medical assistant at the
University hospitals in Frankfurt, and the local hospitals in Northeim und Fiirstenzell
1973-74.1n 1974 he was approbated as physician. Scientific research and teaching in human
anatomy, primatology, and paleopathology at the Centre of Anatomy of the Georg-August-
University in Gottingen 1974—-1979. Since 1976 he is curator of the Blumenbach Collection.
He finished his doctoral thesis in medicine (Dr.med.) in 1977 and his doctoral thesis in
natural sciences (Dr.phil.nat.) in 1979. Since 1979 he has been lecturing human gross
anatomy, histology, and embryology. Additionally, from 1979-89 he has held a professorship
at the Department of Anthropology and Human Genetics for Biologists at the University of
Frankfurt teaching physical anatomy, anthropology, primatology, and paleopathology. Since
1980 he has been the director of prosectorship. Since 1985 he is directing the paleopatho-
logy research team at the Centre of Anatomy of Gottingen University. Inauguration
(Habilitation) and Dr.med.habil. followed in 1988. Additionally, in 1990, he has held a
professorship for paleopathology and morphology of mummies at the Department of
Egyptology at the University of Heidelberg. Since 1990 he has been director of the School
for Medical Assistants at Gottingen University. He has been professor of anatomy since 1993
and since 1995 Academic Director at the Centre of Anatomy of Gottingen University and
visiting professor of the University of Santa Cruz at Tenerife. In 1996 he was elected
president of the Association of German Anthropologists (Gesellschaft fiir Anthropologie)
for the period 1997-98. In 1997 he was a visiting professor of the University of Mexico at
Mexico City. He has carried out research in the USA, Mexico, Union of Soviet Socialist
Republics, Italy, Spain, Austria, Switzerland, Greece, Turkey, Iran, Syria, Jordan, Egypt,
Tunesia, etc. He has developed special methods and techniques for macroscopic and
microscopic research in paleopathology. He has published work on paleopathology,
especially on the etiology and epidemiology of diseases in prehistoric and early historic
populations in the Old and New Worlds, prehistoric anthropology and paleoanthropology,
comparative morphology and functional anatomy of primates, archeology of the North
American Southwest, and also recent human anatomy and forensic taphonomy. He is the
editor of the book series “Advances in Paleopathology and Osteoarcheology” and member
of the editorial board of several national and international scientific journals. He has
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organized several national and international scientific meetings (e.g., Xth European Meeting
of the Paleopathology Association in 1994). Address: Department of Anatomy, Goettingen
University, Kreuzbergring 36, D-37075 Goettingen, Germany.

Tore Solheim is professor at the Department of Oral Pathology, Odontologic Faculty,
University of Oslo, Norway. After dental education in Oslo in 1966, for two years he worked
in the Public Dental Health service in Norway. In 1969 he finished a one year postgraduate
education in general biology. In 1971 he started training in forensic odontology, and he in
1974 was attached to the department of Oral Pathology as associated professor with special
responsibility for forensic odontology. His main teaching responsibility has been for forensic
odontology and general pathology and in addition oral pathology. When the permanent
Norwegian Identification Commission was created in 1975, he was appointed a member.
Under the Commission he has been responsible for most of the dental identification in single
cases and also in a number of major disasters, including the “Alexander L Kielland” oil rig
disaster in 1980, where 124 persons died, the “Scandinavian Star” ferry disaster in 1990,
where 158 people died, and also the Russian Tupolev disaster at Svalbard 1996, where 141
people died. In 1976 he was acknowledged by the Department of Justice as a forensic
medical expert in odontologic questions. In 1986 he was also recongnized by the Department
of Health as qualified in Oral Pathology. In 1982 he was on study-leave for forensic
odontology in Adelaide, Australia (Dr. Kenneth Brown), in 1983 in Seattle, USA (Dr.
Thomas Morton) and in 1995 in Melbourne, Australia (Dr. John Clement). His main research
interest has been in identification techniques, especially age estimation in adults. In 1993
he was awarded the degree of dr. odont. for his thesis “Dental age-related regressive changes
and a new method for calculating the age of an individual.” The new method was based on
a systematic study of a number of age related changes in the teeth. Current main research
interests are systems of coding dental information and computerization for identification
and epidemiology of dental restorations and their discriminatory potential in identification.
Address: Department of Oral Pathology, Section of Forensic Odontology, Postboks 1052
Blindern, N-0317 Oslo, Norway.

Thomas F. Strohm was studying to be a dentist at the Free University of (West)Berlin,
Germany, and the University of Erlangen-Niirnberg, Germany, where he received his dental
degree (Dr. med. dent.). Later on he was employed at the University of Freiburg (Germany)
with focal point in periodontology, besides he was a student of archaeology at the Albert-
Ludwigs-University of Freiburg, Germany. Now he is established as a dentist. Dr. Strohm
is member of the Gesellschaft fiir Anthropologie, Germany. Address: Urbanstr. 8, D-79104
Freiburg, Germany.

Eugen Strouhal, born 1931, received his MD in 1956, his Dr. degree in archeology and
history in 1959 at Charles University in Prague, his PhD in physical anthropology in 1968
at Comenius University in Bratislava and his habilitation in 1992 in Prague. After long-term
positions at the Czechoslovak Institute of Egyptology and in the Department of Prehistory
and Antiquity of the Néprstek Museum, he became head of the Institute for the History of
Medicine at 1st Medical Faculty, Charles University, Prague in 1990. His research
concentrates on anthropology, paleopathology and history of medicine, with focus on ancient
Egypt and Nubia. Presently, his main interest is in the history and paleopathology of
malignant tumours. During 20 Czechoslovakian, American, French and Austrian research
expeditions he worked in Egypt. His list of scientific publications contains about 220 entries,
including 10 monographs, of which The Life of the Ancient Egyptians achieved 16 editions
in 8 languages and was elected “Book of the Year” by the Oklahoma University Press in
1992. Currently he teaches medical history, paleopathology and anthropology at the faculties
of medicine, sciences and arts of Charles University. He is member of many learned societies
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and particularly active in the European Anthropological Association. Address: Institute for
the History of Medicine. 1st Medical Faculty, Charles Universtiy Prague, Katarinska 32,
12108 Prague 2, Czech Republic.

Wolf-Riidiger Teegen, born 1961, studied European prehistory, history of medicine,
physical anthropology, Near Eastern archaeology, and Italian studies at the Universities of
Gottingen and Rome “La Sapienza”. 1996 Dr. phil. in European prehistory at the University
of Gottingen (Der Pyrmonter Brunnenfund). Co-author of Starigard VI — Die menschlichen
Skeletreste (with Schultz M), Neumiinster, in press. Since 1991 member of the
paleopathology team at the Anatomy Center of the Georg August University of Gottingen.
Address: Department of Anatomy, Gottingen University, Kreuzbergring 36, D-37075
Gottingen, Germany.

Maria Teschler-Nicola (Dr. phil., University of Vienna 1976, habilitation 1993) is
currently head of the Department of Anthropology, Natural History Museum Vienna,
Austria. Her research fields include paleopathology, skeletal biology and demography of
Neolithic and Early Bronze age populations in Austria. She is editor of the volume Mensch
und Umwelt im Neolithikum und der Friihbronzezeit in Mitteleuropa. Ergebnisse
interdisziplindrer Zusammenarbeit zwischen Archiologie, Klimatologie, Biologie und
Medizin. Recent publications include Age- and sex-dependent cancellous bone changes in
a 4000 y BP population (with Kneissel M, Boyde A, Hahn M, Kalchhauser G and Plenk
H), Bone 1994; Suggestions for improving the objectivity of paleodemographic data, as
exemplified in the analysis of Early Bronze age cemeteries of the Lower Traisen Valley (with
Prossinger H), Anthropologie 1992; Stapedial footplate fixation in a 4000-year-old
temporal bone from Franzhausen II, Austria (with Ziemann-Becker B, Pirsig W and
Lenders H) J Osteoarcheol 1994; Priest, hunter, alpine shepherd, or smelter worker? (with
Gossler W, Schlaghaufen C, Irgolie KJ, Wilfing H and Seidler H) In: Der Mann im Eis.
Neue Funde und Ergebnisse. Springer, Wien. She is member of the advisory commitee of
the German Society of Anthropology and member of Paleopathology Association, the
Gesellschaft fiir Anthropologie, the European Anthropological Association and the
American Association of Physical Anthropology. Address: Natural History Museum
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Jens C. Tiirp received his dental degree (Dr. med. dent.) from the Albert Ludwigs University
at Freiburg (Germany) in 1988. He is currently a Visiting Assistant Professor of Dentistry at
the Department of Biologic and Materials Sciences, School of Dentistry, University of
Michigan, Ann Arbor. Dr. Tiirp’s clinical main research is facial pain. Additional research
topics are anatomy and function of the temporomandibular joints, dental pathology, dental
anthropology and dental evolution, and history of dentistry. His publications include
Zahnfegen, Zahnpinsel, Zahnputzhdlzer: Zur Aktualitdt traditioneller Formen der Mund- und
Zahnhygiene, Curare, 1990; Lae kariesvoorkoms in Sub-Sahara-Afrika gesien in die lig van
ontoereikende tandheelkundige dienste (with Carstens IL), Journal of the Dental Association
of South Africa, 1991; Zur histomorphologischen und rontgenologischen Differenzierung von
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Alt KW), Parodontologie, 1992; Curriculum Prothetik, Vol. I-III (co-authored with Strub JR
et al.), Quintessenz, Berlin, 1994; Designating teeth: The advantages of the FDI's two-digit
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height with the help of an Orthopantomogram — a valid method? (with A1t KW et al.), Journal
of Oral Rehabilitation, 1997; Die Evolution der Zihne (co-edited with Alt KW), Quintessenz,
Berlin, 1996; Richard Owen and the Comparative Anatomy of Teeth (with Brace CL, Alt KW),
Bulletin of the History of Dentistry, 1997; Morphology of the temporomandibular joint of
primates — with special consideration of Pongidae and Hominidae (with Alt KW, Picq PG),
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in: The paranasal sinuses of higher primates. Development, function, and evolution, Koppe
T, Nagai H (eds), University Press, Tokyo, 1997. Dr. Tiirp is a member of several professional
organizations, among them the American Association of Physical Anthropologists, the Dental
Anthropology Association, and the International Association of Dental Research. Address:
Department of Biologic and Materials Sciences, School of Dentistry, University of Michigan,
Facial Pain Clinic, Ann Arbor, MI 48109-1078, USA.

Peter S. Ungar, born 1963, received his B.A. in Anthropology from the State University of
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Department of Cell Biology and Anatomy at the Johns Hopkins University School of
Medicine between 1992 and 1993, and was a Research Associate in the Department of
Biological Anthropology and Anatomy at the Duke University Medical Center between 1993
and 1995. He is now an Assistant Professor in the Department of Anthropology at the
University of Arkansas in Fayetteville. Dr. Ungar’s main research interests have focused on
the reconstruction of diet and tooth use in early hominids and other fossil primates through
the comparative study of the relationships between teeth and feeding behavior in living
primates in the wild. He has participated in paleontological field work projects in the United
States, Hungary and Jordan, and primatological field work projects in Venezuela, Costa Rica,
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tooth morphology and microscopic wear, and he has studied tooth shape and wear in
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1 Dental Anthropology — An Introduction

Kurt W. Alt, Friedrich W. Rosing, and Maria Teschler-Nicola

Dental Anthropology provides an excellent view into biological, ecological and
cultural aspects which help to detect and understand individuality, human behavior,
living conditions, and environments. Teeth are used to separate fossil hominids,
demonstrate trends in hominid dentition, reflect individual and group patterns of
demography, biological relationships in the context of affinity and kinship, aspects
of diet and cultural adaptation, and supply information on dental health, art, cult,
and custom in fossil and archeological series. In forensic odontology and
anthropology, they permit the identification of unknown bodies in the context of
mass disasters, and the evaluation of bitemarks in corpse or objects.

Teeth and jawbones are used to address questions in numerous disciplines
including paleoanthropology, paleontology, prehistoric anthropology, archeology,
dentistry, comparative anatomy, genetics, embryology, and forensic medicine.
Which are the main advantages of dental remains to make them an object of study
in so many disciplines? Jaws and teeth are more durable compared to skeletal
remains (less post-mortem decomposition, best represented part of skeleton, record
of fossil species, past and recent population), they possess a high degree of
morphological individuality representing personal, familial, and population
characteristics, and they can be directly observed and evaluated in both living and
past populations. Furthermore, because of their high heritability they are useful in
assessing evolutionary and population origins, developments and dynamics, they
reflect dietary and cultural behavior and environmental effects. And finally, the
non-genetic characteristics of teeth such as wear and disease make them well suited
for research of dietary adaptations, regional variation in disease manifestations,
epidemiological status and others. Dental anthropology makes ample use of this
research potential. This discipline has a unique holistic view of teeth, striving to
place them in every possible context.

One objective of Dental Anthropology is the reconstruction of the phylo-
genetics of humans and primates. Our understanding of primate evolution is
ultimately based on patterns of phyletic relationships and morphological change
in the fossil record. In this field, teeth are a prime source of information (“key
structures”) to reconstruct the form and life history of early hominids, to
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understanding biological adaptation and patterns in human evolutionary ecology.
If, as is frequently the case, only teeth have survived, taxa are defined as dental
species. New analytical developments and conceptual advances — especially in
dental anthropology — have produced an enormous number of new answers to the
main questions of paleoanthropology, i.e. the relationships of the hominoids and
the split of the hominid lineage from those of other primates, the morphological
changes in the hominid phylogeny, the ecological niches of the fossil hominids,
and finally the interrelationships of the various fossil species. In this research
sector, comparative anatomical, macroscopic, microscopic, phylogenetic, bio-
chemical, molecular, and ecological methods and results dominate.

Another objective of Dental Anthropology is the biological reconstruction of
early populations (prehistoric anthropology), using the ontogenetic and populational
variability of teeth. In this field, teeth are decisive for understanding biological
developments and dynamics as well as cultural and economic processes. The teeth
of our ancestors are useful for the reconstruction of life history by demographic
parameters (estimation of age and sex), morphological (anatomical) variants,
individual features, nutritional patterns, origin and population history, identification
of familial relationships (for reconstructing social structures in past populations),
accidental and intentional cultural behaviour (artificial dental modifications), and
dental diseases. Apart from classical methods in this field, many innovative
techniques such as extraction of ancient DNA (aDNA), trace element and stable
isotope analyses are used in this context. Three applications of aDNA analysis are
of interest: access to genetic information at the individual, at the infrapopulation,
and at the interpopulation level. Trace element and stable isotope analysis is helpful
in the detection of subsistence strategies, endogamy versus exogamy, migration,
social differentiation, ontogenetic trends, toxic accumulation of elements such as
Pb or As, and paleopathological features.

Finally there is the forensic objective of Dental Anthropology. In forensic
medicine teeth play an essential role in the personal identification of unknown
bodies, of victims of crimes and natural or civil mass disasters, and in cases of
individuals in mass graves, victims of armed conflict or of political terror. This
objective, however, rather forms a discipline of its own, forensic odontology. Apart
from routine analyses, dental findings are used in investigations concerning
estimation of least number of individuals, population or ancestry of the individuals,
reconstruction of nutritional status and health history, occupational markers or
features caused by habitual activities, trauma, or other lifetime events. In case of
isolated parts of bodies or skeletons, death by fire etc., oral findings are often the
only evidence for the identity of the victim. In addition to the number and
distribution of teeth, restorations, dentures, congenital anomalies and other dental
characteristics may aid the identification. In forensic medicine, teeth, like (DNA)
fingerprints, are individual, but as they resist the ravages of time far better than
other parts of the body, they represent an unsurpassed record of the individual.

This spectrum of research objectives shows on the one hand that dental
anthropology is mainly rooted in the framework of biology, and on the other that
Dental Anthropology forms a strong bridge to paleontology, dentistry, genetics,
ontogenetics, and to the humanities. Generally the results of dental anthropology
may be incorporated into the body of knowledge of more than one science.
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These considerations lead to the concept of this volume, which was initially
formed some years ago. Starting with aspects of Teeth in History, the book
continues with chapters on Dental Morphology, Structure, and Evolution; Dental
Pathology and Epidemiology; on teeth in the context of Nutrition and Human
Behaviour; Age and Sex Estimation by dental parameters; and Geographical and
Familial Tooth Variation. The 33 authors of the 26 contributions are specialists in
many fields: dental anthropology, paleoanthropology, prehistoric anthropology,
molecular anthropology, paleopathology, forensic odontology, forensic anthro-
pology, archeology, anatomy, embryology, history of medicine, dentistry, and
statistics.

Consequently most aspects of the book are new, particularly the syntheses.
This is now a volume which provides an introduction to the field as well as a
reference both for specialists and students in anthropology, paleontology, ecology,
dentistry, and the cultural sciences. The basic literature and experience is of a
broad international origin and not limited to English language sources only.
Moreover, the book can also contribute to further research on selected topics of
the field. Numerous illustrations and tables help to clarify the statements given in
the text.

The production of this book has been generously supported by: Bundes-
zahnirztekammer Koln (Prisident: Dr. F. J. Willmes), Gesellschaft von Freunden
und Forderern der Heinrich-Heine-Universitéit Diisseldorf e.V. (Prisident: R.
Schwarz-Schiitte), Naturhistorisches Museum Wien (Generaldirektor: Prof. Dr. B.
Lotsch), and Universititsgesellschaft Ulm (Vorsitzender: E. Ludwig). The English
language revision was performed by Dr. Valery Lee, Ann Arbor, Michigan, USA
and Heidi Asmus, Ulm, Germany. Finally we thank the Springer-Verlag Wien, New
York, particularly R. Petri-Wieder, for the efficient, flexible, and highly motivated
cooperation.

Kurt W. Alt, Freiburg, Germany March 1998
Friedrich W. Rosing, Ulm, Germany
Maria Teschler-Nicola, Vienna, Austria
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2.1 Johann Wolfgang von Goethe, Weimar,
and Dental Anthropology

Kurt W. Alt

Introduction

The coincidence of several facts gave rise to this short report, which we are placing
at the beginning of this volume. Weimar is the town where the symposium was held
which finally gave rise to this volume. At the same time, Weimar is also the place
where the German poet and naturalist Johann Wolfgang von Goethe (1749—1832), one
of the town’s greatest sons, lived and worked for most of his life (Fig. 1). His studies
in the field of skeletal morphology touch on the main theme of our 1993 symposium:
Dental Anthropology.

Fig. 1. Johann Wolfgang v. Goethe; copperplate by Heinrich Lips. Goethe-Nationalmuseum.
Stiftung Weimarer Klassik. Photo: S. Geske.
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Goethe won fame not only by his literary accomplishments, but also by his
studies in the natural sciences, where he made important discoveries. In biology
and dentistry his name is mentioned primarily in two contexts (see Worm 1922).
In 1784 Goethe detected and described the premaxillary bone in man (Goethe
1820), and he was the first to report a case of ectopic eruption of a tooth into the
nasal cavity in 1797 (Goethe 1978).

Autobiographical aspects relating to the discovery of the intermaxillary bone
are encoded in Goethes dramatic poem “Faust”, in which Dr. Faust is confronted
with the figure of Mephistopheles. According to Hellmich and Hellmich, there are
certain indications “that the person of J. H. Merck can be recognized in this figure,
and that Goethe’s discovery of the human intermaxillary bone had its part in
creating the figure of Mephistopheles as we know it today” (1982, 553).

In Goethe’s life and works, health, treatment, and healing are ever-recurring
themes (Nager 1992; Nechwatal 1992). Especially the dental problems he was
frequently afflicted with are often mentioned in his correspondence (Goethe
1786). Yet to begin with, we will take a closer look at some of his scientific
accomplishments.

Premaxilla (os intermacxillare, os incisivum)

Even though the human os intermaxillare, resp. a suture between the os inter-
maxillare and the os maxillare had already been described in Antiquity (Galen
129-199), the existence of such a bone was denied by leading anatomists of the
16th to 18th centuries like Andreas Vesalius (1514-1564), Pieter Camper
(1722-1789) and Samuel Thomas Sommering (1755-1830) as well as by the
“father of anthropology”, Johann Friedrich Blumenbach (1752-1840). The
intermaxillary bone was therefore believed to represent a distinguishing feature
between humans and apes until the end of the 18th century (Camper 1778; see
also Trefz 1989).

The human maxilla is a bone separated from its mate by the intermaxillary
suture and is derived from at least two components, the maxilla proper, forming in
the region of the canine to the molar teeth, and the premaxilla (an autonomous
bone), arising in the incisal region. In man, both premaxilla and os maxillare resp.
the sutures between the os intermaxillare and the surrounding bones merge at an
early ontogenetic stage whereas they partially persist in primates (Vogel 1965), “so
that, in the adult, the facial aspect at least appears both macroscopically and
microscopically as a continuous bony mass. An occasional adult skull and all skulls
at birth show an incisive suture between the premaxilla and maxillary components,
particularly in the palatine process” (Chase 1942, 1991).

In most animals other than man, these two bones remain more or less distinctly
separated by sutures throughout life. It bears the incisors in most vertebrates, and
is also present in animals lacking the incisory teeth (cervides). The reduction in the
incisory region is often accompanied by a reduction of the os intermaxillare (e.g.
in microchiroptera, xenarthra). Yet this process is not inevitable as the presence of
the os intermaxillare in the tubulidentata and artiodactyla demonstrates, which also
lack incisors (Starck 1979).
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Goethe had been conducting studies on the collection of the anatomist Loder
in Jena from 1781 till 1782. In the course of these anatomical studies, which
aroused his interest in osteology and comparative investigations of animals and
humans, he discovered the disputed intermaxillary bone in 1784 (Fig. 2). Goethe
was highly pleased with his discovery as he was attempting to demonstrate the
presence of all mammalian bones in man. In a letter dated March 27th of the same
year he wrote to J. G. Herder:

“I have found — neither gold nor silver but still something which gives me
unspeakable joy — the human os intermaxillare! I compared human and
animal skulls with Loder, caught the scent, and look, there it is. [...] because
it is like the keystone of man, it is not missing, it is actually there.” (Jena
1784)

Goethe’s report on the os intermaxillare dating to the year of the discovery bears
the title:

“Both man and animals are to be ascribed an intermediate bone of the upper
jaw.” (Jena 1786)

It was initially available to a limited number of people as a manuscript until it was
published (although without illustrations) in his second booklet on the natural
sciences, “Zur Morphologie”, in 1820.

When Goethe discovered the os intermaxillare he was not aware of the fact
that the French anatomist Vicq d’Azyr had already reported on it in the year 1780
(Ashley-Montagu 1935). Goethe’s merit in the debate on the intermaxillary bone
lies in the application of methodical criteria and their application in comparative

Fig. 2. Human os intermaxillare, palatal view; ink drawing by J. C. W. Waitz 1784. GSA
Stiftung Weimarer Klassik, Weimar. Photo: S. Geske.
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biological studies (Franz 1933; Vogel 1965). In this context he wrote about the
incomprehensible rejection of the finding by contemporary anatomists:

“Here now we had the strange case, that one meant to attribute the difference
between apes and man to the fact that the first were ascripted an intermaxillary
bone, whereas the second were not; however, as the aforementioned bone is
most noteworthy because it provides the setting for the upper incisor teeth, it
was all the more incomprehensible that humans should have incisors but lack
the bone wherein they are set.” (Jena 1819)

In allusion to Camper the lack of recognition of his findings by the emminent
authorities in the field again prompted him to the following lines in 1819:

“It certainly shows a particular lack of worldly wisdom, a kind of youthful self-
confidence, when a mere amateur apprentice dares to contradict the masters of
the guild, and, even more foolishly, tries to convince them of this argument.”
(Jena 1819)

Goethe’s statements concerning the os intermaxillare touch on central, recurring
questions in morphology studies: first, research in homologies is nearly exclusively
constituted by comparative anatomy, second, form is determined by function (cf.
Vogel 1965). His inferences are based on well-defined methodical concepts,
especially on evaluation criteria called for in anatomical studies. That was his
actual credit in the discovery of the os intermaxillare.

Nasal Tooth

Mesiodentes are the most common supernumerary teeth. They usually develop
outside the alveolar region of the upper front teeth in a variety of locations and may
be multiple, erupted, impacted, or inverted. In case of an inversion of their direction
of growth they can erupt into the nasal cavity and are then called nasal teeth (Smith
et al. 1979; Spencer and Couldery 1985).

In 1797, en route to his Swiss journey Goethe stopped off in Stuttgart and there
discovered, on the 6th of September with Rapp, the “strange osteological
specimen” of which he gives a detailed description in his diary:

“[...] On examining the nasal cavities on the skull, one discovers an
extraordinary phenomenon: there is a tooth just under the rim of the eye, with
its root attached to a small, round, wrinkly mass of bone. It stretches slantingly
backwards, and it is as if it pierced the palate immediately behind the incisive
foramen. [...]; its root is simple and long and its crown not quite developed in
width. In regarding all this it appears to be a healthy, readily growing tooth,
which, on finding its path barred by the irregular and faster growth of the
neighbouring teeth, developed in a backwards direction, thereby causing the
misfortune.” (Stuttgart 1797)

Goethe’s description is so precise that there can be no doubt that the specimen is
a mesiodens, more precisely a nasal tooth. He himself believed that it was “the
missing molar” which had become retained (Goethe 1797, 144). The honour of



2.1 Johann Wolfgang von Goethe, Weimar, and Dental Anthropology 11

the first description of the finding thus befits Goethe in spite of its misinter-
pretation.

The incidence of nasal teeth is very small (0.01%; see Wood and Mackenzie
1987), yet there are some observations in prehistoric populations (Alt 1990) and
in anthropoid primates (Schwartz 1984). The etiology of mesiodentes is unclear.
Whereas in former times phylogenetic theories were discussed concerning the
pathogenesis, it is today believed that they are caused by remnants of the dental
laminae or accessory laminae. Complication such as obstruction, headache,
nasal discomfort, epistaxis, purulent rhinorrhea, and rhinitis caseosa are
prevented by the surgical removal of intranasal teeth (Wood and Mackenzie
1987).

Johann Wolfgang von Goethe: Homo patiens

Like other mortals, Goethe was not spared from disease (Nager 1992) and, as we
know from many letters to his contemporaries, for all his life his dental problems
were especially troublesome to him (Nechwatal 1992). In these correspondences
he often complains about “swollen cheek”, “toothache” and “gumboils” which
often confined him to bed (Dietz 1931). On the 7th of April 1786 he writes to Duke
Carl August from Weimar:

“I am most unhappy that [ am unable to take up your invitation, but must remain
at home instead. A small swelling of the tooth which caused me so much
trouble last year in Neustadt, and which I have been trying for a week to
suppress, has developed now in to a gumboil, feels so tight and throbs so much
that I feel I may be overcome at any minute.” (Weimar 1786)

And on the following day:

“I am most sorry to spoil your outing and impede your plans. I fear that my
trouble has developed as I predicted. My cheek is swollen and I am forced to
pack my face about with herbal pouches.” (Weimar 1786)

Goethe’s case history presents a succession of dental problems, which in retrospect
comprised purulent, febrile dental infections, gingivitis, dentitio difficilis and
abscesses (Nechwatal 1992). Other than the “opening of gumboils”, treatment in
Goethe’s time consisted of oral rinses, herbal packs and in the end the inevitable
extraction of affected teeth.

Yet all of Goethe’s health problems did not prevent him to gain immortality in
the literary world. Neither were they a hindrance in Goethe’s pursuit of the natural
sciences as various theoretical and comparative studies impressively demonstrate
(Brauning-Octavio 1982; Kritz 1995).
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2.2 The History of Dental Anthropology

Kurt W. Alt, C. Loring Brace, and Jens C. Tiirp

A tooth! A tooth!
My kingdom for a tooth!

Thomas Huxley (1858)

Introduction

Among the diverse tasks of the human dentition, the uptake and crushing of food
is doubtlessly the most characteristic. The English Victorian naturalist Richard
Owen (1804-1892) underscored the importance of this function in the introduction
to his classic treatise Odontography (1840—-1845): “Teeth are firm substances
attached to the parities of the beginning of the alimentary canal, adapted for seizing,
lacerating, dividing and triturating the food, and are the chief agents in the
mechanical part of digestive function”. This function, however, did not emerge until
a late phase of evolution. Before that time, primitive, tooth-like structures or
elements such as gill traps had facilitated food uptake (Gutmann 1997). Other
utilizations of the teeth are secondary, for instance the use of teeth as weapon or
tool, as a structure for the characterization of age and sex, or as ornamental objects
(Kanner and Remy 1924; Alt et al. 1990; Kelley and Larsen 1991; Alt and Pichler,
this volume). Additionally, among humans teeth have great significance for vocal
articulation (Schumacher et al. 1990) and for the esthetics of the appearance (Alt
1994b).

Teeth and jaws usually abound among paleontological and archeological finds
because of their resistance to postmortal influences. As a consequence, many
phylogenetic concepts are based solely on the interpretation of tooth forms (Maier
1978). Since after completion of amelogenesis tooth crowns do not undergo further
changes (except pathological [e.g., caries], and age-dependent processes [e.g.,
attrition]), teeth play an important role for comparative anatomical investigations
and for the reconstruction of phylogenetic mechanisms in the evolution of
mammals: “Tooth form varies with taxonomy and phylogeny and so can be used
to reconstruct evolutionary patterns” (Foley and Cruwys 1986, 1). Teeth have
therefore become “index fossils” in paleontology, paleozoology, and paleo-
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Fig. 1. Spectrum of scientific disciplines related to Dental Anthropology.

anthropology (Hillson 1986; Thenius 1989; Henke and Rothe 1994; Alt and Tiirp
1997a). In addition, teeth provide valuable information about environmental
parameters and diet as well as answers to biostratigraphic questions (Kay 1978;
Maier 1984).

Teeth and dentition are today the focus of specific investigations in anthropology,
archeology, zoology, and other fields of the natural sciences and medicine (Fig. 1).
In recent decades, dental anthropology has had a great impact on phylogenetic
research in paleoanthropology and has contributed to advances in related disciplines
such as primatology, osteology, and population biology. Yet dental anthropology is
not only useful for the exploration of the past, but it also influences clinical basic
research. For example, the recognition of evolutionary trends, such as the size
reduction of teeth and jaws, has important implications for clinical dentistry.

Odontology, the precursor of dental anthropology, was the classical scientific
discipline dealing with fundamental questions about the development and structure
of teeth (Peyer 1968; Wiirtz 1985; Alt and Tiirp 1997a). During the 20th century,
the interdisciplinary significance of odontology increased as innovative methods
were introduced. This process was closely linked to concepts and developments in
other scientific disciplines, such as comparative anatomy, zoology, paleontology,
embryology, and physiology, and it was influenced by rapid advances in general
and population genetics (cf. Vogel and Motulsky 1996). At the same time, methods
derived from biomechanics, biochemistry, and statistics, as well as technical
procedures, such as the identification of microscopical structures, provided
valuable impulses for basic research in odontology.

In the 1960s, odontology became incorporated in the rapidly developing
discipline of dental anthropology. With few exceptions (e.g., in “forensic
odontology”), the term “odontology” has been completely replaced by “dental
anthropology” (Brothwell 1963; Scott and Turner 1988). Today, dental anthropology
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is an important subdiscipline of physical anthropology. It interdisciplinarily
combines all those fields outside clinical dentistry which are concerned with
odontological questions. The historical development of dental anthropology,
however, has only recently become a subject of interest (Foley and Cruwys 1986;
Scott and Turner 1988; Dahlberg 1991; Alt 1997 b, ¢).

Origin and Development of Basic Research in Odontology

Researchers have been engaged in the study of dentitions since antiquity. The
Corpus of Hippocrates (460-375 B. C.) is among the oldest written records on
teeth. Medically related observations prevail in antique literature. Statements about
the anatomy of teeth and jaws, however, are also present, and are in part based on
comparative investigations. One of the oldest sources to include comparative
anatomical reflections about teeth is De generatione animalium by Aristotle
(384-322 B. C.). Considered the founder of the biological sciences, Aristotle
compiled the knowledge of his time, relying on anatomical knowledge derived
from animal dissections as well as on his own observations. The encyclopedic work
Natura historia by Plinius (23-79 A. D.) also includes anatomical comments about
teeth. The most important description of antique anatomy and medicine, however,
is considered to be Galen’s (129-189 A. D.) De anatomicis administrationibus, as
he was frequently cited as a major source of anatomical knowledge during the
following centuries.

The scientific and medical knowledge of classical antiquity was later also
compiled by Islamic authors, such as Rhazes (865-923) and Avicenna (980-1037).
As a result of these compilations, classical ideas were kept alive until the end of
the Middle Ages, and so fundamentally shaped the development of science and
medicine in Europe (Hoffmann-Axthelm 1985).

After the era of natural philosophy, an orientation toward scientific ideas was
observable in the 18th and early 19th centuries which also favored purposeful
research on the origin, development, morphology, and structure of teeth. However,
for the time being research was limited to basic medical disciplines, such as
anatomy. The establishment of independent disciplines, such as dentistry, zoology,
comparative anatomy, embryology, and paleontology, and the recognition of the
scientific importance of teeth formed the basis for comparative anatomical
investigations on odontologic and phylogenetic questions, which were carried
through on a broad basis during this period (Cole 1949).

During the 19th century, important contributions were made to basic dental
science by anatomists, histologists, and dentists, such as C. H. T. Schreger
(1768-1833), A. A. Retzius (1796-1860), R. Owen (1804-1892), J. Tomes
(1815-1895), and O. Hertwig (1849-1922). Research was focused mainly on the
histology of structural elements of teeth (e.g., Hunter Schreger striae of enamel
prisms, Retzius lines, Tomes fibers; Schreger 1800; Retzius 1837; Schwann 1839;
Tomes 1859; Kolliker 1863; Waldeyer 1864; Hertwig 1874). These studies also
initiated investigations in comparative anatomy and zoology.

Systematic investigations on dental morphology began in the first half of the
19th century. Under the supervision of J. E. Purkinje, Raschkow (1835) and Frinkel
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(1835) presented theses about the development and structure of mammalian teeth
in which they revised traditional concepts on amelogenesis and contributed much
to the theory of the development and structure of dental enamel (Wiirtz 1985). A
few years later, Owen published the first comprehensive monograph on the
comparative dental anatomy of living and fossil animals (Fig. 2). His Odontography
(1840-45) remained the basis for all comparative investigations for a long time and
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stimulated various investigations in the areas of odontogeny and dental histology
(Tiirp et al. 1997).

The reciprocal stimulation of the different disciplines had a positive effect
on early research on the phylogeny of teeth. In France, odontology remained
under the influence of G. Cuvier (1769-1832), the founder of paleontology.
French odontology was therefore predominantely oriented towards comparative
anatomy and systematics (Cuvier 1835-1846). A similar situation existed in
North America, where comparative anatomical studies were primarily limited
to fossils (cf. Wortman 1886; for comprehensive descriptions see Zittel 1899
and Schindewolf 1948). Yet as a result of these developments, odontology had
gained a certain independence from clinical dentistry by the end of the 19th
century.

Theories and Concepts on the Phylogeny of Teeth

In the 19th century it was realized that teeth can serve as a source of information
for a multitude of ontogenetic and phylogenetic questions. This marked the
beginning of investigations on the phylogenetic development of mammalian teeth.
Studies pertaining to this subject were carried out in different scientific disciplines
and were based both on fossil material and on embryologic findings. The first
theories on the phylogenetic development of teeth and the morphogenesis of tooth
forms were developed in paleontology around the turn of the century. Important
pioneers were, among others, E. D. Cope (1840-1897), H. F. Osborn (1857-1935),
and W. K. Gregory (1876-1970). Odontology, the science of the comparative
morphology of teeth, is rooted in the observation made by Cope (1874, 1883) that
the tritubercular type was ancestral to many if not all of the higher types of molar
teeth. Cope’s hypothesis was further advanced by Osborn (1888, 1907) and
Gregory (1916, 1922), and it was considered “one of the most important
generalizations ever made in mammalian comparative anatomy” (Osborn 1907, 3).
Under the terms “differentiation theory” or “tritubercular theory” it was the basis
of all theories to follow.

Extensive, well-stratified fossil finds form the material basis of the
differentiation theory, which claims a uniform origin for all mammalian teeth. Due
to their functionally and morphologically differentiated forms, and very different
evolutionary tendencies concerning their shape, size, and structure, the various
types of molars became the taxonomically most important dental category (Thenius
1989). The haplodont reptile tooth with its sharp, cone-shaped tip and its single
root is considered the basic tooth form from which molars evolved. According to
this theory, differentiation and further accentuation of two marginal projections are
the basis for the development of a triconodont tooth with separated roots among
early mammals (Triconodonta) in the Upper Triassic. Through changes in the
position of the cusps, the triconodont tooth is believed to have evolved to a
tritubercular tooth whose cusps form a triangle (see Simpson 1936; Starck 1982;
Thenius 1989). From today’s point of view, the tribosphenic (trituberculo-
sectorical) tooth, which is perfectly suited for the crushing of food by pressure and
friction of antagonist teeth, is the tooth type which all specialized molar forms can
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Fig. 3. Relations between maxillary (black) and mandibular (white) molars in the course of
mammalian phylogenetic development; 1: haplodont reptiles — staggered positioning of
teeth; 2: triconodont tooth-form — newly occuring cusps (small dots) improve shearing
effects; 3: tritubercular molars — development of occlusal surfaces, efficiency low because
of staggered positioning; 4 & 5: development of talonid (loop) and talonid cusps (dots inside
loop) make possible efficient chewing; 6: later hypocone develops on maxillary molars
(from Schulze 1987).

be derived from (Starck 1982). From the tribosphenic tooth evolved the most
important basic patterns of tooth crowns as well as their combinations.

Osborn (1892) employed the original cusp terminology derived from the
tritubercular tooth as a basis for a nomenclature of maxillary and mandibular molar
cusps which is still used today (Fig. 3). As a denotation for the triconodont tooth
form, Osborn (1895) chose terms that had been used for the description of cusp
tips of the protodont tooth type: protoconus (maxilla) and protoconid (mandible)
for the main cusps, and paraconus and metaconus (maxilla) as well as paraconid
and metaconid (mandible) for the two marginal projections. Among other
morphologically important structures, the fissure pattern of the mandibular molars
known as the Dryopithecus pattern (Gregory 1916) has attained considerable
significance in dental anthropology. On lower molars, the Y-like fissure pattern
characteristically divides three outer cusps from two inner cusps. According to
Remane (1960), the Dryopithecus pattern is an important distinguishing feature
between Pongidae and Cercopithecidae. It is considered to be the original crown
pattern from which hominid molars can be derived (Butler 1978; Sakai 1982).

Objections against Cope’s and Osborn’s differentiation theory came above all
from embryologists. Advocates of the concrescence theory, such as W. Kiikenthal
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(1861-1922) and C. Rose (1864-1947), believed that today’s molars and premolars
evolved by fusion of several simple conoform teeth. Embryological studies had
indicated that tooth anlagen of the same dentition in tandem arrangement as well
as anlagen of different dentitions lying side by side are able to fuse. According to
this theory, due to lateral fusion of the originally multiple tooth rows of lower
vertebrates, only two dentitions are left among mammals (Kiikenthal 1892; Rése
1892; Schwalbe 1894). The odontogenetically founded dimer (two element) theory
of anatomist L. Bolk (1866-1930) represents a combination of the differentiation
concrescence theories (Bolk 1913, 1914). In Bolk’s view, two protodont tooth
germs fuse to form a tooth with three cuspids. Two three-cuspid teeth fuse forming
a tooth with six cusps. Bolk (1914) called the phylogenetically older part of the
dimer tooth protomer (buccal), and the younger part deuteromer (lingual).

Resistance against the differentiation theory grew, now from paleontologists,
giving rise to the premolar analogy theories of Wortman (1902) and Gidley (1906).
These postulate that premolars are simple, underdeveloped molars (Maier 1978).
The premolar analogy theory attributes the leading role in genesis to the simple
incisor, degrading the protoconus from the first main cusp to a secondary
development (Remane 1960). Though there was a high degree of consensus that
with the advancing development of the numerous and originally homogeneous
teeth their number was reduced, no agreement about the kind of adaptation patterns
regarding tooth morphology could be reached. Researchers such as Adloff (1916)
believed that tooth forms evolved in consequence of function. In contrast,
champions of the descendence theory (Aichel 1917) denied any influence of
function, but assumed selection to be the determining factor. Aichel was convinced
that teeth influenced the selection of food, and not vice versa.

After the emergence of the classic theories on odontogenesis, investigations
on diverse topics of dental anatomy and phylogeny continued, and knowledge and
understanding of phylogeny, classification, and systematics improved (Simpson
1936; Bourdelle et al. 1937; Weidenreich 1937; Butler 1941; Remane 1960). Yet
the descriptive and casuistic approach to the study of fossils laid down at the outset
was critisized already in 1923 by Eidmann. He pointed out gaps that remained in
the understanding of developmental processes in animal as well as human
dentitions. Eidmann’s objection that, because of these shortcomings, phylogenetic
theories were based on unfirm grounds, has not lost its validity, as illustrated by
current discussions about the Ardipithecus ramidus finds from Aramis, Ethiopia
(White et al. 1994, 1995).

Research in Dentistry and Its Influence on Dental Anthropology

The establishment of dentistry as a scientific discipline originated in the 18th
century mainly under the influence of scientists from England, Germany and
France (Hoffmann-Axthelm 1985). In the beginning, major contributions were
made by researchers from medical disciplines such as anatomy and histology.
A major role in the emergence of scientific dentistry is adjudged to J. Hunter
(1728-1793), whose internationally reknowned Natural History of the Human
Teeth (1771) is considered to be the most important contemporary publication
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Fig. 4a, b. Historic specimens with (a) Hunter-Schreger-bands and (b) Retzius-lines (after
Hoffmann-Axthelm 1985).

on this subject (King 1994). New insights into the development and structure
of teeth (cf. Retzius 1837; Hertwig 1874) as well as studies in embryology
(Baume 1882) and dental anatomy (Miihlreiter 1870) represent important
advances in the field of dentistry and iniated more detailled studies in dental
anthropology (Fig. 4 a, b).

Around the turn of the century one can observe a cumulation of publications
on the development of mammalian dentitions on the part of dentistry, as well as on
other selected topics, such as micro- and macromorphology of tooth structures and
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odontogenesis (v. Ebner 1890/91; Schlosser 1890/91; Walkhoff 1894; Leche 1895,
1902; Dependorf 1898; Adloff 1908, 1916; Ahrens 1913; De Jonge 1917, 1926;
Eidmann 1923). All of these works gave impetus to the dental sciences and
considerably affected the orientation of future research. The construction of the
scanning electron microscope by Ruska in 1927 made possible new investigations
on dental ultrastructure (Shobusawa 1952; Helmcke 1953; Boyde 1964; Miles
1967). These studies laid the foundations for the current success of that field of
research (Rensberger 1978; Boyde and Martin 1984; v. Koenigswald et al. 1993;
Pfretzschner 1993).

After the fundamentals of population genetics had been developed in the
1930’s, genetic problems (e.g. family and twin studies) were also gaining
importance in dentistry (Korkhaus 1930; Keeler 1935; Ritter 1937). This trend is
undiminished through the present (Steward and Prescott 1976; Schulze 1987;
Townsend et al. 1986, 1990, 1994; Richards et al. 1990). The strict heredity of many
dental traits is the main reason for their importance in population studies. The
variation in the phenotype is reflected by a multitude of individual and population
characteristics which are successfully used for infra- and interpopulation studies
(Turner 1986; Scott 1991; Alt 1997 a, b).

The bulk of publications in dentistry concerns dental anatomy (cf. Tiirp and
Alt, this volume). Comprehensive studies on dental anomalies began with the
investigations of Colyer and Sprawson (1938) and Euler (1939), whose works
initiated further research (Brabant et al. 1958; Brabant 1967; Pindborg 1970).
These investigations improved knowledge on odontogenesis as well as on
ontogenetic development by elucidating etiologic and pathogenetic questions.
Contemporary studies on dental anomalies have lately been published by
Schulze (1987), and Schroeder (1991). In contrast, until recently little interest
has been devoted to anatomical studies of the tooth roots (Visser 1948; Kovacs
1964). Additional fields of interest in dentistry that influence dental
anthropology are related to research on growth and development (Kraus and
Jordan 1965; Dahlberg and Graber 1977; Osborn and Ten Cate 1983; Radlanski
1993; Osborn 1995), craniofacial development (Brown and Molnar 1992), and
on macroscopic and microscopic anatomy (Boyde 1964; Miles 1967; Taylor
1978, Carlsen 1987).

“The overlap between dentistry and anthropology in relation to dental research
has long been recognized”. This observation made by Cruwys and Foley (1986) in
the foreword to their monograph Teeth and Anthropology underscores the close and
long-lasting scientific connections between clinical research and dental
anthropology. As an example, Cruwys and Foley (1986, foreword), mention
population-specific investigations on the variability of dental traits suitable for
“defining treatments or understanding the aetiology of dental disease or
abnormalities”. The common interests of both fields are related to specific
questions concerning structural and functional characteristics of teeth, e.g., the
biomechanics of tooth wear (Teaford and Walker 1984; Teaford and Runestad
1992), as well as pathological and epidemiological studies (on temporomandibular
joints, parodontopathies, caries, dental genetics etc.). Both disciplines cooperate
to validate findings on a broad basis, and to promote the transfer of knowledge
through scientific exchange.
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Scope of Dental Anthropology

Dental anthropology has evolved as a subdiscipline of physical anthropology.
Today, it embraces all disciplines engaged in the study of teeth outside clinical
dentistry (cf. Alt 1997¢). According to Scott and Turner (1988), the term “Dental
Anthropology” was first used around the turn of the century. The beginnings of the
independent development of dental anthropology are marked by papers which
introduced the idea of the “population” as the standard reference in morphological
and pathological studies (Campbell 1925; Krogman 1927; Hellman 1928).

A. Hrdlicka (1869—1943) was doubtlessly one of the most influential promotors
of dental anthropology in the first half of the century (Hrdlicka 1911, 1920, 1921).
Much earlier, numerous publications on dentition and teeth appeared mainly in the
French speaking countries of Europe from the 1870’s onward (e.g. Lambert 1877;
Broca 1879; Topinard 1892; Regnault 1894). These papers on racial and ethnic
differences may have paved the way for the growing interest in population biology
observable in Europe, North America, Japan, and other regions in the 20th century.
Medical historians and ethnographers also began to work on the masticatory
apparatus before the era of dental anthropology. The links thus established between
anthropology and both the cultural sciences and medicine continued into the 20th
century (Thompson 1903; Schréder 1906; Guerini 1909; Kanner 1928).

Fig. 5. Albert A. Dahlberg, the “nestor” of Dental Anthropology (from Hylander and
Mayhall 1996).



2.2 The History of Dental Anthropology 25

In Europe, physical anthropology was an established discipline by the turn of
the century. By translating systematized results into theories, odontology
contributed considerably to the rapid development of certain branches of
anthropology (e.g. paleoanthropology). After the importance of morphology for
understanding biological processes in populations had been recognised and their
genetic basis established, there was a rapid increase of investigations on dental
morphology on the population level from the 1950s onward. The works of A. A.
Dahlberg (1908-1993; Fig. 5), who is often referred to as the “nestor” of dental
anthopology (Alexandersen 1994), reflect the beginning of this era of
anthropological research (Dahlberg 1945, 1951).

The rapid advance of modern dental anthropology, the aims and methods of
which were described for the first time by Klatsky and Fisher (1953), was initiated
by researchers from dentistry more than by anthropologists (Pedersen 1949; Lasker
1950; Riethe 1955; Moorrees 1957; Brabant and Twiesselmann 1964; Brabant
1965, 1967). Distinct changes occured when the introduction of palacodemography
led to a fundamental re-orientation of approaches in anthropology. The “biologic
reconstruction” of populations now becomes “a major task” in prehistoric anthro-
pology, and morphology serves to “infer biological processes on a population
level” (Acsadi and Nemeskéri 1957; Schwidetzky 1988).

International symposia on dental anthropology have been held since the
1960s, which, because of their interdisciplinary character, had a great impact both
within and beyond the discipline. The starting point was the London symposium
on The Scope of Physical Anthropology and Human Population Biology and Their
Place in Academic Studies organized by the Ciba Foundation. Contributions
concerning dental anthropology were published in a volume titled Dental
Anthropology (Brothwell 1963), which is today considered “the” classic in dental
anthropological literature. Already in 1958, the Society for the Study of Human
Biology had been founded in the British Museum, in which dental anthopology

Fig. 6. Participants of the First International Symposium on Tooth Morphology at
Fredensborg, Denmark, September 27-30, 1965. At the discussant’s table are F. R. Parrington,
United Kingdom; G. H. R. von Koenigswald, Netherlands; A. A. Dahlberg, United States,
and P. O. Pedersen, Denmark (photo from Journal of Dental Research 46: 775 in 1967).
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was also appropriately represented. The international establishment of dental
anthropology in the scientific world was achieved at the latest in 1965. In that
year, the first international symposium on Dental Morphology initiated by A. A.
Dahlberg, P. O. Pedersen, V. Alexandersen, and P. M. Butler took place in
Fredensborg, Denmark (Dahlberg 1967; Alexandersen 1994; Fig. 6).

Although initially dental anthropology was more or less limited to hominid
questions, it rapidly incorporated all scientific fields interested in dental research.
Considering the growing trend towards specialization and fission within scientific
disciplines, the integrating feature of dental anthropology becomes the more
noteworthy. It may be due to the fact that up to that point there had been no scientific
platform for groups doing research in odontology. Against this background, the
success of the first symposium on Dental Morphology (Dahlberg 1967), a new
subject of central importance in dental anthropology up to the present, becomes all
the more understandable.

This symposium provided the impetus for establishing the growth of several
directions of dental research within the field of anthropology as a whole. Among
these were studies dealing with the evolution of the basic dimensions of tooth
crown size in prehistoric and recent human representatives, and a consideration of
dental metrics in living human populations (Brace 1979, 1995; Brace et al. 1987,
1991). In parallel fashion, systematic assessments of dental morphology (Turner
1990, 1992; Turner et al. 1991) and patterns of human tooth wear (Molnar 1972;
Smith 1984) were extended as a consequence of that stimulus. Even further, the
human pattern of tooth crown and root formation and dental eruption has been
investigated from the perspective of mammalian development in general and
comparative primate development in particular (Smith 1989, 1991 a, b, 1994 a, b;
Smith et al. 1994).

Within dental anthropology, classic odontology has found its scientific forum
in the international congresses which take place periodically. So far, nine sub-
sequent symposia on dental morphology — London 1968 (Dahlberg 1971),
Brussels 1971, Cambridge 1974 (Butler and Joysey 1978), Turku 1979 (Kurtén
1982), Reykjavik 1983, Paris 1986 (Russel et al. 1988), Jerusalem 1989 (Smith
and Tchernov 1992), Florence 1992 (Moggi-Cecchi 1995), and Berlin 1995
(Radlanski and Renz 1995) — have attracted growing numbers of scientists. Main
topics at these meetings were ontogenetic and phylogenetic questions on
morphology, embryology, and genetics. By its broad, multidisciplinary
incorporation of different disciplines, dental anthropology has been receiving an
ever increasing attention.

A further constitutional step was the foundation of the Dental Anthropological
Association (DAA) in Albuquerque, New Mexico, with the aim to create a general
forum for co-operation and communication of all scientists working in the field
(Iscan 1989). On the foundation of the DAA in 1986, three major goals were set
down in the association’s by-laws: 1) promoting the exchange of educational,
scientific, and scholarly knowledge in the field of dental anthropology, 2)
stimulating interest in dental anthropology, and 3) publishing in the Dental
Anthropology Newsletter (now: Dental Anthropology). Now, after ten years have
elapsed, Philip L. Walker, current president of the DAA, reflected that these goals
have been achieved fully (Walker 1996). Today, Dental Anthropology still remains
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the only periodical which focusses purely on dental anthropolgy, and it has evolved
into a valuable source of information and communication (Fig. 7). In 1996, the
DAA, a subsidiary of the American Association of Physical Anthropologists
(AAPA), had 324 members, two thirds of them from the United States (Bailey
1996).

Current Situation and Perspectives

The many facets and multidisciplinary relevance of dental anthroplogy are
reflected by a diverse body of literature, which has steadily grown during the
past thirty years. Research activities in the field of dental anthropology continue
to be of great importance, as teeth “represent a permanent record of ontogeny
and evolution [...]. They offer information about phyletic relationships,
evolutionary history, and adaption” (Larsen and Kelley 1991, 1). Nevertheless,
the objectives of dental anthropology are subject to constant change due to new
tasks and research trends. The developments in paleontology, zoology, and
paleoanthropology are representative of such changes. In the 1970s, the focus of
research in this discipline shifted to concepts and hypotheses on evolutionary
morphology with regard to dynamic components (temporomandibular joints,
chewing mechanisms, diet). This re-orientation came about as researchers
realized that for decades morphological studies had been mostly typological and
had disregarded the complex relations of dental form and function. This had
resulted in many inconsistent findings and concepts, and was increasingly
criticised. Today’s concepts are mainly based on the theory of the tribosphenic
tooth (Simpson 1936), and are entirely embedded in constructional and functional
morphological considerations (Crompton and Hiiemae 1970; Kay 1973;
Rensberger 1973; Gantt 1977; Janis 1979; Maier 1980; Daegling et al. 1992;
Spencer and Demes 1993; Hylander and Johnson 1994).

In the meantime, dental anthropology has produced a number of important
hypotheses and well-founded theories on the phylogenetic development of
mammals, especially of hominids. The study of occlusal relations and dental
attrition has provided new insights into masticatory processes with regard to
evolutionary morphology and ecology. In combination with the investigation of
metric parameters as well as data on enamel thickness and attritional phenomena,
these findings led to a new understanding of evolutionary processes. An example
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of this are the evolutionary changes in mammal and hominid molars, which are
now interpreted as adaptive processes, respectively as constructional adaptations
to dietary changes (Wolpoff 1971; Covert and Kay 1981; Maier 1984; Teaford and
Walker 1984; Janis 1988; Teaford and Runestad 1992; Turner and Wood 1993;
Spears and Crompton 1995). These developments owe much to new methods and
approaches made possible by technical progress, e.g., in the analysis of dental
ultrastructures by improved SEM techniques (Pfretzschner 1992; von Koenigswald
et al. 1993).

After the publication of several standard works on odontology in the 1960s and
1970s (Keil 1966; Peyer 1968; Miles 1972; Poole 1976), only brief summaries
appeared (Berkovitz et al. 1980; Schumacher et al. 1990). With the notable exeption
of Hillson’s monograph on Teeth (1986), the latest developments in odontological
research could only be gathered from published proceedings of the “Dental
Morphology” symposia. This lack of an extensive, up-to-date overview has been
attempted to be remedied by a lately published volume on The Evolution of Teeth
(in German; Alt and Tiirp 1997a), in which a number of established scientists from
various different disciplines, such as anatomy, zoology, anthropology, and
archeology, have compiled a comprehensive survey of the field.

Questions on taxonomy, ontogeny, and phylogeny have always played an
essential role in dental anthropological research. Authors like Frisch (1965),
Wolpoff (1971), Miles (1972), Swindler (1976), Lavelle et al. (1977) and Frayer
(1978) reported on the significance of teeth in primate evolution and hominisation.
As far as dentitions are concerned, classic approaches (odontogeny, phylogeny)
still dominate in disciplines such as paleoanthropology, paleontology, zoology,
genetics, embryology, and dentistry. Comprehensive and systematic overviews on
teeth and dentitions can be found in basic disciplines such as zoology (Thenius
1989), paleoanthropology (Henke and Rothe 1994), and others (Osborn 1973;
Walker 1981; Aiello and Dean 1990; Mayhall 1992).

The symposia on dental morphology represent an adequate forum for
interdisciplinary communication and discussion in the field (cf. Smith and
Tchernov 1992; Moggi-Cecchi 1995; Radlanski and Renz 1995). For other fields
of dental anthropology (e.g., prehistoric anthropology, paleoanthropology) such
periodic international meetings are still lacking. The annual meetings of the
DAA, which have taken place since 1986, are no equivalent for multi-national
events at changing locations. Yet, such organizational difficulties have not
negatively affected these branches of dental anthropology, which is witnessed
by the quality and number of monographs (Hillson 1986; Kieser 1990; Lukacs
1993), masters or doctoral theses (e.g., Haeussler 1985; Hollander 1992; Irish
1993; Rieger 1993; Schnutenhaus 1993), and the host of publications in
anthropological, archeological, biological, anatomical, dental, and paleonto-
logical journals (Scott and Turner 1988; Scott 1991; Alt and Kogkapan 1993;
Smith 1994a; Smith and Zilberman 1994; Van Reenen and Reid 1995), as well
as in the number of congress volumes (Reddy 1985; Iscan 1989; Kelley and
Larsen 1991).

As “specific morphological traits occur with greater frequency in some
population than in others” (Foley and Cruwys 1986, 13), studies on the variability
of morphognostic and metric characteristics of teeth are invaluable for infra- and
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interpopulation studies. In the past thirty years, dental characteristics helped to
unravel processes of ethnohistoric differentiation and population dynamics (Lukacs
1983; Turner 1986; Scott 1991; Haeussler and Turner 1992; Scott and Turner 1997),
and innovative procedures in odontologic kinship analysis on skeletal remains
opened new perspectives for sociocultural interpretations of earlier populations
(Alt and Vach 1991, 1995; Vach and Alt 1993; Alt 1997a). In these contexts,
knowledge on dental genetics is of vital importance (Witkop 1962; Goose 1971;
Stewart and Prescott 1976; Garn 1977; Townsend and Brown 1978 a, b; Potter et
al. 1981; Schultze 1987; Nichol 1989; Richards et al. 1990; Townsend et al. 1986,
1990; Dempsey et al. 1995). Further investigations focussed on the biochemical
status of teeth, on methodological problems of age and sex determination in
skeletons, on normal and pathological tooth wear, on periodontal disease and other
pathological findings (see Hillson 1996). The state of the art in dental anthropology
has been sketched several times during the last few years (Foley and Cruwys 1986;
Dahlberg 1991; Larsen and Kelley 1991; Scott 1991; Lukacs 1993; Alt 1997c¢; Alt
and Tiirp 1997b).

Cultural aspects have always been of interest to dental anthropologists as well.
Since the turn of the century, archaeological specimens (Milner and Larsen 1991;
Scott 1991; Alt and Pichler, this volume), ethnographic findings (Heymer 1986),
and objects of medico-historical interest (Whittaker and Hargreaves 1991; Alt and
Kockapan 1993; Alt 1994a) have time and again been the subject of research in
dental anthropology. These investigations focus on the use of teeth as tools, as body
decoration, medical instruments, amulets, relics, as drugs and remedies,
prophylactic agents, trophies, souvenirs, and as objects of value (Kanner and Remy
1924; Verger-Pratoucy 1970; Alt et al. 1990).

The present survey of the History of Dental Anthropology is intended to
illustrate the many roots and the broad scientific basis of modern dental
anthropology. In the course of the last two decades, dental anthropology provided
new, well-founded explanations and arguments for better insights into the
phylogenetic development of teeth. It also produced a wealth of methodological
innovations which are now indispensable in the reconstruction of the living
conditions and subsistence of earlier populations. In a surprisingly large number
of disciplines, teeth have become key objects for the investigation of numerous
and diverse questions, and dental anthropology developed into a sine qua non for
the understanding of evolutionary processes.
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2.3 Roll Call: Thirty-Two White Horses on a Red Field.
The Advantages of the FDI Two-Digit System of
Designating Teeth

Kurt W. Alt and Jens C. Tiirp

Thirty white horses on a red hill,
First they champ,

Then they stamp,

Then they stand still.

JRR Tolkien, The Hobbit (1937)
Introduction

Every scientific field evolves its own terminology to accomodate (more or less) its
particular interests and requirements (Swales 1990). In order to facilitate a dialog
within and among disciplines, it is necessary to use an accepted nomenclature as
well as standardized abbreviations and signs. Nonetheless, an “officially”
implemented nomenclature is not always recognized by all members of the
scientific community. This leads to the unsatisfying situation wherein several
different terminologies are in parallel use, thus often causing misunderstandings.
In anatomy, for example, a standard Latin nomenclature was compiled for the first
time in 1895 (Baseler Anatomische Nomenklatur [Basle Nomina Anatomica,
B.N.A.]). In an attempt to improve upon the B.N.A., the Anatomical Society of
Great Britain and Ireland presented a Birmingham Revision in 1933 (in Latin and
English), which had been widely used in the English-speaking world, while the
German Anatomical Society (Deutsche Anatomische Gesellschaft) adopted its own
revision in 1935 (in Latin) which became known as the Jena Nomina Anatomica
(J.N.A.) (Kopsch 1941).

Twenty years later, in 1955, a new nomenclature was introduced (in Latin), the
Nomina Anatomica Parisiensia (N.A.P.) (First Edition), which was “a rather
conservative revision of the B.N.A.” (Woerdeman 1957, 6). The latest (sixth)
edition of the Nomina Anatomica was published in 1989, together with the third
editions of Nomina Histologica and Nomina Embryologica. However, incon-
sistencies, errors and omissions, as well as minor or major changes in nomenclature
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between different editions of the PN.A., continue to produce “confusion, rage and
— in medical students who have to ‘get the names right’ for their examinations —
something very like despair”, as pointed out by Staubesand and Steel (1988, 265).
Furthermore, in contrast to the German anatomical literature, which in most cases
employs Latin expressions, this is almost never the case in English language
journals; instead, preference is given to English translations of the “official”
anatomical terms. This, and the fact that each medical specialty has its “own”
anatomical terminology, shows clearly that internationally the Nomina Anatomica
are far from being accepted in daily use.

Tooth numbering systems, which are important for scientific fields dealing with
human (or animal) teeth, share some of the problems mentioned above. While,
unlike the anatomical nomenclature, dental connotation systems in use today are
free of errors per se (unless made by the individuals who are using them), there is
no recommended tooth designating method that has gained full international
acceptance. This is also true for the two-digit system proposed by the Fédération
Dentaire Internationale (FDI) (1971), despite the fact that both the FDI and the
World Health Organization (WHO) (1977, 1987) have recommended this method
and that it has been recognized and used by international agencies like the
International Organization for Standardization (ISO 3950) (1984, 1995) and
Interpol (1989).

Furthermore, disciplines outside dentistry, such as forensic odontology,
palaeoanthropology, palacontology or zoology, often choose systems different from
any of those used in dental science. This heterogeneity among different disciplines
and countries can be the cause of misinterpretations. The aim of this chapter is to
encourage the use of the FDI two-digit system in all fields that are involved with
human teeth in some form.

The History of Tooth Designating Systems

For a long time, different methods of designating and encoding teeth have been in
use (Tab. 1). The oldest known system was proposed by Adolph Zsigmondy
(Vienna, Austria) in 1861 (Symbolic System). He suggested numbering the teeth
of the permanent dentition consecutively, starting with / for the central incisors,
and ending with 8 for the third molars. In order to determine if the tooth in question
is located in the upper right, upper left, lower left or lower right quadrant of the
mouth, a grid symbol LI Dis placed around the number. Therefore, the system
has sometimes also been called the Set-Square-System (FDI 1983). For numbering
deciduous teeth, the Roman numerals I to V are used. However, instead of Roman
numerals, several variations for recording deciduous teeth have been proposed,
such as the upper case characters A through E (Lyons 1947); the lowercase letters
a through e; the letter D or d (for “deciduous”) placed before or after the number
of the tooth; or the letter m (for “milk teeth”) after the tooth number (Frykholm
and Lysell 1962).

The same method of recording teeth had also been described by Corydon
Palmer (Warren, Ohio) at the tenth annual meeting of the American Dental
Association in 1870. Obviously not aware of Zsigmondy’s earlier publications,
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Palmer claimed the authorship of this tooth numbering system (1891). Therefore,
in English-speaking countries it is generally known as “Palmer’s Notation”
(Paquette 1960; Frykholm and Lysell 1962).

Table 1. Examples of tooth designations under different systems

Tooth numbering system

Tooth
Zsigmondy/Palmer Miihlreiter Haderup Universal FDI
Permanent maxillary left [2 I’ +2 10 22
lateral incisor
Permanent mandibular right 7] -M - 31 47
second molar
Primary maxillary left canine LM orlc dC'orc' +03or+IlI Hor48 63

Eduard Miihlreiter (Salzburg, Austria) (1870) combined the upper case letters
I, C, P, and M (abbreviations for permanent incisors, canines, premolars, and molars,
respectively) with numerals (/ for canines; / or 2 for incisors and premolars; /, 2,
or 3 for molars) whereby the position of the letter relative to the numeral indicates
if the tooth is maxillary or mandibular, and left or right. Deciduous teeth are
indicated by placing a d immediately before the upper case letter. An alternative
method of designating the primary teeth was introduced by L. Bolk (Amsterdam,
Netherlands) who suggested using the lower case letters i, ¢, p, and m.

Victor Haderup (Copenhagen, Denmark) (1887) proposed a system which
omitted angular symbols placed around numerals and introduced “+”-signs (for
indicating maxillary teeth) or “—"-signs (for mandibular teeth). Left and right sides
are indicated by placing the sign before (left side) or after (right side) the numeral.
Decidous teeth were originally indicated by adding an / immediately before the
numeral; after a few years, however, the [ was replaced by a 0. Variations in the
notation of primary teeth are the use of Roman numerals. Haderup’s system has
been very popular in Scandinavia (Frykholm and Lysell 1962).

The Universal System (American System, National System) proposed by Julius
Parreidt (Leipzig, Germany) in 1882, has been widely used throughout the U.S.A.
(American Dental Association 1967, 1968). It assigns the numerals / to 32
consecutively to singular permanent teeth in a clockwise sequence. Numbering
starts at the maxillary right third molar (/), follows the dental arch until the
maxillary left third molar (/6), continues at the mandibular left third molar (/7),
and ends at the mandibular right third molar (32). The deciduous teeth are
designated in a similar matter, but with the letters A through 7. In place of letters,
Goodman (1967) proposed the use of the numerals 4/ through 60 for the twenty
primary teeth.

Language-adapted methods have been also used. They are combinations of
characters (for the designation of quadrants) and digits or characters (for the
identification of teeth). Thus, in the English-speaking world the upper right, upper
left, lower left, and lower right quadrants have been identified by UR, UL, LL, and
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LR respectively. The French system differentiates between the right and the left
sides of the tooth arches. An uppercase D (for “droite” = “right”’) means (in the
permanent as well as the deciduous dentition) “upper right”, a lowercase d “lower
right”; an uppercase G (for “gauche” = “left”) means “upper left”, a lowercase g
“lower left”. The numbers / to 8 are allotted to the teeth in the permanent dentition,
the Roman numerals 7 to V to those of the primary dentition. For additional tooth
numering systems, see Schwartz and Stege (1977) and Goaz (1981).

Unfortunately, none of these methods complies with the five basic
requirements set by the FDI (1971). Following these standards, a tooth-designating
system should be simple to understand and to teach, easy to pronounce in
conversation and dictation, readily communicable in print and by wire, easily
adaptable to typewriter or data-processing keyboards, and easily adaptable to
standard charts used in general practice.

If these requirements are considered, many traditional systems have
disadvantages. For example, the use of grid signs, like in Zsigmondy’s method, is
a major obstacle in fast communication and data processing. While arabic numerals
(0 to 9) are used even in countries which do not have the Roman alphabet, this is
neither the case for alphabetical characters (A, B, C, etc.) nor for Roman numerals
(I, II, III, etc.). Language-dependent methods, on the other hand, are limited to
certain countries. The disadvantages of the Universal System have been
summarized by Hrabowsky and Sim: “Its major drawback is the necessity for
memorizing 32 digits and 20 characters and associating these 52 unrelated symbols
with individual teeth. Not only can this prove to be a source of confusion, but it
also precludes instant recognition of particular teeth and quadrants” (1971, 197).
Interestingly enough, at an international dental meeting in Paris in 1890, a
commission appointed to consider different notation methods came to the
conclusion “that any system of numbering [the permanent teeth, eds.] by thirty-
two was inconvenient, confusing, and difficult to memorize. It was therefore
unanimously rejected” (Palmer 1891, 198).

The FDI Two-Digit System for Designating Teeth

Because of the shortcomings of the existing tooth-numbering systems, the General
Assembly of the FDI, at its 58th annual session which took place in Bucharest
(Romania) from September 26 to October 1, 1970, accepted unanimously a
resolution proposing that the two-digit system of designating teeth be adopted
worldwide (thirty-eight out of fifty-six representatives voted in favour and eleven
against the resolution, with seven abstaining [FDI 1971]). The FDI believed that
only this system seemed to comply with the requirements mentioned earlier
(Keiser-Nielsen 1971). Since it was subsequently accepted by the International
Organization for Standardization (ISO), it is sometimes also referred to as the
“ISO/FDI Two Digit System” (ADA 1995).

In the two-digit system, which was originally described by Jochen Viohl
(Berlin, Germany) in 1966 — and in slightly different versions by Pirquet in 1924
and by Denton in 1963 — each tooth is identified by a unique two-digit combination.
The first digit specifies one of the four quadrants of the mouth, starting with the
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upper right segment and proceeding in a clockwise sequence. Because the
permanent teeth are the main concern within dentistry, the corresponding quadrants
are allotted the digits 1 through 4, while for the deciduous teeth the quadrants 5
through 8 have been chosen:

Maxillary right quadrant, permanent dentition:
Maxillary left quadrant, permanent dentition:
Mandibular left quadrant, permanent dentition:
Mandibular right quadrant, permanent dentition:

EERV I N R

Maxillary right quadrant, deciduous dentition:
Maxillary left quadrant, deciduous dentition:
Mandibular left quadrant, deciduous dentition:
Mandibular right quadrant, deciduous dentition:

e <R N e V)]

The second digit indicates the actual tooth within the quadrant. In every
quadrant, the (permanent) teeth are numbered mesial to distal, from 1 to 8,
beginning with the middle incisor and ending with the third molar:

Permanent central incisor:
Permanent lateral incisor:
Permanent canine:
Permanent first premolar:
Permanent second premolar:
Permanent first molar:
Permanent second molar:
Permanent third molar:

[cBE N B R R O R S

The division of quadrants and descriptions of single permanent teeth is summarized
in Fig. 1.

Upperjawright 8 7 6 5 4 3 2 lLl 2 3 4 5 6 7 8 Upperjawleft

Lowerjawright 8 7 6 5 4 3 2 1|1 2 3 4 5 6 7 8 Lowerjawleft

Fig. 1. Division of the quadrants and descriptions of single permanent teeth.

To describe a single tooth, two digits are used — the first for the quadrant, the
second for the particular tooth (Fig. 2).

18 17 16 15 14 13 12 11|21 22 23 24 25 26 27 28

48 47 46 45 44 43 42 41|31 32 33 34 35 36 37 38
Fig. 2. Notation for permanent teeth by the FDI system (the grid is included for

clarification).

The two-digit system described by Clemens Pirquet (1924) differed in two
points from Viohl’s FDI version:
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¢ The quadrants 1 through 4 denoted the deciduous teeth while the quadrants
5 through 8 indicated the permanent teeth.

¢ The third and seventh quadrants corresponded to the mandibular right
quadrant, and the fourth and eighth quadrants to the mandibular left
quadrant.

In the system proposed by George B. Denton (1963), the right quadrants in the
permanent dentition were allotted the first digits 2 and 3, while the left quadrants
were indicated by the numbers 1 and 4. With regard to the deciduous teeth, in
contrast, the first “digit” was an upper case b or ¢ (for the upper and lower right
quadrant), and a and d (for the upper and lower left quadrant respectively).

The two digits of the FDI System should be pronounced separately, e.g., “one-
eight” (18) [not: “eighteen”], “‘one-seven” (17), “four-one” (41), etc. This makes
translation into other languages easy because it requires only the mastery of the
digits from orne to eight in the required language (Hrabowsky and Sim 1971).
Furthermore, by pronouncing the digits independently, confusion with the
Universal System can be prevented.

55 54 53 52 51|61 62 63 64 65

85 84 83 82 81|71 72 73 74 75

Fig. 3. Notation for the deciduous teeth by the FDI system (the grid is included for
clarification).

The same principle of notation applies for the deciduous teeth (Fig. 3). Teeth
within the same quadrant are allotted the digits 1 (first incisor) through 5 (second
molar):

Deciduous central incisor:
Deciduous lateral incisor:
Deciduous canine:
Deciduous first molar:
Deciduous second molar:

DN W =

The permanent mandibular right first molar is therefore described as 46 and the
deciduous mandibular right first molar as 84.

The FDI System has two features in common with the notation systems
described by Zsigmondy-Palmer and Haderup:

¢ Teeth which are anatomically similar in dentition are characterized by the
same number (e. g., lateral incisors: 2, canines: 3, first premolars: 4);
+ Counting starts with the central incisor (1) and ends with the third molar (8).

In place of an angular symbol or a plus or minus sign, however, the quadrant is
indicated by a digit that precedes the one designating the specific tooth. By
determining a clockwise sequence of the four quadrants, the FDI showed
consideration for the Universal System. In doing so, the FDI’s binomial system
represents a compromise between the principles of notation shared by the
Zsigmondy-Palmer and Haderup systems, and those of the Universal System.
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Other suggestions which were debated — and rejected — during the 1970 FDI
session were to give all left, or all right side quadrants odd digits (1, 3, 5,7, 9, etc.),
or to allot the deciduous teeth the quadrant digits 1 to 4, and the permanent teeth
the digits 5 to 8 (FDI 1971).

Possible Modifications of the Two-Digit System and Its Use in Anthropology

Because the Universal System uses in part the same written numbers as the two-
digit system (although they should at least be pronounced in a different manner),
this similarity can be a source of confusion in those countries where the
Universal System is used. Tooth // (“one-one”), for example, indicates in the
two-digit system the permanent maxillary right central incisor, whereas tooth
11 (“eleven”) in the Universal System refers to the permanent maxillary left
canine. To avoid possible misinterpretations, e.g., of patient records or accident
victims, Sharma and Wadhwa (1977) proposed a slight modification of the FDI
two-digit system by placing a hyphen between the two digits in written
communications (/-/). However, this suggestion, which could facilitate a
transition from the Universal System to the FDI two-digit system, was not
adopted.

Fortunately, in anthropology and paleopathology the Universal System is not
used. On the other hand, neither did the two-digit system have great importance
until now. In comparison with other notation methods, the FDI System has many
outstanding advantages. For the documentation and evaluation of (pre-) historic
skeletons, it is useful not only because every tooth is clearly and logically
described but also because it is possible to feed the data into a computer without
difficulty. In addition, it should be considered that anthropologists and dentists
are professionally involved with one another through common problems (Alt
1989). For this reason, the FDI nomenclature should be favored as it is understood
by members of both professions. A great advantage of the FDI System is that it
holds the possibility of being extended into a three-digit system, as suggested by
Kryszinski (1986) and Villa Vigil (1989). This is extremely helpful in order to
designate supernumerary teeth, which have been fairly common among certain
ethnic groups and subpopulations (Ducka-Karska 1983; Hurlen and Humerfelt
1984; O’Dowling 1989), and are thus of special importance in anthropology and
epidemiological dental surveys.

The three-digit system as proposed by Kryszinski (1986) differentiates three
possibilities as to how teeth in excess of the normal development can be designated:

1 “If the supernumerary tooth resembles a normal one, it is represented, in
addition to the first digit [which indicates the quadrant, authors], by the following
two digits: the second digit, which indicates the normal tooth that the extra tooth
resembles in anatomical form; and the third digit, 0.

2 If the accessory tooth does not have the normal morphology, it is represented,
in addition to the first digit, by a second digit, which indicates the preceding [i. e.,
mesial, authors] normal tooth if the accessory tooth is arranged in the dental arch.
If the extra tooth is placed outside the dental arch, the second digit indicates the
normal tooth at which is projected the crest of the curvature on the mesial crown



48 K. W. Altand J. C. Tiirp

surface of the extra tooth when viewing the occlusal (on radiographs, buccal)
aspect. Third digits, / to 3, are also used. These indicate, in clockwise succession,
the actual accessory tooth or teeth.

3 All the supernumerary elements in or near the midline which lack the normal
shape, are included under the classification Mesiodens. The notation is expressed
101 (102, 103) or 301 (302, 303), the first digit indicating the maxillary or
mandibular tooth, respectively. The third digit indicates, in a clockwise sequence,
the extra teeth (up to three) located between the central incisors. The primary
mesiodens designation is 501 for the maxillary tooth and 70/ for the mandibular
tooth.” (p. 127-128).

Examples:

¢ A supplementary permanent mandibular left fourth molar whose morpho-
logy resembles the one of the existing third molar, is expressed 380 (Fig. 4).

¢ A right supplementary deciduous maxillary molariform tooth would be
designated as 540 if it resembles the deciduous first molar, and 550 if it
resembles the second molar (Fig. 5).

380 9
O,
&)

©

Y

Fig. 4. Supplementary permanent man- Fig. 5. Supplementary deciduous maxillary
dibular left fourth molar (380). right molariform tooth that resembles the
second molar (550).

¢ A supplementary permanent maxillary posterior tooth with an abnormal
morphology whose preceeding (normal) tooth is 15 or, in the case that it is
not arranged in the dental arch, whose crest of curvature on the mesial
surface projects to the tooth 75, is indicated 757 (Fig. 6 a).

¢ If there is another supplementary tooth with abnormal morphology located
further distally in this quadrant, e.g., a supernumerary tooth preceeded by
tooth 18, the tooth distal to /8 would be called /87, and the extra tooth
preceeded by tooth 75 would be indicated 752 (because in this case it is the
second supernumerary tooth with an abnormal form in the tooth arch when
counted in a clockwise sequence starting at the last molar of the patient’s
maxillary right side) (Fig. 6 b).

¢ A supplementary permanent cone-shaped tooth (mesiodens) in or near the
midline of the upper jaw (between the central incisors) becomes 101, a
second one 702 (Fig. 7).
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Fig. 6 a: Supplementary permanent Fig. 6 b: Supplementary permanent
maxillary posterior tooth with an abnormal maxillary posterior teeth with abnormal
morphology (I51). morphology (/81 and 152).

101 102

Fig. 7. Supplementary permanent cone-shaped maxillary teeth (/0 and 102).

Villa Vigil et al. (1989), also choosing a three-digit system, proposed a different
method to designate supernumerary teeth, and to give information about the form,
topography, and possible anatomic abnormalities of a tooth.

¢ Supernumerary teeth are indicated by a letter of the alphabet which can be
uppercase (i.e., the extra tooth resembles a normal tooth) or lowercase (i.e.,
the extra tooth has an abnormal shape or size).

¢ In the case of extra teeth placed within the dental arch — proximal (beneath)
to a normal tooth or a tooth of reference — for mnemotechnical reasons the
letters P, R, O, and X (derived from the Latin word proximalis) are used.
Depending on the position of the tooth with regard to the tooth of reference,
the letter can appear as a third or a first “digit”: “The letter is placed as a
third ‘digit’, when the supernumerary tooth is distal to the tooth of reference.
The letters P, R, O, and X are used respectively to designate successive teeth
in the mesiodistal direction. The appropriate letter is placed as a first ‘digit’,
when the supernumerary tooth is mesial to the tooth of reference (e.g., in
the case of a mesiodens). In this case, the notations used are P, R, O, and X,
respectively, in the distomesial direction” (p. 300).

In contrast, for extra teeth which are placed outside the dental arch, Villa Vigil
et al. (1989, 300) recommended the following notation rules:
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¢ “A 'V (or avin the case of an abnormal tooth) is used if the supernumerary
tooth is positioned buccally (vestibular); if there is more than one, the
notations are, successively, from mesial to distal sides: V, E, S, and T (the
first four letters of the Latin term vestibularis).

¢ An L (or an ]) is used if the extra tooth is positioned lingually; if there are
several, the letters L, I, N, and G (from the term lingualis) will be used
successively in the mesiodistal direction”.

Examples:

¢ Asupplementary permanent mandibular left fourth molar whose morphology
resembles the one of the existing third molar, is expressed 38P when it is
placed within the dental arch (Fig. 8 a), and 3V8 or 3L8 when it is located
bucally or lingually of the arch respectively (Fig. 8 b).

Fig. 8 a: Supplementary permanent Fig. 8 b: Supplementary permanent
mandibular left fourth molar within the mandibular left fourth molar outside the
dental arch (38P). dental arch (3V8).

¢ A right supplementary deciduous maxillary molariform tooth which is
placed bucally of the dental arch is indicated as 5v4 if it resembles the
deciduous first molar, and 5v5 if it resembles the second molar (Fig. 9).

Fig. 9. Supplementary deciduous maxillary molariform tooth outside the dental arch (5v5).
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¢ A supplementary permanent maxillary posterior tooth with an abnormal
morphology whose preceeding (normal) tooth is tooth 75, is indicated /5p
(Fig. 10 a). If there is another supplementary tooth with abnormal morphology
located further distally in this quadrant, e.g. a supernumerary tooth preceded
by tooth 18, the tooth distal to /8 would be called /8r (Fig. 10 b).

Fig. 10 a: Supplementary permanent Fig. 10 b: Supplementary permanent

maxillary posterior tooth with an abnormal maxillary posterior teeth with an abnormal

morphology within the dental arch (/5p). morphology within the dental arch (I5p
and 18r).

¢ Asupplementary permanent cone-shaped tooth in or near the midline of the
upper jaw (between the central incisors), but within the dental arch becomes
pll or p21 (as it is proximal to tooth /] as well as to tooth 27) (Fig. 11 a).
In the case of a second cone-shaped tooth next to the first one, the one mesial
to tooth // is allotted pl1, and the one mesially to tooth 21, p2]. If these
teeth are placed lingually to instead of within the dental arch, the notations
are //1 and 2/1, respectively (Fig. 11 b).

p11 orp21

\./}
111

2

Fig. 11 a: Supplementary permanent cone- Fig. 11 b: Supplementary cone-shaped teeth
shaped tooth between the central incisors outside dental arch (/1] and 2[1).
within the dental arch (p1] or p21).

Villa Vigil et al. also proposed notations for fused and geminated teeth. In the case
of fused normal teeth, “the second digit indicates the mesial tooth that participates
in the fusion, and the third digit indicates the distal tooth of the fusion” (1989, 299).
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Geminations — the result from the fusion of a normal tooth and a supernumerary
one — are indicated in such a way that “the second and the third digits, respectively,
are the number of the normal tooth participating in the gemination and 9, which
represents the fused supernumerary” (1989, 300).

Examples:

¢ Afusion of a permanent mandibular left lateral incisor (32) with its adjacent
canine (33) would be designated 323 (Fig. 12 a).

¢ A gemination between a permanent mandibular left lateral incisor (32) and
a supernumerary incisor would be indicated as 329 (Fig. 12 b).

) 3)
<~ &
323 v"' s

Fig. 12 a: Fusion of a permanent mandi- Fig. 12 b: Gemination between a
bular left lateral incisor with its adjacent permanent left lateral incisor and a
canine (323). supernumerary incisor (329).

Obstacles to the World-Wide Adoption of the FDI Two-Digit System

When proposing the new binominal system in 1970, the FDI representatives
realized that it would take a number of years until full recognition could be
achieved — despite the fact that the “new system seemed so simple to learn that,
once officially introduced, difficulties were unlikely to persist beyond a relatively
short transition period” (FDI 1971). The FDI Director’s appeal in 1988 that more
countries adopt the two-digit system (N.N. 1988) shows that obstacles with
regard to world-wide acceptance remain. In 1988, there were still about “40
different systems in use due to uncoordinated development” (N.N. 1988) (p 49).
Frykholm and Lysell (1962) gave an explanation for the apparent obstacles
associated with the introduction of a new tooth-numbering method, such as the
FDI system, when they described the most common of the many tooth
designating systems at the time: “Due to a certain conservatism, there is always
a certain tendency for the method that one uses oneself to become the ‘only
possible method’ [...]” (p 204).

Particularly in the United States, where the Universal System is still ubiquitous,
the dental community has been reluctant to adopt the FDI tooth-designating
method. The concerns of many American dentists are reflected in a remark made
by Schwartz and Stege: “In almost every country in the world, whole numbers are
expressed and written in a customary manner: ten (10); eleven (11); twelve (12);
... twenty eight (28), etc. Usurping this worldwide standard for the written twenty
eight (28) as two-eight ... is very confusing. It is difficult to believe that anything
but professional chaos will result” (1977, 105). Errors, however, are more likely



2.3 Roll Call: Thirty-Two White Horses on a Red Field 53

to evolve from the Universal System, which has been correctly described as “a
language without logic” (Peck and Peck 1993, 645). Parreidt himself was frank
enough to admit that after using his 1-to-32 method for two months in the clinical
courses at the University of Leipzig he had to abandon it because the students made
too many mistakes (Parreidt 1882).

In order to foster the international application of the FDI two-digit system,
many editorials and articles in international dental journals have encouraged
dentists for its adoption (Sharma and Wadhwa 1977; O’Connor 1983; Sandham
1983; Thurow 1986; Peck and Peck 1993, 1996; Simonsen 1995; Tiirp and Alt
1995). Finally, in 1994, on their 135th Annual Session, the American Dental
Association (ADA) recognized the usefulness of the FDI two-digit system. The
ADA adopted resolutions in which they supported the integration of the FDI
method of designating teeth into clinical computer systems and encouraged all
dental schools in the United States to teach students this method along with the
Universal System (American Dental Association 1995).

Conclusion

An internationally accepted nomenclature which is widely used in odontology
and related fields enhances the understanding among all disciplines dealing
with teeth and, at the same time, reduces the risk of misinterpretation. Because
of its simplicity, accuracy, safety, applicability in modern technology, and
expandibility, the FDI two-digit system is most useful (Tiirp and Alt 1995). In
our view, it seems to be the best method for designating teeth and for ensuring
that all who have an interest in designating the thirty-two teeth have a common
language.
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2.4 A Recently Discovered Etruscan Dental Bridgework

Maria Teschler-Nicola, Michaela Kneissel, Franz Brandstditter,
and Hermann Prossinger

Introduction

Human skeletal remains from the distant past are not only biological source
material — being particularly relevant in the absence of historic documents — but
also documents of cultural and medical importance. Therapeutic attempts, such as
the care of bone injuries or the restauration of teeth or jaws, can be documented
even for epochs in which written documents do not exist. Early authentic
archeological finds of tooth prostheses are extraordinarily rare.

Except for two tooth replacements and/or fastening mechanisms from ancient
Egypt (Junker 1929, Harris and Iskander 1975, Hoffmann-Axthelm 1985, Alt 1994,
Puech 1995) — the interpretation of their primary implementation remaining contro-
versial —, the only genuine dental work that can be documented stems from historic
antiquity (Asbell 1948, Jackson 1988, Walter 1989). Among such works, those of
the Etruscans must be considered exceptionally good. Nearly twenty finds of tooth
replacements and examples of parodontal bridgework (now kept in various
museums; see Waarsenburg (1991) and Becker (1994)) certify the high technical
expertise of their makers. They show various technical styles, the most common
being the use of a gold band in order to hold loose teeth or — in the case of dental
loss — a tooth replacement; other, more sophisticated ones were made from small
separate gold loops.

The exceptional rarity of such early dental work is the reason why we here
present an isolated dental bridgework found a few years ago in an Etruscan tomb
near Lake Bracciano, north of Rome, and now stored in the Department of Anthro-
pology, Natural History Museum, Vienna. Waarsenburg (1991) bemoans the
problems resulting from the “non-accounted and usually fictive dating of dental
specimens” presented in the literature. In the case of this “Bracciano bridge” we
have incomplete information as to the arrangement of the grave goods in the
tomb. However, some accompanying archeological artefacts have been preserved
(now in the Department of Prehistory, Natural History Museum, Vienna), which
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enable us to date this bridgework between 700-600 BC. These same artefacts also
indicate that the wearer was female, probably from a higher social class.

In order to elucidate the in situ circumstances, the origin of the tooth replace-
ment, the functionality of the implementation, the metal used, as well as the
construction technique employed by the ancient goldsmith, we used a variety of
methods; we investigated the artefact macroscopically, radiologically and with
both light and scanning electron microscopes.

Tooth Features

This Etruscan dental bridgework consists of three frontal teeth of the upper jaw
(right lateral, right central and left central incisor) and an approximately 4 mm
broad band of gold, which is riveted to the right medial incisor and surrounds the
adjacent teeth (Figs. 1-4).

Fig. 1. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Labial view.

The tooth crowns of the outer teeth (teeth 12 and 21) are completely preserved,
including the neck regions, while the major parts of the roots have deteriorated.
The horizontally and transversally orientated root-fractures must be recent fracture
lines, as there are no smoothing effects due to influences incurred during extended
post-mortem deposition. These fractures could be a consequence of the postmortal
removal of the dental device, which possibly occurred during the excavation by an
amateur. On both teeth, a moderate shoveling is evident. In the case of the left
central incisor this feature is accompanied by the presence of a lingual tuberosity.

By contrast, the right central incisor shows a different degree of preservation:
This tooth consists of the crown and a small root remnant. Based on macroscopic,
light and scanning electron microscope investigations, all parts seem to have been
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Fig. 2. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Lingual view.

artificially altered. The lingual side of the crown has been partly ground down (Fig.
2) in order to achieve a flat surface. For the fixation of the gold band, a careful
preemptive drilling of the tooth was necessary. (Otherwise, either driving a pin
through the tooth would have destroyed it or attempting to use the gold rivet for
the fixation of the replaced tooth would have been impossible.) The metric
dimensions, which are summarized in Tab. 1 document this manipulation. The
morphological features of the remnant proximal part of the root indicate a special

Fig. 3. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Incisal view.
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Fig. 4. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Alveolar view.

treatment too, resulting in a rounded, smooth surface (Figs. 4, 5). All these features,
and the riveting technique used for the fixation of the gold band indicate that the
right central incisor must be the replaced one. The form, size and color of any tooth
is so unique that we can conclude that the artificially anchored tooth was most
certainly the wearer’s own. This conclusion is also supported by the similar extent

Fig. 5. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Superior (alveolar) view of
the right central incisor: structure of the remnant root (SEM).



2.4 A Recently Discovered Etruscan Dental Bridgework 61

Table 1. Dental measurements (MD = mesiodistal diameter, BL = buccolingual diameter,
CH = height of tooth crown, H = height of tooth crown and root fragment; values in
parentheses are actual measurements, not corrected for losses, etc)

MD BL CH H
InL 8.5 6.5 (10.4) (10.7)
IR (8.0 (4.6) 10.9 11.9
I2R 5.9 6.2 10.2 (13.3)

of dental abrasion; even though the anchored incisor — due to its heavier use —
resulted in more uncovering of dentine. However, such a differentiation could have
originally been caused by a malposition of this incisor in the jaw, so that it was
subject to higher strain.

Since other parts of the skeleton, especially the jaws, are missing, it is —
unfortunately — impossible to determine the cause for the loosening of the central
incisor. It could have been extracted because of possible periodontal inflamation
or loosening by a blow, although tooth or jaw fractures — especially in women —
are rare in prehistoric populations, as evidenced in the extensive Bronze Age
populations from Lower Austria (Teschler-Nicola 1994).

From the degree of wear, which we ought to investigate very carefully (there
are no diagenetic changes visible), we conclude that the person appears to have
died between 25 and 40 years of age. A comparison of the metric dimensions with
those of Bronze Age populations (Teschler-Nicola 1992) suggests that this device
was probably worn by a woman. These metric dimensions, along with other known
examples of such pontics (Becker 1994) corroborate the archeological evidence.

The Bridge Construction

The gold bridge consists of a single long band with a rivet (Fig. 6). The band,
overlapping by about 8 mm between the right medial and lateral incisor (Figs. 1, 7),
has been forged to a thickness of 0.24—0.30 mm (up to 0.39 mm in the overlapping
region). The metric dimensions of this “Bracciano bridge” are shown in Figs.
8 a8 ¢. To obtain further clues about the technology used by the ancient goldsmith
(the high manufacturing quality supports the view that goldsmiths — not physicians
— are the makers), chemical analyses were performed using a scanning electron
microscope (JEOL~6400) equipped with a KEVEX energy dispersive system (EDS)
were performed (Hartmann 1970, 1982, Echt and Thiele 1987, Brandstitter
1988/1989). The results of analysis from ten different regions of the gold band,
including the rivet, show the use of a relatively inhomogeneous material (Tab. 2,
Fig. 9). The proportion of silver varies between 0.7 and 7.0% by weight and copper,
which is present only in a few regions, varies between < 0.2 and 0.8% by weight.
According to Hartmann (1982) gold with a copper content in concentrations less
than 1% represents naturally occuring gold, gained from secondary deposits, such
as panned gold. The dental bridge was certainly produced by a — widespread — cold
forging technique. The fabrication marks, caused by the forging tools, can be
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Fig. 6. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): X-ray image of the appliance.

observed over the whole band (Figs. 7, 10). One of the widest scratches shows signs
of repair, obviously done by the goldsmith himself. Fig. 10 shows this part of the
gold band with the broad scratch covered by a small amount of material added later.

The functionality of this early dental bridgework is indicated by tiny chips,
situated on the occlusal margin along the gold band, and very small (0.5 mm)
scratches in varying directions (Figs. 2, 11). These scratches are quite different from
those which were produced by the goldsmith’s tools.

Fig. 7. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Superior margin of the gold
band in the region of overlap (SAM).
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Fig. 8. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Line drawing, showing the
dimensions in mm; a: labial view, b: superior view, ¢: incisal view.

Discussion

The “Bracciano bridgework” is further evidence for the high technical standard of
dental prostheses, as has been known from other specimens found in Etruscan
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Table 2. EDS-analyses on ten different locations (in wt.-%, S. D. = standard deviation)

Au Ag Cu
Location
wt.-% S.D. wt.-% S.D. wt.-% S.D.

Al 97.2 33 2.0 0.1 0.8 0.1
A2 97.8 2.9 1.5 0.1 0.7 0.1
A3 98.2 32 1.3 0.1 0.5 0.1
A4 92.2 3.0 7.0 0.1 0.8 0.1
A5 97.2 32 2.2 0.1 0.7 0.1
A6 93.8 3.0 54 0.1 0.8 0.1
A7 95.3 3.0 4.1 0.1 0.6 0.1
A8 97.6 3.2 2.1 0.1 0.3 0.1
A9 97.6 3.0 2.4 0.1 <0.2 —
Al0 98.6 3.1 0.7 0.1 0.6 0.1

tombs (Waarsenburg 1991, Becker 1994, Capasso and Di Totta 1993, Johnstone
19324, 1932b, Pot 1985, Corrucini and Pacciani 1989, Terzioglu and Uzel 1987).
In order to produce such appliances, special tools were needed (and used), which
could not be recognised as such in ancient grave ensembles of medical tools (Como
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Fig. 9. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Energy dispersive x-ray
spectrum of area 1 (A1) of the gold appliance.
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Fig. 10. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Parts of the dental
appliance showing fabrication marks; the band with scratches and signs of repair (SEM
image).

Fig. 11. Bracciano bridge (Etruscan; NHMW Inv. Nr. 24.286): Details of the appliance; very
small scratches (SEM image).
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1925, Kiinzl 1983). Because of the specific characteristics of the material used for
the manufacture of dental bridgework, these gold appliances were most probably
produced by ancient goldsmiths. Their professionalism is further documented by
their knowledge of different techniques for the fixation of granulation on jewelry
work (Echt and Thiele 1987).

The method of tooth fixation with gold was so common that the Roman
“Twelve Table Law”, which intended to constrain luxurious burial rites, was
obliged to tolerate the use of dental gold. The edict specifically refers to dental gold
when it forbids the inclusion of gold artefacts in graves, yet allows the gold fastened
to teeth to remain during burial or cremation (Krug 1984).

A review of the published appliances shows that women were their primary
users (Becker 1995). Nonetheless, we cannot ascertain the reason for their
application with confidence. Capasso and Di Totta (1993) present the results of
paleopathological examinations of an Etruscan sample, consisting of 119
individuals, which could perhaps supply an explanation for the need of dental
bridgeworks. They documented a rather high frequency of alveolar bone infection
or inflammatory lesions (apical granulomas, ca. 28%) in the molar region of the
jaw. They could furthermore demonstrate that “about 5% of all central incisors were
lost ante-mortem.” Because of such circumstances — that central incisors were
rarely affected by caries and seldom by severe attrition — “trauma may have been
a contributing factor to this loss.” Thus, it would be highly relevant to shed light
on the degree of periodontal alterations in this population — especially alveolar bone
reduction — as they could be a possible cause for ante-mortem tooth loosening.

Becker (1995), who has extensively studied Etruscan and other dental appliances,
suggests another — possibly cultural — phenomenon. Since maxillary central incisors,
as opposed to side teeth, are rarely lost, he formulates the difficult-to-substantiate
hypothesis “that tooth evulsion was practiced in Etruria and that the gold pontics were
used as replacements and as ornaments.” The bridgework presented here can — at
best, if at all — only be considered marginal support for this view.

Conclusion

An isolated dental bridgework in the Museum of Natural History in Vienna (Inv.
Nr. 24.286) represents a further example of an early Etruscan gold band prosthesis,
presumably worn by a female, a conclusion corroborated by the archeological
artefacts and the tooth dimensions. It consists of three frontal teeth, a gold band
and a rivet, fixed to the right central incisor. As the analyses of macro- and
microscopic features show, this must have been the wearer’s own reused tooth —
perhaps having previously been loosened by periodontal disease or by a sharp blow
—and replaced by a talented goldsmith who employed techniques of a high standard
in order to stabilize it.

Since the dental bridge is isolated and no other parts of the skeleton have been
preserved, there is no possibility to examine the status of the alveolar margin and
to find evidence for the cause of loosening.

Although considerations of decorative and cosmetic aspects as well as
physiognomic appearances cannot be ignored, this construction seems to be
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primarily functional. Mechanical clues, such as small scratches and grooves on
the gold band document the use of this prosthesis over a time span of least
several years.

References

Asbell MB (1948) Specimens of the dental art in ancient Phoenicia (5th—4th Century B.C.).
Bulletin of the History of Medicine 22 (6), 812-821.

Alt KW (1994) Die historische Entwicklung der zahnérztlichen Prothetik. In: Strub JR, Tiirp
J Ch, Witkowski S, Hiirzeler MB, Kern M (eds) Curriculum Prothetikum. Quintessenz,
Berlin, p. 37-61.

Becker MJ (1994) Etruscan gold dental appliances: Origins and functions as indicated by a
example from Orvieto, Italy, in the Danish National Museum. Dental Anthropology
Newsletter 8 (3), 2-8.

Becker MJ (1995) Tooth evulsion among the ancient Etruscans: Recycling in Antiquity.
Dental Anthropology Newsletter 9 (3), 8-9.

Brandstitter F (1988/1989) Ein Beitrag zur Kenntnis der chemischen Zusammensetzung
frithbronzezeitlicher Goldfunde: Elektronenstrahl-Mikrosondenanalysen von Funden
aus dem Gréberfeld von Hainburg-Teichtal, VB Bruck an der Leitha, Niederdsterreich.
Mitt. Anthrop. Ges. Wien 118/119, 151-153.

Capasso L, Di Totta G (1993) Etruscan teeth and odontology. Dental Anthropology
Newsletter 8 (1), 4-7.

Como J (1925) Das Grab eines romischen Arztes in Bingen. Germania 9, 152—162.

Corrucini RS, Pacciani E (1989) “Orthodontistry” and dental occlusion in Etruscans. Angle
Orthodontists 59 (1), 61-64.

Echt R, Thiele WR (1987) Etruskischer Goldschmuck mit geloteter und gesinterter
Granulation. Arch. Korrespondenzblatt 17, 213-222.

Hartmann A (1970) Prihistorische Goldfunde aus Europa. In: Bittel K, Hartmann A, Otto
H, Sangmeister E, Schickler H, Schoder M (eds) Studien zu den Anfingen der
Metallurgie, Bd. 3, Gebriider Mann Verlag, Berlin.

Hartmann A (1982) Prihistorische Goldfunde aus Europa II. In: Bittel K, Hartmann A, Otto
H, Sangmeister E, Schickler H, Schroder M (eds) Studien zu den Anfidngen der
Metallurgie, Bd. 5. Gebriider Mann Verlag, Berlin.

Harris JE, Iskander Z, Farid S (1975) Restorative dentistry in ancient Egypt: An
archaeological fact. J Michigan Dent Ass 57, 401-404.

Hoffmann-Axthelm W (1985) Die Geschichte der Zahnheilkunde (2nd ed.). Quintessenz,
Berlin.

Jackson R (1988) Doctors and Disease in the Roman Empire. British Museum Publications,
London.

Johnstone MA (1932a) The Etruscan collection in the free public museums of Liverpool.
Annals of Archaeology and Anthropology 19, 1221-137.

Johnstone MA (1932b) The Etruscan Collection in the Public Museum of Liverpool. Studi
Etruschi 6, 443-452.

Junker H (1929) Giza 1. Die Mastabas der IV. Dynastie auf dem Westfriedhof. Denkschriften
der Akademie der Wissenschaften, Phil.-hist. Klasse 69, 1. Abhandlung. Wien, Leipzig.

Krug A (1984) Heilkunst und Heilkult: Medizin der Antike. Beck, Nordlingen.

Kiinzl E (1983) Medizinische Instrumente aus Sepulkralfunden der romischen Kaiserzeit.
Fiihrer des Rheinischen Landesmuseums Bonn Nr. 115. Habelt, Bonn.

Pot T (1985) Two Etruscan gold dental appliances, found in 19th century excavations at
Satricum and Praeneste. Mededelingen van het Nederlands Instituut te Rome 47 (N.S.
11), 35-39.



68 M. Teschler-Nicola et al.

Puech PFF (1995) Dentistry in ancient Egypt: Junkers’ teeth. Dental Anthropology News-
letter 10 (1), 5-7.

Terzioglu A, Uzel I (1987) Die Goldbandprothese in etruskischer Technik. Ein neuer Fund
aus Westanatolien. Phillip Journal fiir restaurative Zahnmedizin 4, 109-112.

Teschler-Nicola M (1992) Sexualdimorphismus der Zahnkronendurchmesser. Ein Beitrag
zur Geschlechtsdiagnose subadulter Individuen anhand des frithbronzezeitlichen
Griberfeldes von Franzhausen I, NiederOsterreich. Anthrop. Anz. 50, 51-65.

Teschler-Nicola M (1994) Bevolkerungsbiologische Aspekte der frithen und mittleren
Bronzezeit. In: Neugebauer JW (ed.) Bronzezeit in Ostosterreich. Verlag Niederoster-
reichisches Pressehaus, St. Polten, Wien, p. 167-183.

Waarsenburg DJ (1991) Auro dentes iuncti. An Inquiry into the Study of the Etruscan Dental
Prosthesis. Stips votiva, Festschrift fiir C. M. Stibbe. Amsterdam, p. 241-247.

Walter C (1989) Die Geschichte der zahnirztlichen Prothetik. Swiss Dent 10 (7-8), 15-31.



3 Dental Morphology, Structure, and Evolution



3.1 Anatomy and Morphology of Human Teeth

Jens C. Tiirp and Kurt W. Alt

Introduction

The macromorphology of human teeth is of great importance to the scientific
disciplines of anatomy, dentistry, physical anthropology, and forensic medicine.
Morphological studies concerning the interrelation between the form and the
function of teeth are essential to the understanding of ontogenetic and
phylogenetic processes. The task of odontography is to allow the precise
identification of each tooth, whether it be deciduous (primary) or permanent
(secondary), maxillary (upper jaw) or mandibular (lower jaw), left or right, and
to give its exact position within the dentition (e.g. permanent mandibular left
second molar).

A knowledge of the variation within the human dentition is indispensible for
population studies and forensics. Although, at a superficial level, the teeth of
different individuals may appear similar on closer examination they exhibit great
variation in both form and size. Descriptions of normal tooth form are the product
of subjective observation. All forms within a certain tolerance can be described as
variants of a norm (the variation is normal) (Alt 1997). But findings which go
beyond biological variation are abnormalities. Extreme cases are regarded as
malformations (Schulze 1987).

Topography and Nomenclature

The international nomenclature for dental anatomy and for the description of a
tooth’s position within the dental arch is used inconsistently and is sometimes at
variance with anatomic nomenclature. The terminology used for the surfaces of
the crowns of teeth generally follows the Nomina Anatomica (1989) whereas the
cusps and roots are named according to their position in the dental arch.

The part of the tooth covered by enamel is the crown, that covered by
cementum is the root. The transition from crown to root takes place at the cervix
or neck of the tooth in a sinuous outline, and is called the cementoenamel junction
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apex

root

cervix

crown

incisal edge

Fig. 1. Topographical regions of an incisor.

or the cervical line. The different regions of the tooth are described with terms
derived from Latin (Fig. 1).

The dental arches divide the mouth into two areas, that inside the dental arch
(the oral cavity proper), and that outside. The oral cavity can be further divided
lingual in the mandible, palatal in the maxilla, but is often generally described as
lingual. The facial area is often subdivided into a labial and a buccal part (from the
Latin words labium: lip, and bucca: cheek).

The crown of each tooth has five surfaces. In addition to the facial and lingual
surfaces every tooth has either an incisal edge or ridge (incisors and canines) or an

mesial

oral distal

/ .
mesial

Fig. 2. Upper and lower jaw: Directions and tooth surfaces.
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occlusal surface (premolars and molars) as well as two proximal surfaces (mesial
and distal), i.e. contact areas between adjacent teeth. Mesial refers to the surface
which faces toward the center line of the dental arch and distal refers to the surface
which faces away from the center line of the dental arch (Fig. 2). This nomenclature
remains even if teeth are rotated, tilted, or displaced. Notations used in
anthropology, paleontology, biology, and dentistry aim to represent clearly in
abbreviations, teeth and types of teeth using formulae and notation systems (see
Chapter 2.3, this volume, also Tiirp and Alt 1995).

Tooth Structure

Human teeth are composed of four tissues, the soft tissue of the pulp and the three
calcified tissues dentin, enamel and cementum. The cementum, also called root
cementum, is simultaneously a part of the periodontium, the supporting structure
of the teeth (Fig. 3).

The dental pulp occupies the pulp cavity of the tooth. The pulp can be further
divided into coronal pulp, which occupies the pulp chamber, and radicular pulp,
which fills the pulp or root canals. The pulp contains cells (odontoblasts,
fibroblasts, undifferentiated mesenchymal cells), nerve fibers, and blood and lymph
vessels. The pulp cavity is lined by a layer of cells called odontoblasts.

Dentinal tubules give dentin its characteristic structure. Chemically, dentin is
composed of, by weight, 70% inorganic (mainly calcium and phosphate in
hydroxyapatite crystals), 20% organic matrix (mainly collagen), and 10% water
(Schroeder 1991). The density and diameter of the tubules decreases the further
they are from the pulp cavity. Typical values for the permanent teeth of a young
adult for areas close to the pulp cavity (0.1-0.5 mm from the pulp-dentin-border)
and areas farther away (3.1-3.5 mm from the pulp-dentin-border) are represented
in Table 1.

Fig. 3. Buccolingual section of a lower anterior tooth.
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Table 1. Average density and average diameter of dentin tubules (Garberoglio and
Brinnstrom 1976)

0.1 — 0.5 mm from the pulp 3.1 - 3.5 mm from the pulp

Mean density (number/mm?) 43,000 19,000
Tubule diameter (um) 19 0.8

Dentinal tubules contain the odontoblast processes (Tomes’ processes). The
periodontoblastic space around the processes is filled with a liquid tissue (dentin
liquor). The dentinal tubules are surrounded by peritubular dentin which is
characterized by a high degree of mineralization. The majority of the dentin is
formed by intertubular dentin.

Dental enamel consists of 95% inorganic substance by weight (organic
matrix: 1%; water: 4%) (Schroeder 1991). Because enamel contains neither cells
nor cell processes some authors regard it not as a hard tissue but as a crystalline
structure (Schroeder 1983). Nevertheless it is formed by cells, the ameloblasts.
Human tooth enamel consists of enamel prisms (rods) (density: 20,000-
30,000/mm?; average diameter: 5 um) which are constructed of hydroxyapatite
crystals.

The superficial layer of enamel is aprismatic in all deciduous teeth and in 70%
of permanent teeth. The formation of enamel prisms and their variation in primates
can be used to decide questions of taxonomy and phylogeny (Gantt 1983).

Structure of the Periodontium

The periodontium consists of those tissues which anchor and support the tooth in
the socket (alveolus) in the alveolar process of the jaw. They comprise of the
cementum, the supra alveolar gingival fibre bundles, the periodontal ligament
fibres, the junctional epithelium, and the alveolar bone (Fig. 3).

The root cementum, which anatomically belongs to the tooth and functionally
to the periodontium, surrounds the root dentin in a thin layer. The cementum layer
is thinnest at the cervix (50-150 ym) and increases towards the apex (200-600 um)
(Rateitschak et al. 1989). Chemically, cementum consists, by weight, of about 61%
inorganic matrix, 27% organic matrix, and 12% water (Schroeder 1991). Depending
on whether the cementum is cellular and the presence of intrinsic or extrinsic fibers
of the desmodont (periodontal ligament), four kinds of cementum can be
distinguished (see Schroeder 1993). The main components of the periodontal
ligament are collagen fibers which are interwoven in a three-dimensional array
(Sharpey fibers). The tooth is elastically suspended in the alveolus by these fibers
which extend from alveolar bone to the cementum in the periodontal crevice
(periodontal space). Depending on the course and topography of the bundles, the
fibers are distinguished as crestal, horizontal, diagonal (main part) and apical, as
well as interradicular in the case of multirooted teeth (Fig. 3) (Rateitschak et al.
1989). In addition to Sharpey fibers, the periodontal crevice contains dense networks
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of blood and lymph vessel, cells (fibroblasts, osteoblasts, osteoclasts, cementoblasts,
osteoprogenitor cells and cementoprogenitor cells, blood cells and epithelial cells),
neural networks, nociceptors (pain) and mechanoreceptors (pressure), as well as
tissue fluid.

The collagen fiber bundles of the gingiva are inserted coronally to the
periodontal crevice. They attach the gingiva to the tooth surface (the so-called
supraalveolar fiber apparatus) (Fig. 4). The alveolar processes are dependent upon
the existence of teeth; they are largely resorbed in edentulous persons. The
alveolar processes consist of three parts: that nearest the tooth, the alveolar bone,
is part of the periodontium, the outermost part is made up of compact bone. In
between is trabecular bone filled with fatty marrow (Figs. 3 and 4). The alveolar
bone is approximately 0.1 to 0.4 mm thick and has perforations (Volkmann canals)
through which blood and lymph vessels as well as nerves enter the periodontal
crevice.

Morphology and Variation of Tooth Form and Size in Permanent Teeth

Human teeth show great variability with regard to form and size. Whereas in
anthropology and forensic medicine anatomic peculiarities such as the form

Fig. 4. Buccolingual section of the upper part of the periodontium (modified after
Rateitschak et al. 1989).
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and prominence of marginal crests, cusps and roots are important, from the
dentist’s viewpoint characteristics such as crown contour and curvature, the
functional details which play a role when teeth are rehabilitated have greater
relevance.

The range of variation of human teeth was first depicted by Miihlreiter
(1870). Around the turn of the century, famous scientists were dealing with the
anatomy and morphology of human teeth and comparative anatomy (Zucker-
kandl 1891; Black 1897; Tomes 1898; de Terra 1905; Adloff 1908; Bolk 1913,
1914; de Jonge-Cohen 1917; Hrdlicka 1921; Sicher and Tandler 1928). From
around the 1950’s on, studies centered on macromorphology, which is still
important today (Visser 1948; Hiaupl 1949; de Jonge 1958; Remane 1960; Sicher
1960; Marseillier 1965; Keil 1966; Kraus et al. 1969; Wheeler 1969; Fujita 1973;
Tallec 1975; Scott and Simons 1977; Berkovitz et al. 1978; Taylor 1978).
Standard works have since been published (DuBrul 1980; Schumacher 1980,
1984; Kurtén 1982; Ash 1984; Carlsen 1987; Williams et al. 1989; Matsumura
1995).

Tooth-Distinguishing Characteristics

For paleodontological and forensic purposes, it can be very important to classify
single teeth very precisely. As arule, every tooth shows certain characteristics that
allow its precise identification as left or right. The most well-known of these
general features are the curvature characteristic, the angular characteristic, and the
root characteristic (Miihlreiter 1870).

Curvature Characteristic (Arch Characteristic)
The evaluation of the curvature characteristic is made while viewing the
tooth in question from the incisal or occlusal direction. From this point of view the

height of contour of the facial plane of the root is located mesially, which means
that the tooth seems to be bulkier mesially (Fig. 5).

'

distal mesial

Fig. 5. Tooth determining characteristics: permanent maxillary right central incisor:
curvature characteristic.



3.1 Anatomy and Morphology of Human Teeth 77

distal mesial

)

Fig. 6. Tooth distinguishing characteristics: permanent maxillary right central incisor:
angular characteristic, root feature, and cervical characteristic.

Angular Characteristic

The angular characteristic is assessed from the facial direction. In the evaluation
of the angles made up by the incisal edge and both the mesial and distal side planes
of the tooth crown, one can recognize that these are more accute toward the mesial
and more rounded toward the distal (Fig. 6). Angularity is especially well-
developed in maxillary incisors. As a result of the angular characteristic, the area
which is surrounded by the external outline of the tooth and straight lines set on
the incisal edge and the respective approximal surface of the tooth shows a smaller
volume mesial than distal.

Root Characteristic

The root characteristic is assessed by viewing the tooth from its facial aspect. One
can recognize that the root is bent towards the distal (Fig. 6). This feature is found
in all teeth except on the central mandibular incisors.

Further Distinguishing Features

A further distinguishing characteristic is the cervical characteristic. It is assessed
from the facial direction. In this case, the most apical point is found distally (Fig.
6). This characteristic is found on all incisors and is especially developed on the
central maxillary incisors.

Mandibular incisors often show a concavity on the distal surface of the root.
By using this characteristic, the very symmetrically built mandibular incisors can
usually be assigned to their respective sides.
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Morphology and Variation of the Permanent Tooth Crown

As a result of their cutting function, incisors are either spatula- or chisel-shaped.
The canines, on the other hand, are designed to hold food and to tear pieces off.
This is why they are pointed. Morphologically, canines represent the transition from
incisor to premolar (Berkovitz et al. 1980). Tables 4 and 5 show the variation
concerning the number of cusps (and roots) of permanent teeth.

Crown Morphology of Permanent Anterior Teeth
Maxillary Central Incisor
The maxillary central incisors are the largest human incisors (Fig. 7a). They possess

curvature, angular, root, and cervical characteristics. The labial and lingual surfaces
may be either smooth or furrowed. Variations of the lingual surface include a

Fig. 7 a—¢c. Permanent maxillary left front teeth: a: central incisor; b: lateral incisor; ¢: canine.
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lingual fossa, a cingulum (lingual lobe), and marginal and accessory ridges (narrow
linear elevations).

Maxillary Lateral Incisor

The maxillary lateral incisors are smaller and slimmer than their mesial neighbours
(Fig. 7b). Angular characteristic, root feature and cervical characteristic are typical,
whereas the curvature characteristic is less obvious. On the palatal surface, one
often finds a foramen caecum, i.e. a blind-ending impression. Variations in form
are frequently found in this tooth. The main variations are mostly dilacerations, a
caniniform appearance, and a reduction in size (atrophy). The latter feature can be
regarded as a micromanifestation of aplasia.

Maxillary Canine

The maxillary canines are the longest human teeth (Fig. 7 c¢). The outline of the
labial surface of the tooth is strongly marked by the form of the mesial and distal
edges. The tooth has a form close to that of two isosceles triangles. The mesial edge
which descends from the point angle is shorter and slightly flatter than the distal
edge. At the transition from the distal edge to the distal approximal surface the tooth
widens a little. Marginal ridges are usually found on the lingual surface. If a central
ridge occurs, two shallow grooves (sulci) can be found mesially and distally
(lingual fossae). The tooth has curvature, angular, root, and cervical characteristics.
Variations from the norm most frequently concern the form of the lingual
tuberculum (cingulum), the marginal ridges, and the incisal tip.

Mandibular Central Incisor

The mandibular central incisors are the smallest incisors (Fig. 8 a). The teeth are
built very symmetrically and as seen from the facial side show a rectangular to
triangular contour. The incisal edge is sometimes divided into three equally large
cusps by nicks. Marginal ridges, grooves and the tuberculum dentis are often poorly
developed. The teeth usually have neither angular, root, nor cervical characteristics,
but laterality may be decided upon by the distal concavity in the root.

Mandibular Lateral Incisor

The mandibular lateral incisors, like the centrals, are less variable than their
antagonists in the maxilla (Fig. 8 b). The teeth have a poorly developed angular
characteristic and a slight root characteristic. Variations of the incisal edge can give
the tooth an appearance similar to that of a canine. The incisal edge can be divided
into cusps by nicks like the mandibular central incisor. Features such as ridges,
grooves etc. seldom occur.
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Fig. 8 a—c. Permanent mandibular left front teeth: a: central incisor; b: lateral incisor; ¢: canine.

Mandibular Canine

The mandibular canines are slimmer than the maxillary canines (Fig. 8 c¢). From
the facial aspect, the tooth shows almost parallel ridges and a rectangular form with
a triangle set on top to form a point. Like the mandibular premolars and molars,
the crowns of the mandibular canine show a slight lingual inclination. Curvature
and root characteristics are obvious. Lingual structures are less developed than in
the maxillary canine; the marginal ridges are the only exception.

Crown Morphology of Permanent Posterior Teeth
The main function of the permanent posterior teeth is to crush food. Typically they

consist of two cusps (bicuspid). The maxillary premolars are much more simple
than their antagonists in the mandible. In many primates, the form of the premolar



3.1 Anatomy and Morphology of Human Teeth 81

can resemble that of a canine (caninization), while the first premolar may resemble
a molar (molarization). For this reason the premolars can be seen morphologically
as a transition from the canine to the molar.

Maxillary First Premolar

The maxillary first premolar usually shows a reverse curvature characteristic, i.c.
as seen from the occlusal aspect the height of contour has moved toward the distal
(Fig. 9 a). While the tooth has a trapezoid form, if the tooth has a mesial concavity,
it has a more kidney-like appearance. The buccal cusp is slightly higher and larger
than the palatal one, and the buccal cusp tip is set distally with respect to the palatal
one. The fissure pattern of the tooth is very variable. The basic shape of the
longitudinal fissure is usually straight or “S”-shaped and ends in a groove in front
of the marginal ridge. The main occlusal fissure runs from mesiopalatal to
distopalatal and typically shows a drop toward the distal as is typical for molars.
Unlike in the mandible, the crowns of the maxillary premolars are clearly defined
mesially and distally by marginal ridges. This definition is accentuated by variable
diagonal fissures which separate the cusps toward the marginal ridges.

Maxillary Second Premolar

This tooth is somewhat smaller than the maxillary first premolar (Fig. 9 b). Its crown

Fig. 9 a, b. Permanent maxillary left premolars: a: first premola; b: second premolar.
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does not differ significantly in form from that of the first premolar. The curvature
characteristic is only weakly developed. Both cusps are almost equal in height and
size. Unlike the first premolar, the kidney-formed concavity of the mesial marginal
ridge is usually missing. The form and size of the second premolar can vary.

Mandibular First Premolar

The mandibular first premolar is the smallest of all premolars (Fig. 10 a). It shows
the greatest variation concerning the number and form of its cusps and the course
of its fissures. The crown of the tooth is set lingually relative to the root, with the
buccal cusp tip in line with the root axis. There is an obvious height difference
between the buccal and the lingual cusp. The lingual cusp(s) do not reach the
occlusal plane. The tooth has a curvature and a root characteristic.

Mandibular Second Premolar
Like the maxillary first premolar, the crown of the mandibular second premolar is
lingually inclined, and shows angle and curvature characteristics (Fig. 10 b). This

tooth is also very variable regarding its crown morphology. Usually it possesses
three cusps (buccal, mesiolingual, and distolingual). The fissure course is closely

Fig. 10 a, b. Permanent mandibular left premolars: a: first premolar; b: second premolar.
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related to the number and definition of the cusps. If the cusps are strongly developed
the fissure course is usually Y-shaped, if they are less developed the course is half
round, and if the tooth has two cusps it is straight. The root is triangular to round
in cross-section.

Maxillary First Molar

The maxillary first molar is basically rhomboid in form (Fig. 11 a). The two
mesial cusps are larger and higher than the distal ones: The mesiopalatal cusp
(protoconus) is the largest, followed by the mesiobuccal (paraconus), the
distobuccal (metaconus) and the distopalatal (hypoconus; for comparative terms
for cusps used in paleontology and those customary in dentistry see Table 2).

The occlusal surface of the first molar possesses two main fissures, one mesial
and one distal. The mesial fissure originates between the two buccal cusps, runs
diagonally, then turns mesially and runs longitudinally. The distal fissure has its
origin between the palatal cusps. It travels distobuccally and ends in front of the
marginal ridge. The transverse ridge which is very variable in its pronounciation,
runs from the tip of the mesiopalatal cusp to the distobuccal cusp. It separates the
two main fissures. If the distopalatal cusp is missing, the transverse ridge takes on
the character of a marginal ridge. A great number of secondary fissures may be
present as branches or ramifications of the main fissures. The maxillary first molar
shows angle, curvature and root characteristics.

Maxillary Second Molar
The basic form of the maxillary second molar is comparable to that of the first

(Fig. 11 b). Nevertheless, the second molar is slightly smaller and shows greater

Table 2. Paleontological and odontological nomenclature of molar cusps

Jaw Paleontological term Odontological term

Maxilla Paraconus Mesiobuccal cusp
Metaconus Distobuccal cusp
Protoconus Mesiopalatal cusp
Hypoconus Distopalatal cusp
(Protoconulus) (Mesial intermediate cusp)
(Metaconulus) (Distal intermediate cusp)

Mandible Protoconid Mesiobuccal cusp
Hypoconid Mediobuccal cusp
Metaconid Mesiolingual cusp
Entoconid Distolingual cusp
Hypoconulid Distobuccal cusp

(Paraconid) (Mesial cusp)
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Fig. 11 a—c. Permanent maxillary left molars: a: first molar; b: second molar; ¢: third molar.

variation. The rhomboid shape, which is typical for all maxillary molars, is most
apparent in the second maxillary molar. In almost 70% of cases the tooth has
four cusps; in these cases the distopalatal cusp (hypoconus) is missing. 20% of
the teeth have a reduced hypoconus which suggests a tendency for the cusp to
disappear.

Maxillary Third Molar

Wisdom teeth are for the most part the smallest molars (Fig. 11 c). They generally
have an irregular form. This also applies to the roots which are often fused.

Mandibular First Molar

The basic form of this tooth is a rectangle (Fig. 12 a). Curvature and angle
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Fig. 12 a—c. Permanent mandibular left molars: a: first molar; b: second molar; ¢z third molar.

characteristics are present as well as a lingual inclination of the crown. The tooth
typically has five cusps: three buccal (mesiobuccal, mediobuccal, distobuccal) and
two lingual (mesiolingual, distolingual). Whereas the buccal cusps show a
decrease in height from mesial to distal, the lingual ones maintain theirs. The
occurrence of four cusps always coincides with the loss of the hypoconulids. In
addition to the longitudinal fissure (main fissure), which runs from mesial to distal
and usually ends in the region of the marginal ridge, three diagonal fissures branch
off from the center. In the first molar, one diagonal fissure runs toward the lingual
and two run toward the buccal side. Depending on the form and number of cusps
— as with the other mandibular molars — a Y-shaped fissure pattern, or an X-pattern
exists (Tab. 3).

The “Y”-pattern derives from the original Dryopithecus-pattern while the other
two variations are adaptations. In Middle European people the Y-5-pattern,
followed by the “+”-5-pattern is the most common in the first mandibular molar.
Internationally, the distinction of three fissure characteristics (“Y”, “+” or “X”) has
not generally been maintained. The “X”-variation and the cross-shaped variation
are seen as one by many examiners.
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Table 3. Fissure patterns of mandibular molars

Y-pattern Cusp contact between metaconid and hypoconid; protoconid and entoconid are
separated by a fissure and do not come into contact

+-pattern Point contact of metaconid, protoconid, entoconid, and hypoconid in the fovea
centralis

X-pattern Cusp contacts between protoconid and entoconid; metaconid and hypoconid are
separated by a fissure

Mandibular Second Molar

The crown of the mandibular second molar is lingually inclined (Fig. 12 b). The
tooth also has a curvature and a root characteristics. Its basic form is similar to that
of the first molar although it is smaller. The two buccal and two lingual cusps are
equal in size and shape. The second mandibular molar has four cusps in 90% of all
cases (Twiesselmann and Brabant 1967), the “+”- variation predominates. In rare
cases it has only three cusps.

Mandibular Third Molar

The mandibular wisdom tooth like the maxillary one is very irregularly formed
(Fig. 12 ¢). Its roots are often fused.

The Roots of Permanent Teeth and Their Variability

Usually only molars and maxillary first premolars have more than one root. The
mandibular molars usually possess two roots, and the maxillary molars three roots
(cf. Tables 4 and 5).

In contrast to the crowns, roots have so far only been examined in large-scale
surveys. Since the knowledge gained from radiography is limited, information
gained from skulls and from extracted teeth is of far greater value (Visser 1948).
As with crowns, in the root area normal variations exist, especially in the form and
number of roots.

Where there are more roots than normal, the extra root is formed, either by
splitting the main root or by formation of another independent root. The latter are
accessory roots and are discussed with other rare root variations (for example:
taurodontism, pyramidalism) in Chapter 3.2. In principle, the only roots which are
regarded as multiple roots are partially — at the apex of the root — or completely
separated.

Certain teeth are affected more often by multirootedness than others. The
incisors and canines of permanent teeth seldom have extra roots through
differentiation; instead, a tendency toward separation, i.e. division (furrow
formation), is more likely to be found (Keil 1943; Sykaras 1972). The mandibular
canines are an exception (Alexandersen 1963; Bruszt 1963; Le Huche 1954;
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Table 4. Number of roots and cusps of permanent maxillary human teeth (Schumacher 1991)

Teeth Roots Cusps
11421 1 -
12422 1 -
13423 1 -
14+24 2 (>60%) or 1 2
15+25 1 (>85%) or 2 2
16+26 3 4
17+27 3 4

Table 5. Number of roots and cusps of permanent mandibular human teeth (Schumacher 1991)

Teeth Roots Cusps

41431 1 -

42432 1 -

43433 1 -

44434 1 (74%) or 2 (26%) 2 (75%) or 3 (25%)
45+35 1 (85%) or 2 (15%) 3

46+36 3 5

47+37 3 4

Sassenberg 1939) because they show a second root with a frequency of up to 8%
(Visser 1948).

Although the existence of an appendiciformed root is rarely expressed in
percentages, it is still found as a surplus root developed through differentiation
(Schulze 1987). During differentiation of the root, splitting follows certain
regularities: the maxillary incisors split in a mesio-distal direction, the mandibular
incisors — primarily lateral incisors — split in a facial-lingual direction. The
permanent canines always differentiate in a facial-lingual direction.

In premolars, singlerootedness is generally the norm, although the first
maxillary premolars often possess two roots. In contrast to molars, premolars are
characterized by a far greater constancy of root formation. Multirootedness arises
primarily from root differentiation. Of all teeth, the molars are most often effected
by extra roots (and are most often the site of anomalies). In maxillary molars, fusion
of the normally three divergent roots is often observed. Root divergence is greatest
in the maxillary first molar.

The Root Size of Permanent Teeth and Their Variability

Form and size, the most frequently noted variations, are determined by separate
hereditary factors. Complimentary tooth form and size are important for a
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correct occlusion (Eismann 1980). The deciding factor is not the size of the tooth
itself, but its proportion within the dentition (Graf und Koch 1988; Klein 1982).
Discrepancies in form and size lead to malocclusion, which is intensified by a
discrepancy between tooth and jaw size (Gegenfurtner 1982 a, b; Harzer and
Miiller 1986; Schulze 1987). For anthropologists, anatomists, and biologists the
main themes when studying the metric characteristics of the teeth are:
evolutionary biological events (e.g., questions of evolutionary trends in
reduction of tooth size [Brace et al. 1987; Lavelle 1971, 1972 a, b; Frayer 1977;
Matsumura 1995; Smith 1976, 1982]), comparative population studies and
gender detemination (e.g. the diagnoses of the sex of children by means of the
discriminating-analytic separating function [Henke 1990; Langenscheidt 1985;
Paul 1990]).

Usually the determination of tooth size is limited to two measurements, namely
the mesio-distal and the buccal-lingual crown diameters (Herren 1974, Doris et al.
1981; Matsumura 1995).

A large degree of agreement has been achieved at present concerning existing
sex dimorphism and the size of teeth (cf. Kieser 1990). The meaning for
anthropology was pointed out by Henke (1990) and Paul (1990) among others.
Studies from Miethke (1972) as well as Heckerodt und Kéhnen (1983) have shown
that the teeth of a male individual tend to be broader than those of a female. Within
the groups of teeth, differences are especially marked in canines and mandibular

Table 6. Variations in entire length of permanent maxillary human teeth (in mm)

Teeth Entire length (min—max) Entire length (min—max)

11+21 18.0-32.0 17.2-27.8

12422 17.5-28.0 19.8-26.4

13433 19.0-37.0 19.9-40.7

14+24 16.2-28.2 18.3-26.2

15+25 17.5-27.0 16.3-28.4

16+26 17.5-29.0 17.9-28.9
Investigator Miihlreiter (1891) Alt (1997)

Table 7. Variations in entire length of permanent mandibular human teeth (in mm)

Teeth Entire length (min—-max) Entire length (min—max)
41+31 18.0-27.0 19.2-21.4
42432 19.0-29.0 19.0-26.3
43+33 20.0-34.0 18.1-28.7
44+34 18.5-27.0 18.8-23.4
45+35 19.0-27.5 17.7-23.8
46+36 18.3-26.0 17.2-24.4

Investigator Miihlreiter (1891) Alt (1997)
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Table 8. Variations in crown length of permanent maxillary human teeth (in mm)

Teeth Crown length (min-max) Crown length (min-max)

11421 8.5-14.5 10.2-13.3

12422 7.8-12.0 8.8-11.7

13433 7.5-13.0 9.2-13.0

14424 7.0-10.8 7.4-10.2

15+25 6.2-10.2 6.9— 9.7

16426 6.8- 9.0 6.2— 8.3
Investigator Miihlreiter (1891) Alt (1997)

Table 9. Variations in crown length of permanent mandibular human teeth (in mm)

Teeth Crown length (min—-max) Crown length (min—max)

41+31 7.0-11.5 7.8- 94

42+32 8.2-11.8 7.7-10.3

43433 8.5-14.5 9.8-12.2

44434 7.5-11.0 7.3-10.2

45+35 6.9-10.0 7.0- 9.7

46+36 7.0- 9.0 54- 138
Investigator Miihlreiter (1891) Alt (1997)

molars (Rieger 1993). Normally, the differences in size are 0.2 to 0.3 mm. With
canines, differences are between 0.4 and 0.6 mm and with mandibular molars 0.4
mm or more.

In Tables 6 and 7, variations of the total lengths of the maxillary and mandibular
teeth are collected. The chart shows a comparison of results which Miihlreiter
(1870) obtained from teeth of volunteers from the Salzburg area (Austria) and
results which Alt (1997) gathered from teeth of the Schwarz tooth collection
(School of Dentistry, University of Basel/Switzerland).

Results for crown lengths alone are shown in Tables 8 and 9.

Occlusal Relationships

The term occlusion has two meanings. The first is the act or process of closure
or of being closed or shut. The second is the static relationship between the
incising or masticating surfaces of the maxillary or mandibular teeth (or tooth
analogs). The interdigitation of cusps of opposing teeth is described with the term
intercuspation. The maximum interdigitation of opposing teeth (independent of
the position of the mandibular condyles) is called maximum intercuspation.
Articulation refers to the relationship between the occlusal surfaces of the teeth
in contact during function.
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In the incisor area, during maximum intercuspation a distinction can be made
between vertical and horizontal overlap. Vertical overlap (overbite) is the distance
the incisal edges of the maxillary incisors extend below those of the mandibular
incisors when the teeth are in maximum intercuspation (Fig. 13: VO). Horizontal
overlap (overjet) is the distance between the labial surface of the maxillary ineisors
and the labial surface of the mandibular incisors (Fig. 13: HO). ’

As arule, the mandibular arch is smaller than the maxillary arch and mandibular
incisors are slimmer than those of the maxilla. Therefore, with maximum
intercuspation, and provided that the row of teeth is not discontinuous, posterior
teeth have contact with not one but with two teeth of the opposite jaw (exception:
the most distally placed lower molar has only one antagonist). Accordingly, a main
antagonist can be distinguished from a secondary antagonist (example: the
mandibular first molar has the maxillary first molar as a main antagonist and the
maxillary second premolar as a supporting antagonist).

In the case of regular intercuspation of the posterior teeth, the maxillary canine
occludes between the mandibular canine and the mandibular first premolar, while
the maxillary first molar with its mesiobuccal cusp contacts the main buccal fissure

Fig. 13. Normal occlusal relationship of the anterior teeth showing two types of overlap:
VO: vertical overlap (overbite), HO: horizontal overlap (overjet).



3.1 Anatomy and Morphology of Human Teeth 91

]
17 16 5 1 2
18

48 47 15 |

Fig. 14. Normal occlusal relationship of the first molars and the canines: The mesiobuccal
cusp of the maxillary first molar is situated over the groove between the mesiobuccal and
mediobuccal cusp of the mandibular first molar. The maxillary canine occludes between the
mandibular canine and the mandibular first premolar.

of the first mandibular molar, which lies between the mesio- and mediobuccal cusps
(Fig. 14).

As a rule, maxillary posterior teeth are more buccally placed than
mandibular ones (normal occlusion). As a result, the palatal cusps of maxillary
posterior teeth and the buccal cusps of mandibular teeth are centric (or
supporting) cusps. The buccal cusps of the upper jaw and the lingual cusps of
the lower jaw, on the other hand, are described as noncentric (or guiding) cusps.
For further definitions concerning occlusal relations refer to The Glossary
Prosthodontic Terms (1994).
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3.2 Hereditary Dental Anomalies

Kurt W. Alt and Jens C. Tiirp

Introduction

Studies of dental morphology are quite frequent due to their importance for
comparative anatomy, phylogeny, and dentistry (Taylor 1978; Hillson 1986;
Carlsen 1987; Schumacher et al 1990; Matsumura 1995). Dental anomalies, by
contrast, are seen as curiosities, and have been investigated only rarely (Brabant
et al. 1958; Thoma and Goldman 1960; Pindborg 1970; Ash 1986; Schulze 1987,
Schroeder 1991; Regezi and Sciubba 1993). The study of the anomalies of human
teeth increases our knowledge of odontogeny and aids our understanding of
ontogenetic processes by answering questions of etiology and pathogeny (Smith
and Tchernov 1992). Furthermore, the knowledge obtained enables us to evaluate
important aspects of evolutionary processes more precisely (Frisch 1965; Hillson
1986; Henke and Rothe 1994). Comparative studies of fossil and recent animal
teeth, especially of higher primates, are therefore indispensable (Colyer 1936;
Remane 1960; Alt and Tiirp 1997).

Morphological variants and anomalies of teeth are highly significant: for the
study of human evolution, the skeletal biology of ancient populations (especially
for inter- and intragroup investigations), and in paleopathology and forensic
odontology (Butler and Joysey 1978; Kurtén 1982; Hillson 1986, 1996; Scott and
Turner 1988; Kieser 1990; Kelley and Larsen 1991; Alt 1997 a, b). Normal dental
variation in humans has been discussed previously (see Tiirp and Alt, this volume).
This present contribution gives a short systematic review of dental anomalies,
paying special attention to those of permanent teeth. While hereditary anomalies
also occur in deciduous teeth, there are considerable differences in the frequency
of their occurrence. Discussions of pathogeny, etiology, trait frequencies etc. are
largely omitted (for this topic, see Pindborg 1970; Stewart and Prescott 1976;
Schulze 1987). An international classification of diseases of the digestive system
has been made available by Med-Index Publications (1993), and clinical dental
terminology has been outlined by Zwemer (1993).

An investigation of anomalies requires that the limits of normal variation are
well established. Simply describing anomalies as deviations from the norm is
insufficient. Schellong and Pfeiffer (1963) define anomalies to be morphological
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and/or structural changes of all or part of an organ during individual development,
and which lie outside normal variability but do not impede normal function. As
such, dental anomalies are abnormalities in which a tooth or several teeth have
deviated from normal form, function, or position (Zwemer 1993). This can occur
as part of a more generalized disorder (syndrome) or it can exist independently.
The transition from normal variation to anomaly is always fuzzy, and affects
diagnostic evalution. Population-specific differences in the frequencies of variants
result in differing classifications of traits, as in the case of shovel-shaped incisors,
which are considered to be a normal variation in some groups, but in others are
classified as anomalies.

This chapter focuses on the following ontogenetic disturbances: tooth shape
(form), concrescence/gemination/twinning/fusion, size and number, tooth position
and malocclusion, tooth structure, disturbances of tooth eruption, and congenital
malformations and disturbances of bone formation and growth of the skeleton
affecting jaws and teeth. The description is generally presented with respect to tooth
groups, since in the majority of cases single disturbances occur on all teeth of a
given tooth group. Like most morphological traits, dental anomalies show
continuous variability, which results in a gradual distinction and classification of
their expression. Anomalies of both tooth shape and tooth number can be
differentiated as plus and minus variants. Plus variants may include supplemental
cusps and accessory roots, whereas minus variants may differ in shape, size and
number of cusps and roots.

Abnormalities of the Tooth Shape (Form)
Tooth Crowns

Anomalies of the shape of the upper incisors include shovel-shape, double (lingual
and buccal) shovelling, and barrel and peg shape in the case of the maxillary second
incisors (“peg lateral”). Further variants of the incisors or canines include accessory
cusps, tubercles, ridges, as well as supplemental grooves (only rarely on the buccal
sides), talon cusps and dilated composite odontomas (Hillson 1986; Alt 1997 a)
(Fig. 1).

Morphologically, shovel-shaped incisors are a characteristic feature in
mongoloid populations, in which they occur nearly universally (Carbonell 1963).
However, their frequency among Caucasians is so low that they are classified as
an anomaly. The occurrence of marginal ridges without concavity of the palatal
surface should not be included in the shovel-shaped type. Ethnic differences in
shovelling indicate that this trait is controlled by genetic factors. This hypothesis
has been corroborated by twin and family studies (Blanco and Chakraborty 1976).

The most frequent anomalies of the shape of incisors among Caucasian
populations are to be found on the dental tubercle. These anomalies appear as singly
or multiply grooved cingula or cusplets. Occasionally, the dental tubercle is
enlarged into an independent cusp (de Jonge-Cohen 1935). Increased frequencies
of multiply-grooved cingula in families indicate a genetic origin for this trait. The
talon cusp is a dental anomaly which is manifested as an accessory cusp-like
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Fig. 1. Anomalies of the shape of the upper incisors; palatal view (a—e); buccal view (f);
mesial view (g-h); a: shovel-shaped incisor; b: grooved cingulum; c: accessory tubercle;
d: grooved lingual marginal ridges; e: accessory cusp on incisal or marginal ridge;
f: buccal ridge, fissure or cusp; g: buccal cingulum; h: extreme curvature of buccal surface;
i: caniniform incisor; k: barrel-shaped incisor.

structure on the tooth crown (Fig. 2). As far as the incisal edge of the incisors is
concerned, the crown contour may assume a Y- or T-shape (Kimball et al. 1970;
Hattab et al. 1995).

The dilated composite odontome (dens invaginatus coronalis/radicularis) is
the result of a folding process of the enamel organ during ontogenesis, with coronal
and radicular variants (Hallet 1953) (Fig. 3). The frequency of dilated composite

Fig. 2. Talon cusp (mandibular incisor).
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a b

Fig. 3. Invagination (dens in dente); a: coronal invagination; b: radicular invagination.

odontomes shows high interpopulation variety. Family studies carried out by
Grahnén et al. (1958) clearly indicate the participation of hereditary factors in the
occurrence of this trait.

Premolars show fewer anomalies than do incisors or molars (Kutscha 1985;
Burnett 1996). Rare anomalies of the lower premolars include accessory ridges (Keil
1966), prominent marginal ridges, as well as bucco-lingually compressed crowns
(sectorial form) (Hitchin and Ferguson 1958). In both the mandible and the maxilla
there may be additional cusps (molarisation) (Lunt 1976) or accessory cusps, such
as the paramolar tubercle on the buccal surface (primarily upper premolars) (Fujita
et al. 1963) and on the occlusal surface (tuberculated premolars; syn. dens evaginatus)
(Fig. 4). The latter is more frequent in lower than in upper premolars, and its most
marked development can be found in mongoloid populations (Reichart et al. 1982).
In upper premolars, the palatal cusp may be reduced or absent. There are clear
indications of a hereditary basis for most involved traits (see Alt 1997a).

Typical manifestations of molar anomalies are commonly found on all molars,
but the frequencies of the different traits vary from tooth to tooth. Certain cusps of
both upper and lower molars show either reduction or extension, and a number of
additional cusps or cusplets can occur. Extension occurs most frequently in the
hypocone and protocone cusps of upper molars (Fig. 5), and in the protoconid and
metaconid cusps of lower molars (Fig. 6) (Schulze 1987). More common is the under-
development of the molar crown, although most authors consider both hypocone and
metacone reduction in upper molars and metaconid or entoconid reduction in lower
molars to be within the limits of normal variation (Hofmann 1985).

Of greater importance for population studies are additional cusps or cusplets
(Scott 1980; Hofmann 1985; Hillson 1986; Kanazawa et al. 1990; Turner et al.
1991; Matsumura 1995) (Fig. 7). In maxillary teeth they can be present as:

the Carabelli tubercle (CAT), on the palatal base of the protocone;

the paramolar tubercle (parastyl), on the buccal base of the paracone (PAT);
the mesial paracone tubercle (MPT);

the mesial accessory tubercle (MAT);

the protoconule (PL; c-6), at the mesial marginal ridge;

L R 2 2 2 2
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Fig. 4. Anomalies of premolar crowns; a: accessory cusp of marginal ridge; b: molariform
mandibular second premolar (4 cusps); ¢: molariform maxillary first premolar (3 cusps); d:
tuberculated premolar; e: paramolar tubercle; f: accessory occlusal ridge (from buccal cusp tip
to distal marginal ridge); g: ‘‘Uto-Aztecan” premolar (fossa in distobuccal part of paracone); h:
sectorial premolar (buccolingually compressed crown); i: caniniform premolar.

¢ the lingual paracone tubercle (LPT), toward the center;
¢ the distal accessory tubercle (DAT), at the distal marginal ridge;
¢ the metaconule (ML; c-5), between hypocone and metacone.

Kanazawa et al. (1990, 177) state that “the terminology of the anomalous cuspules
on the human upper molar is confusing” which complicates comparative studies.

Additional cusps in mandibular teeth (see Mizoguchi 1977; Schulze 1987)
(Fig. 8) are:

¢ the tuberculum intermedium (c-7; metaconulid [MC]), between metaconid
and entoconid;

¢ the paramolar tubercle (PAT), at the base of the protoconid (protostylid);

# the Citroén tubercle (CIT), at the base of the metaconid (metastylid);

¢ the entoconulid (c-6; tub. sextum [EC]), between entoconid and
hypoconulid;

¢ the paracone tubercle (PCT), at the mesial marginal ridge.
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Fig. 5. Overdeveloped maxillary cusps; m = mesial; d = distal; a: regular molar crown;
b: overdeveloped hypocone; ¢: overdeveloped protocone; d: overdeveloped paracone; e:
combination of b and ¢; f: combination of ¢ and d.

d

Fig. 6. Overdeveloped mandibular cusps; m = mesial; d = distal; a: regular molar crown;
b: overdeveloped protoconid; c: over-developed metaconid; d: combination of b and ¢.



3.2 Hereditary Dental Anomalies 101

Fig. 7. Accessory maxillary cusplets (schematic representation); me = metacone; pa =
paracone; pr = protocone; hy = hypocone; CAT: Carabelli cusp; PAT: paramolar tubercle;
DAT: distal accessory tubercle; ML: metaconule; MPT: mesial paracone tubercle; LPT:
lingual paracone tubercle; MAT: mesial accessory tubercle; PL: protoconule.

A special formation of the median ridge of the metaconid is known as a “deflecting
wrinkle” (Hanihara et al. 1964) (Fig. 8). Twin studies showed that this trait is to a
high degree genetically determined (Mizoguchi 1977).

All cusps vary continuously in shape and size. Furthermore, additional cusps
may be present on the palatal or buccal surfaces, while microforms like grooves,
ridges, or merely a depression may replace an actual cusp (Hillson 1986). All of
these features seem to belong to a single variant, now called the Carabelli or

Fig. 8. Accessory mandibular cusplets (schematic representation); pr = protoconid; hy =
hypoconid; hyl = hypoconulid; me = metaconid; en = entoconid; PCT: mesial paraconid
tubercle; PAT: paramolar tubercle; DW: deflecting wrinkle; EC: entoconulid; CIT: Citroén
tubercle; MC: intermedium tubercle.
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a b c

Fig. 9. Compressed crown of maxillary second and third molars; a: regular form; b: semi-
compressed crown; ¢: compressed crown.

paramolar structure. In population studies, the scoring of all features is especially
important, as the microforms are far more frequent than the cusps themselves (in
the case of the Carabelli tubercle in a 3:1 ratio). Differences in the frequency of
their occurrence suggest a genetic basis of the additional cusps (cusplets). Twin
studies with a 100% concordance in identical twins and approximately a 50%
concordance in dizygotic twins confirm a marked hereditary trend for traits like
the Carabelli tubercle (Scheffler 1976).

A distinctive feature of the second and third molars in the maxilla is the
mesiodistal compression of the crown (compressed crown) (Fig. 9). Bilateral
occurrence and an increased familial frequency are strong indications for the
participation of genetic factors (Schulze 1987).

Tooth Roots

Findings on tooth roots are generally less conclusive than on tooth crowns due to
the longer and more intense influence of exogenous factors during root growth. As
they are not as easily accessible, anomalies of tooth roots have not been studied
very intensively (Visser 1948; Kovacs 1967). Twin studies conducted for an
estimation of the heredity of root traits (Korkhaus 1930; Townsend et al. 1992)
showed a surprisingly high degree of agreement in the shape and size of tooth roots.
In monozygotic twins, characteristic agreements were found even in details,
whereas these were largely absent in dizygotic probands. This strongly supports
the genetic determination of these traits.

Apart from supernumerary roots caused by the splitting of a main root (most
frequent in lower canines), there also exist genuine accessory roots (Fig. 10).
Radiculae appendiciformes are small accessory roots which may occur buccally or
lingually on all teeth (Alt 1990) (Fig. 10). They develop from folding processes or
by excessive growth of the dental enamel. In the literature, the two manifestations
are often not differentiated.

If accessory cusps are present, accessory roots are often found, and the roots
can usually be easily identified. The radix paramolaris, for example, is bound to
the presence of the paramolar tubercle. This tubercle may occur on all teeth, whereas
the accessory root appears only next to the regular mesiobuccal root of the
corresponding upper and lower molars. The horse-tail shaped radix praemolarica
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Fig. 10. Supernumerary roots; m = mesial; d = distal; b = buccal; |1 = lingual; a: examples
of radices appendiciformes; b: Radix paramolaris; ¢: Radix entomolaris (syn. R.
praemolaris), d: Radix Citroén; e: Radix Carabelli.

(entomolaris) is located lingually on lower molars. Other cusps with accessory roots
are the Carabelli tubercle (radix Carabelli) and the Citroén tubercle (radix Citroén)
(for details see Schulze 1987) (Fig. 10).

Pyramidalism is a more or less complete fusion of all roots in permanent molars
(Fig. 11). Hoffmann (1985) states that second molars are primarily affected. Root
fusion caused by an excess deposition of cementum between roots of the same tooth

a b c

Fig. 11. Types of root fusion; m = mesial; d = distal; a: regular form; b: pyramidalism;
c¢: taurodontism.
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a b
Fig. 12. Special form of apex formation; b = buccal; | = lingual; a: regular formation;
b: horseshoe reduction form.

(cemental bridging), or a partial joining of tooth roots is not scored as
pyramidalism. Studies by Kovacs (1967) support the assumption that the trait is
primarily genetically determined. Pyramidal roots of molars which show a
longitudinal folding of the whole root can have a shape (in the lower third of the
root) which is sometimes referred to as “horseshoe reduction form” (Fig. 12).

Taurodontism is characterized by an abnormally large pulp chamber in molars
in association with an apical displacement of the bifurcation or trifurcation of
affected teeth (Hofmann 1985) (Fig. 11). Anthropologically, the diagnosis should
be limited to two distinct variants, mesotaurodontism and hypertaurodontism. The
increased occurrence of taurodontism in specific populations (e.g., the Krapina
neanderthals) indicates the important role of genetic factors in the occurrence of
this dental anomaly (Fischer 1961).

In the case of abnormal root deviations, a distiction between genetic and
exogenous disturbances is easily achieved in most cases. Marked root curvatures
caused by exogenous factors are characteristically located at the apical third of the
root, whereas genetically caused deviations affect the whole length. A special form
of root deviation, termed dilaceration, is characterized by a severe crescent-shaped
angular curvature. The curvature starts at the tooth neck, but does not affect the
crown (Fig. 13).

“Cemental bridging” stems from the fusion of the roots of multirooted teeth
(Visser 1948). The bridges are most frequently located between the palatal and
distobuccal roots of upper molars (Fig. 14). The most extreme expression is a
complete fusion of all components into one pyramid-shaped root, i.e. there has been
no differentiation of the epithelial root sheath (Schulze 1987).

Concrescence, Gemination, Twinning and Fusion

The union of two (or more) teeth after eruption or after completion of root
formation caused by fusion of their cementum surfaces is called acquired
concrescence (Pindborg 1970; Zwerner 1993) (Fig. 15). If such a union occurs
during tooth development, the condition is termed a true concrescence, and is most
often seen between maxillary second and third molars (Pindborg 1970).

Gemination is the attempt of a tooth bud or follicle to divide, resulting in the
formation of double crowns on a single tooth root (Pindborg 1970; Zwerner 1993)
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Fig. 13. Abnormal root deviations; m = mesial; d = distal; b=buccal;1=lingual; a: abnormal
root curvature; b: examples of root dilacerations.

(Fig. 15). Gemination mostly appears among incisors and canines; however,
premolars can also be affected (Pindborg 1970). Clinically, an incisal groove or
depression can be distinguished. The total number of teeth is not affected in the
case of gemination (Tannenbaum and Alling 1963).

Twinning (schizodontia) is caused by a complete cleavage of the tooth bud
“resulting in the formation of an extra tooth in the dental arch which is usually
a mirror image of its adjacent partner” (Tannenbaum and Alling 1963, 886)
(Fig. 15).

Fusion (synodontia [de Jonge 1955], or false gemination [Ennis 1949]) is “a
union between the dentin and/or enamel of two or more separate developing teeth”
(Pindborg 1970, 51) (Fig. 15). It can affect the coronal part of the tooth, the radicular
part, or both. In most cases, it is found in primary teeth (incisors and canines)
(Pindborg 1970). It has been reported that fused teeth (“double tooth”) have been

Ve W

Fig. 14. Special fusion of molar roots; a: regular formation; b: cemental bridging.
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Fig. 15. Schematic representation of tooth union; a: gemination; b: twinning; ¢: fusion; d:
concrescence.
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found with a higher frequency in certain families (Moody and Montgomery 1934).
Fusion in the primary dentition is frequently accompanied by fusion or agenesis of
the smaller of the two affected teeth in the secondary dentition (Gysel 1965). Fusion
can be differentiated from gemination by the fact that in the case of fusion the
adjacent tooth is congenitally absent (Tannenbaum and Alling 1963).

Teeth involved in twinnig or fusion may either be entirely separate, or may
have only one pulp chamber and a depression running down the center to mark
the division (Schulze 1987). The mandibular incisors are affected most
frequently.

Abnormalities of Tooth Size

Tooth size, i.e. the diameters of a tooth in its mesio-distal, bucco-lingual, and
vertical directions, varies world-wide among populations and between the sexes
(sexual dimorphism) (Kieser 1990; Schnutenhaus and Rosing, this volume). Sexual
dimorphism particularly affects the permanent maxillary central incisors as well
as the maxillary and mandibular canines and first molars. Therefore, these teeth
are useful in determining the sex of an individual with the help of discriminant
analysis (e.g. Alt et al. 1995).

Deviations from anormal length are manifest in either a lengthening or a
shortening of dental roots (Fig. 16). Here, one has to distinguish between a general
occurrence of this anomaly and its development in groups of teeth only. In the
upper jaw, abnormally long roots can be observed in all teeth except the central
incisors. However, the upper canines are affected most frequently. As for
mandibular teeth, long roots are most often observed in canines and premolars.
Abnormally short roots in maxillary teeth occur most frequently in the first
incisors, while in the mandible in premolars. Abnormally short roots of central
maxillary incisors are probably due to hereditary causes. Lind (1972) discovered
that in cases of affected individuals, siblings and — in most cases — also one parent
had short dental roots.
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Fig. 16. Abnormalities of tooth size; abnormally long roots: teeth 13, 23, 45, 44 and 43;
abnormally short roots: teeth 11, 21, 34 and 35. (FDI tooth numbering system).

Extreme variations in the size of teeth can be regarded as abnormalities
(Schulze 1987). Abnormally large tooth size is called macrodontia (megadontism),
whereas remarkably small size is referred to as microdontia (Schroeder 1991). In
both cases, one, several, or all teeth of an individual can be affected. Microdontia
is more common than macrodontia. Microdontia occurs most often for single teeth.
After the wisdom teeth, the maxillary second incisors are most frequently affected
and often show a peg-shaped form (“peg lateral”) (Ash 1986). Microdontia is a
characteristic sign present in the case of hypodontia (partial anodontia) and that
can affect all remaining teeth.

Disorders of Tooth Number

Anomalies of tooth number can be arranged in three groups: supernumerary teeth (ex-
cluding twinning, fusion), special supplementary dental formations, and missing teeth.

Supernumerary Teeth

Supernumerary teeth (hyperodontia, polydontia, polygenesis) occur in excess of the
normal number of 20 deciduous or 32 permanent teeth. The extra teeth may be eumorph
(supplementary tooth) or heteromorph; they may represent single formations, or may
occur in the form of twinning (schizodontia) (Pindborg 1970; Schulze 1987).
Supernumerary teeth can generally occur anywhere in the maxilla and
mandible (Fig. 17). In the permanent dentition there are three preferred regions:
the anterior part of the maxilla, the molar region in the maxilla, and the premolar
region in the mandible. Based on topography, they occur with decreasing frequency
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Fig. 17. Supernumerary teeth; 210: mesiodens; 360 and 170: paramolars; 480 and 280:
distomolars; 450: supernumerary regularly formed premolar (three-digit system of
designating supernumerary teeth after Krysinski 1987, Quintessenz Int 17: 127-128).

in the following order: mesiodentes, paramolars and distomolars (all irregulary
shaped), and, in the region of premolars in the mandible, supplemental teeth
(Sumiya 1959; Lavelle and Moore 1973).

The frequencies of supernumerary teeth range from 0.2% to 1.0% in the
deciduous dentition and from 0.5% to 3.5% in the permanent dentition. On average,
2% of all permanent teeth are supernumerary. The upper and lower jaws are
affected in an 8:1 ratio. This is primarily due to the mesiodentes, which account
for about 50% of all supernumerary teeth. The next most frequently encountered
supernumerary teeth are paramolars and distomolars in the maxilla, followed by
extra premolars in the mandible. Twin and family studies substantiate the hereditary
genesis of supernumerary teeth (Gysel 1971).

Multiple supernumerary teeth have up to now only been observed in the
permanent dentition. Large numbers of supernumerary teeth do not occur
frequently. Optionally, impaction may be present. Multiple supernumerary teeth
may occur within the context of certain syndromes (for example dysostosis
cleidocranialis). A hereditary cause for this anomaly is suggested by its increased
frequency within families (Mercuri and O’Neill 1980).

Supplementary Dental Formations

Special supplementary formations include accessory teeth of abnormally
small size (microteeth), interradicular teeth (mostly fused to the roots of
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Fig. 18. Supplementary dental formations; m = mesial; d = distal; b = buccal; 1 = lingual;
a: enamel pearl; b: cervical enamel projection.

relevant teeth), enamel pearls (enamelomas) and cervical enamel projections
(Fig. 18).

Microteeth may occur anywhere in the jaws, while interradicular teeth are located
between the roots of the molars (Schulze 1987). Enamel pearls are spherical surplus
productions of the dental lamina, and are attached to the surface of roots, most
frequently at the furcation of molars (Risnes 1974a). The upper and lower jaws are
affected in an 8:1 ratio, and the frequency on certain molars varies considerably. In
skeletal material of known demographic composition an increased frequency of
enamel pearls has been observed within families (Kaiser 1994). As in the case of
enamel pearls, cervical enamel projections have been diagnosed primarily on molars,
mostly on the buccal sides (Risnes 1974b). In extreme variants, enamel projections
can extend all the way to the furcation. Both enamel pearls and cervical enamel
projections show considerable population-specific differences in frequency.

Missing Teeth

Anodontia (syn. agenesia, aplasia of teeth) describes any congenital absence of
teeth normally present in either the permanent or deciduous dentition (Schulze
1987). Whereas these terms are used to indicate the general fact that teeth are
missing, the terms hypodontia, partial anodontia (oligodontia) and total anodontia
denote characteristic expressions and degrees of aplasia. Total anodontia occurs
very rarely, while partial anodontia (usually the absence of eleven teeth) is observed
more frequently (see Henkel 1963).

Because of its frequency and hereditary genesis, hypodontia plays a more
important role than the above mentioned anomalies affecting tooth number.
Hypodontia describes the absence of several characteristic teeth: the third molars
(wisdom teeth) and second premolars in maxilla and mandible, the second incisors
in the maxilla and the first incisors in the mandible (Fig. 19). Absence of these teeth
accounts for more than 95% of all aplasias (Alt 1989).
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Fig. 19. Missing teeth (hypodontia): maxillary and mandibular third molars (18, 28, 38, 48);
second premolars (15, 25, 35, 45); second maxillary incisors (12, 22); first mandibular
incisors (41, 31) (FDI tooth numbering system).

All of the characteristic hypodont teeth may exhibit a number of micro-
symptoms, which are regarded to be micromanifestations of aplasia (Sollich 1974).
In addition to reduction of form and size, such as the peg-shape of the wisdom teeth
and the second incisors in the maxilla, premolars frequently exhibit symptoms
indicating disturbances of normal development (Fig. 20). These include retarded
mineralization, retarded or abnormal sequence of eruption, false direction of
eruption, and impactions (Fig. 21). All of these symptoms have recently been
addressed as microsymptoms because they all are a reaction of the tooth germ to

Fig. 20. Micromanifestations of aplasia: 12 and 28: peg-shaped (reduction of form and size);
22, 25 and 18: reduction of size; 14: distolabial rotation; 55: impaction of permanent
premolar (persistent deciduous tooth) (FDI tooth numbering system).
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Fig. 21. Micromanifestations of aplasia (radiological findings): 48 and 38: several forms of
impaction; 45: retarded mineralization; 43: abnormal sequence of dental eruption; 34:
impaction as a result of false direction of eruption; 85 and 74: persistence of the deciduous
teeth (FDI tooth numbering system).

an etiologic factor which only in its fullest expression causes aplasia (Schulze 1987,
346).

A characteristic trait of microsymptoms is their co-occurrence with aplasia or
the simultaneous occurrence of several microsymptoms in one individual. The most
common modifications concern the shape and size of affected teeth. Schulze (1987)
interprets such reductions as a first step towards aplasia. Berry and Berry (1967)
reported similar phenomena in strains of mice. Griineberg (1951) regards aplasia to
be the ultimate variant of the continuously varying expression of tooth size.

According to all reports, there is a high frequency of hypodontia in the families
of affected individuals. Grahnén (1956), in a study of a group of individuals with
hypodontia of the wisdom teeth, showed that among brothers and sisters of affected
individuals, agenesis of the third molar was twice as high as in a control group
without agenesis. A comparison of the subjects with and without hypodontia and
their families revealed that the families of unaffected individuals showed a 6% rate
of aplasia, which corresponds to the average population frequency, whereas parents
or siblings of persons with aplasia showed a frequency of 44%. The heredity of
hypodontia is well-established (Alt 1989). Vastardis et al. (1996) suggest that the
normal, highly conserved Arg 31 residue of the homeodomain is necessary for
MSX1 functions that are required for second premolar and third molar formation
(found in all affected family members). Hypodontia is the most frequent hereditary
dental anomaly and therefore of special importance in intrapopulation studies.

Anomalies of Tooth Position (Malalignments) and Dental Arch Relationship
(Malocclusion)

Anomalies of tooth position are difficult to diagnose in skeletal material (Alt
1997a). The main reason is that good conservation of both jaws is an essential
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prerequisite and that the recognition and diagnosis of such anomalies require much
experience. Above all, the question arises as to how an anomaly of tooth position
is defined.

Complementary to the term “eugnathia” which describes the normal and
harmonious relationship of the jaws (including the teeth) to one another, the term
“dysgnathia” or “dysgnathic anomaly” describes the abnormalities of one or both
jaws (including the teeth). A eugnathic anomaly, in contrast, is limited to ab-
normalities of the teeth and their immediate alveolar supports. Malocclusion is a
deviation in the intramaxillary and/or intermaxillary relations of the teeth (Zwemer
1993).

The diagnosis and classification of dental anomalies requires criteria which
establish the appearance of the eugnathic dentition. The position of the teeth during
intercuspidation is the basis of all investigations of eugnathic or dysgnathic
anomalies. In addition to abnormal positions of singular teeth, such as tipping,
displacement, rotation, crowding, spacing (abnormal), and transposition, ab-
normalities concerning the relationships of both jaws in the sagittal, horizontal or
vertical plane can appear. Typically, in the case of specific dysgnathic anomalies,
complex malpositions of teeth and tooth groups can be found.

In orthodontics, treatment planning requires a comprehensive diagnostic
procedure based on radiographic and occlusal evaluations of the patient. The
occlusal evaluation is composed of functional (evaluation of the patient) and static
parts (analysis of dental models). The latter consists of an intra-arch analysis,
followed by an analysis of the inter-arch relations and an assessment of tooth size.
Still, the standard values and indices developed and applied in orthodontics are not
entirely suitable for investigations of skull material since they do not take
population or evolution specific needs into consideration.

Anthropological investigations should be limited to abnormalities of the
relationship of the upper and lower jaws and to the identification of localized
eugnathic anomalies. Examples are the assessment of the intercuspidation in the
sagittal plane, of the vertical relationship of the front teeth to each other, of the
evaluation of dysgnathic anomalies in the horizontal plane, of the relationship
between the size of the teeth and the jaws, and of impactions and transpositions of
teeth.

The amount of tooth divergence from a eugnathic situation is most commonly
expressed in terms of premolar widths. Regarding the intercuspidation in the
sagittal plane two forms of malocclusion, namely a disto-occlusion and a mesio-
occlusion, can be distinguished (Fig. 22). This description is based on the
assumption that the lower molars are responsible for the discrepancies between the
jaws. Following this assumption, a disto-occlusion is identified when the lower
teeth occlude distally to their normal relationship to the upper teeth, whereas in the
case of a mesio-occlusion the lower teeth are positioned mesially (Zwemer 1993).
Of course, both forms of malocclusion also affect the relations of the anterior teeth
(Fig. 23).

The two most important forms of malocclusion in the anterior region of the
dental arches in the vertical plane are an open bite and a deep bite (Fig. 24). While
the normal range of vertical overlap of the upper front teeth over their lower
antagonists is between 2 and 4 mm, in an anterior open bite the anterior teeth do
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Fig. 22. Relationship of the dental arches (malocclusion); a: Angle class I (neutrocclusion,
normal anterposterior relationship); b: Angle class II (distocclusion; [division 1: with
labioversion of the maxillary incisors; division 2: with linguoversion of the maxillary
incisors]); ¢: Angle class III (mesiocclusion).

Fig. 23. Malocclusions in the anterior region of the dental arches in the occlusal plane
(positive, negative); a: anterior crossbite; b: regular sagittal relationship; c: strong horizontal
overlap (overjet).
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Fig. 24. Malocclusions in the anterior region of the dental arches in the vertical plane; a: deep
bite (overbite); b: regular vertical relationship; ¢: anterior openbite.

not overlap or contact when the posterior teeth are brought into occlusion. This
means that an edge-to-edge bite, in which the incisal edges of the maxillary and
of the mandibular incisors meet, is not an open bite. In the case of a deep bite
(deep overbite), in contrast, the vertical overlapping exceeds 4 mm. As a rule, a
deep bite is accompanied by malpositions in the sagittal and horizontal planes.
Also seen in cases of deep bite is a steep position of the dental axis and/or a great
overjet.

The term “crossbite” is a collective term for malocclusions in the anterior or
posterior region of the dental arches in which the normal labio-lingual or bucco-
lingual relationship between the teeth of the upper and lower dental arch is reversed,
i. €., the lower tecth overlap the upper ones (Fig. 25). In the case of an anterior
crossbite, the maxillary incisors are positioned lingually in relation to the
mandibular incisors (see Fig. 23). In a posterior crossbite, the maxillary posterior
tecth are in a lingual position in relation to their maxillary antagonists. Lateral
crossbite is a symptom of many dysgnathias; in most cases, singular teeth are
affected.

Characteristic of specific dysgnathias is their syndrome-like character. Certain
irregularities appear regularly. As a rule, there is a typical combination of different
malpositions of teeth and tooth groups. The causes of this phenomenon are genetic
and functional (Harzer 1988). Specific dysgnathias are characterized by the position
of the antagonist teeth in the sagittal plane (normal occlusion, distocclusion,
mesiocclusion) and the position of the incisors (extrusion, intrusion).

In the case of distocclusion accompanied by a large overjet (horizontal
overlap), the missing anterior occlusal contact leads to a deep bite (functional
adaptation) and to an anterior maxillary compression (narrowing of the anterior
part of the palate). Based on the results of studies carried out on twins and families
there is no doubt about the hereditary character of this dysgnathia (Tammoscheit
1971).
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Fig. 25. Transverse occlusal deviations of the posterior teeth; b = buccal; 1 = lingual; a:

regular transverse occlusion; b: edge-to-edge bite (posterior crossbite tendency); c: posterior
crossbite; d: buccal non-occlusion; e: lingual non-occlusion.

Typical signs of an Angle class 11, division 2 malocclusion (“Deckbiss”) are
inverted first incisors in the upper jaw (linguoversion) and a crowding of the
mandibular anterior teeth. The latter is accompanied by an abridgement of the lower
dental arch. As a consequence of the inversion, a deep bite covering the lower teeth
is most likely to develop. In contrast to the flat rise of the palatal curve in the case
of a distocclusion, the rise here is very steep. The form of alterations in the anterior
region of the mandibular front teeth (crowding, retrusion) depends on the bite.
More than 90% of all individuals with an Angle Class II, Division 2 malocclusion
have at the same time a deep bite, whereas an open bite never occurs. Korkhaus,
on a basis of twin studies, in 1928 affirmed the heredity nature of a Class II,
Division 2 malocclusion. The probability of a manifestation is very high (93 %),
indicating that exogenous factors play only a very small part (see also Christiansen-
Koch 1981).

The third specific dysgnathia is mandibular prognathism. In this situation, the
mandible is in a forward relationship relative to the maxilla resulting in an inverted
overbite between the front teeth of both jaws (anterior crossbite). As mentioned
before, the difference of the tooth positions compared to the eugnathic situation is
given in premolar widths. The anomaly can be accompanied by a sagittal
discrepancy; however, this is not mandatory.



116 K. W. Alt and J. C. Tiirp

Whereas in earlier times mandibular prognathism was considered to be
caused predominantly by exogenous factors (with only some recognized
exceptions like the kinship of the Austrian Habsburg dynastry), twin studies
prove that hereditary influences are the determinative factors. In an investigation
carried out by Schulze (1979) the degree of concordance was 90% for identical
twins, and only 12.2% for dizygotic twins. The ratio of concordance to
discordance of about 7 : 1 can be explained only by polygenic factors, and not
by dominant hereditary patterns. There is strong evidence that the discussed
autosomal hereditary pattern of the anomaly of the Habsburg dynastry (Sander
1990), which has been transmitted from generation to generation (penetrance
>90%), is caused by marriages between relatives (homocygotia). Werner (1979)
showed that when relatives are considered, the number of the affected
individuals increases by a factor of 2.

Open bite, excessive overbite (e.g, deep bite) and crossbite are considered to
belong to the group of specific dysgnathic anomalies. Although they are mainly
additional symptoms of typical dysgnathia, they can also be caused by exogenous
factors. With the exception of deep bite, they can additionally be a genetically
caused anomaly with an independent character (compare Schulze 1987; Alt 1997a).
Frequencies occurring in families show that hereditary factors are part of the
etiology of these anomalies (Hausser 1961).

Regarding malpositions of single teeth, tipping, displacement, rotation,
crowding, diastema, spacing, transposition, and paraxial dystopia (parallel
displacement of a tooth with correct position of its length axis) can be distinguished
(Fig. 26). Transposition is a change of position between two teeth in a dental arch,
i.e. the positions of the first premolar and canine can be reversed. It seems that
dental malpositions are mostly caused by dysgnathia and exogenous factors.
However, several observations give reason to believe that in part hereditary factors
also play a role (lizuka 1976). Incisors are much more affected than premolars and
molars.

Fig. 26. Several forms of anterior and posterior malposition of single teeth (maxilla);
12: mesiolabial rotation; 15: distolabial rotation; 21: inclination; 24 and 23: transposition
(interchange in position of two adjacent teeth); 25: linguoversion (FDI tooth numbering
system).
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Fig. 27. Diastema (upper midline diastema [trema]).

A medial diastema is a space which typically can be found between the
maxillary central incisors of the permanent dentition (Fig. 27). The width of the
space varies from individual to individual. In contrast to the physiologic diastemata
that appear within the pongides (“primate space”, trema), a medial diastema is
considered to be an anomaly, provided that it remains for life after the eruption of
the canines and does not result from other clinical causes. Terwee pointed out the
hereditary character of this eugnathic anomaly in 1922.

Crowding and abnormal spacing of permanent teeth are considered to be
indicators for a disproportion between the size of the jaw and the teeth. In the case
of spacings, of course, possible extractions of teeth or hypodontia must be
excluded. The typical location of crowding or spacing is the frontal region of the
dental arch (Fig. 28). A disproportion between the size of the jaw and the teeth can
be recognized in the form of paraxial malpositions, and, in the case of macrodontia
or micrognathia, of rotations and/or tippings of the anterior teeth or of spaces
between the anterior teeth. For diagnostic purposes one can speak of a disproportion
between the size of the jaw and the teeth because both signs vary quantitatively
and are genetically very independant (Schulze 1982).

An impaction (syn. ankylosed tooth) is a situation where an unerupted tooth is
wedged against another tooth or teeth or is otherwise located in a way that it cannot
erupt normally (Zwemer 1993) (see Fig. 21). A delayed eruption of the teeth
(dentitio tarda) must be excluded, and root formation must be finished before a
diagnosis is made. Retention means that the tooth has erupted only partially but is
not able to erupt fully because of an obstacle (mostly another tooth or teeth). In
living individuals, the affected tooth can either be fully covered by oral mucosa or
it can be partially erupted (Pindborg 1970). Impaction can be accompanied by an
ectopia. Ectopia means that a tooth is located in a place remote from the normal
site.

According to Kwon “the impacted tooth is one where eruption has been
interfered with by other teeth, overlying bone or fibrous tissue” (1987, 130).
Impaction is seen most frequently among wisdom teeth, followed by canines,
maxillary central incisors and premolars. Impacted (retented) or embedded teeth
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Fig. 28. Anterior crowding in mandible and maxilla.

may be discussed considering three separate theories: orthodontic (exogenous)
theory (e.g. infection, trauma, malocclusion), phylogenic theory (civilization
effect), and Mendelian theory (heredity). The most common etiologic factors in
impaction are heredity and local/mechanical disturbance. Family studies show that
hereditary factors play an important role (Kurol and Bjerklin 1982). The prevalence
of impaction in living populations is about 2% (Baumer 1985; Alt 1991).

Hereditary Disturbances in Tooth Structure

Hereditary anomalies of tooth structure concern faults in the structure/construction
and/or the mineralization of enamel and dentine which occurred during the
development of the tooth. Aside from genetically determined disturbances of the
hard tissues, there are also a number of acquired, i.e. non-hereditary causes for
such defects, but these will not be discribed. The anthropological literature
contains only a few reports of hereditary anomalies of tooth structure (see e.g.
Berger 1992).

Hereditary anomalies of tooth structure are divided into anomalies of enamel
and anomalies of dentine (Witkop 1989). In the presence of anomalies of structure,
additional anomalies such as aplasia, impaction, open bite or taurodontism can
frequently be observed. All of the hereditary structural anomalies have in common
that their expression varies not only within families and between the sexes, but also
in the deciduous and permanent dentitions. This makes their diagnosis difficult.
The two most common structural anomalies of teeth are amelogenesis imperfecta
and dentinogenesis imperfecta.
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Amelogenesis Imperfecta

Amelogenesis imperfecta is a hereditary defect in enamel formation which affects
all teeth in both dentitions. Clinically, four groups can be distinguished (Witkop
1989): hypoplasia (type I), hypomaturation (type II),"hypocalcification (type III),
and partial hypomaturation and hypocalcification combined with taurodontism
(type 1V). Groups I-III contain several subclassifications. Hypocalcification and
hypomaturation represent a disturbance of the secondary function of ameloblasts,
the mineralization and maturation of the enamel, leaving matrix formation
unaffected. In contrast, enamel hypoplasia represents a disturbance of matrix
formation, which is later affected by the disturbance in mineralization.

The terms ‘“hypoplasia” and “dysplasia” denote two different defects in
enamel formation. Hypoplasia indicates both a qualitative and quantitative
deficiency in enamel formation, whereas dysplasia results in only a qualitative
deficiency due to hypocalcification. The slight differences between aplasia and
hypoplasia are made obvious in clinical and roentgenological findings. Aplasia
denotes the absence of dental enamel (which is so thin it can only be distinguished
microscopically). In the case of hypoplasia, the enamel cover is visible, but
greatly reduced in thickness, and the affected tooth surface is generally very
irregular (Fig. 29).

Hereditary disturbances in enamel formation (amelogenesis) have been the
object of numerous family studies, which form the basis for their differentiation
(for reviews see Witkop and Sauk 1976, Schulze 1987). It has been possible to

Fig. 29. Amelogenesis imperfecta — Hypomineralized type. This 12-year-old girl has
yellowish-brown, very soft enamel. The surfaces of the teeth are dull and covered with ridges
and grooves. Noticeable amounts of enamel have fractured away. The enamel dysplasia is
combined with an open bite. (Photo: I. Jonas; from Rakosi T, Jonas I, Graber TM (1993)
Orthodontic Diagnosis. Thieme, Stuttgart, Fig. 163).
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diagnose a special form of enamel hypoplasia affecting only the lower third of the
dental crowns in 5 probable family members of 13 individuals from a Late Roman
skeletal series (Alt et al. 1992; Berger 1992). Further anomalies like taurodontism
and disturbances in tooth number were also observable in that case.

Dentinogenesis Imperfecta

Anomalies of the structure of the dentin are classified into two main groups
(Jorgenson 1989): isolated disturbances, and anomalies associated with other
diseases. Dentinogenesis imperfecta is an isolated disturbance of the dentin and is
of genetic origin. It is characterized by a defective (early) calcification of the dentin
leading to fast attrition of the hard tissues. Four variants may be distinguished by
different hereditary mechanisms deduced from family studies (Mars et al. 1976;
Jorgenson 1989). An older classification of dentin dysplasia had been proposed by
Shields et al (1973).

The most frequent type of dentinogenesis imperfecta (type I) results in a
“mushroom-shaped” crown and is characterized by an opalescent appearance of
the teeth and obliteration of the pulp chamber (Fig. 30). The main finding of type
II are rootless teeth (types after Jorgenson 1989, see also Schulze 1987).

Dentinal dysplasia may be associated with an array of syndromes, e.g.
pseudohypoparathyroidism (Albright’s syndrom), Ehlers-Danlos syndrome, and
many others (Jorgenson 1989; Schroeder 1991).

Fig. 30. Dentinogenesis imperfecta. Hereditary dysplasia of the dentin in a 19-year-old
patient. Short, amber-colored upper and lower anterior teeth, with splintered enamel and
marked attrition of the incisal edges are typical clinical findings in this disturbance in tooth
formation. (Photo: 1. Jonas; from Rakosi T, Jonas I, Graber TM (1993) Orthodontic Diagnosis.
Thieme, Stuttgart, Fig. 160).
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Criteria for the Diagnosis of Hereditary Disturbances in Tooth Structure

In anthropological investigations, a differentiation of dental hard tissues requires
criteria different from those used in clinical studies. The investigator must be able
to recognize the presence of macroscopically visible structural disturbance. A
differentiation of hereditary and non-hereditary disturbances is of secondary
importance, as this can usually be achieved by answering a simple question: Does
the defect occur on isolated teeth or within tooth groups, or is it generalized ?

Ifisolated teeth are affected, one can commonly assume that a local effect, such
as an inflammation or trauma, is the cause. A systematic occurrence on teeth or
tooth groups (more rarely on all teeth) suggests the presence of endogenous
disturbances, which took effect as the affected teeth developed (see Schultz et al.,
this volume). In this case the duration of the disturbance determines the extent of
the anomaly. In contrast to such localized disturbances, hereditary structural
anomalies are always generalized and can be found in both the deciduous and
permanent dentitions. This rather simple mode of distinguishing structural
anomalies is the first and basic step in their differential diagnosis.

Disturbances in Tooth Eruption

Disturbances of tooth eruption can be found in both the deciduous and permanent
dentitions. Retarded eruption (dentitio tarda) may be diagnosed if the eruption of
the teeth occurs beyond the normal variation (van der Linden and Duterloo 1976).
Delayed eruption need not be of pathological nature (obstructed eruption), but can
represent local or general deficiencies of the organism.

Delayed eruption is attributed to a hereditary delay in the anlage of certain
teeth. In premature newborns, dentitio tarda is due to the discrepancy between
postnatal age and degree of maturation. Transpositions of tooth germs, anomalies
of tooth form, obstacles of tooth eruption and acute inflammatory processes are
symptoms of local disturbances. Dentitio tarda is almost always observed when
cleidocranial dysostosis is diagnosed. Retarded eruption can also represent
generalized disturbances of ossification. The most common of these are rickets as
well as deficiencies of the thyroid gland or the hypophysis (Hausser 1960; Dausch-
Neumann and Bierich 1989).

Dentitio praecox denotes the premature eruption of teeth. It occurs only rarely
in the deciduous dentition. In the permanent dentition it is usually found as a result
of premature loss of deciduous teeth (Pindborg 1970).

Congenital Malformations and Disturbances of Bone Formation and
Growth of the Skeleton Affecting Jaws and Teeth

Congenital malformations of the skull and disturbances of bone formation and
growth occasionally involve jaws and teeth (David et al. 1982; Smith 1988). The
non-uniform use of the nomenclature of craniofacial disorders may lead to problems
of communication (Maroteaux 1986; Jorgenson 1989). Congenital malformations
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of the skeleton are dysontogenetically caused changes of normal structure which
develop in the embryonic period and are most commonly found in the region of the
skull (Prokop 1974; Gorlin et al. 1976). In contrast, disturbances of bone formation
and growth belong to the group of systemic diseases, which represent general
disturbances of the differentiation and growth of the bones (Burkhardt 1970).

According to their localization, craniofacial dysplasia are differentiated into
dysplasia of the cerebral part of the skull (cranium cerebrale) and dysplasia of the
facial part of the skull (cranium faciale). In this context, only those types of
craniofacial dysplasia involving teeth and jaws are considered (Tab. 1). These
include hypoplasia, hyperplasia and cases of cleft palate. The specialist literature
contains numerous specific descriptions and systematic reviews. We are therefore
giving only a short description of the findings on the jaws and skeleton in the
following charts (see also Alt 1997a).

Table 1. Congenital malformations of the skeleton affecting jaws and teeth

Malformation Skeletal findings Findings on jaws and teeth
Faciomandibular development disturbance ~ hypoplasia of the mandibular
(mandibulofacial) of the cranial bones; hypo- body; hyperplasia of the ramus;
dysostosis plasia of the zygomatic bone tooth malalignments

Median cleft of the mandible (—) cleft of mandible

Maxillofacial dysostosis hypoplasia of the zygomatic hypoplasia of the upper jaw;
bone; decrease in size of open bite; mandibular
the frontal cranial base protrusion

Pierre Robin’s syndrome (=) hypoplasia of the lower jaw
(retrognatism); cleft mandible;
isolated cleft palate
(inconstantly)

Cleft of lip, jaw, and palate (-) cleft of upper jaw and palate;
anomalies of tooth number;
tooth malalignments

Craniofacial dysostosis acro(turri)cephaly; underdevelopment of the
(Crouzon) hypertelorism; wide root maxilla; underdeveloped
of the nose palate; tooth malalignments

Cleidocranial dysostosis agenesis/hypoplasia of the  hypoplasia of the upper and
(Sainton’s disease) clavicles; supernumerary  lower jaw; persistent primary
bone formation on the skull teeth; multiple impaction/
(brachycephaly); “Impressio retention; formation of
et cyphosis basilaris™; supernumerary teeth; delayed
delayed closure of the eruption of teeth
sutures and fontanels;
hyposomia
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The more important congenital disturbances of bone formation and growth
which include malformations of jaws and teeth are shown in Table 2:

Table 2. Congenital disturbances of bone formation and growth

Disturbance Skeletal findings Findings of jaws and teeth
Osteogenesis imperfecta failure of ossification: dentinogenesis imperfecta;
(Lobstein’s diseases) fragility and deformation of translucent teeth;

bones, peculiar structure hypomineralized enamel
Fibrous (fibro-osseous) systemic enlargement and  enlarged alveolar processes
dysplasia deformation of the bone; without involvement of the

(Morbus Jaffé-Lichtenstein) mostly affected cranial base, chin and the condylar
frontal bone, occipital bone processes; radiopacity of the
maxillary sinus

Cherubism (familial fibrous frontal dysplacement of the symmetric polycystic

dysplasia of the jaws; frontal wall of the maxillary expansion; enlargement of
familial intraosseous sinus; raised eyes upper and lower jaw (swelling);
swelling) deformations and displace-

ments of the teeth; retarded
eruption; osteomas and
osteofibromas

Congenital malformations of the skeleton and disturbances of bone formation
and growth affecting jaws and teeth are also evident in earlier humans (Brothwell
and Powers 1968; Turkel 1989).

Conclusion

More than any other organ, teeth offer great potential for variation. In addition,
“given their nature and function, teeth are used to address several kinds of
questions” (Scott 1991, 789). Their extreme degree of hardness and their better
ability to resist against decomposition, compared to other body tissues, make them
aresearch object for a variety of scientific disciplines (anthropology, paleontology,
biology, dentistry, anatomy, forensic sciences). Studies investigate problems
concerning evolutionary and growth factors, phyletic relationships and develop-
ment, adaptation, comparative anatomy, structural analyses, forensic odontology,
pathology, genetics and others (see also Kelley and Larsen 1991; Lukacs 1992;
Hillson 1996; Alt and Tiirp 1997; Scott and Turner 1997).

Teeth are relatively easy to observe in living as well as past populations. Most
dental variables have a strong genetic component. Variation of normal tooth
morphology, especially dental anomalies of morphology, size, number, structure,
and position of teeth, are of great interest for research in inter- and intrapopulation
studies because they provide information about the genetic background of a
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population (Scott 1991). Many dental anomalies described in the present chapter,
such as variants of crown morphology and missing teeth (see Scott 1973; Lukacs
1987; Turner 1987; Scott and Turner 1997), have a long tradition in interpopulation
studies, and recently in infrapopulation research (kinship analysis) and in forensic
anthropology/ odontology as well (Alt 1995, 1997b; Alt and Vach 1995).

The aim of this chapter was to give an overview of hereditary dental anomalies
which are important for population studies and epidemiological investigations
(palaeopathology) in dental anthropology. Pathological findings which are caused
by exogenous factors (e.g., environmental defects; see Hillson 1986) were
deliberately excluded. Findings of this type, which can be observed quite frequently
in archaeological samples, are summarized in other chapters of this volume (e.g.
caries, attrition and others). We hope that this review will help to enlarge the
number of dental traits found and recorded in population investigations. Because
of the usually poor preservation of teeth found in anthropological material, findings
are often limited. Therefore, the number of possible traits to be investigated in past
populations should be as large as possible. Most of the traits described in this
chapter have proved to be very helpful in giving detailed information (see Alt and
Vach, this volume).
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3.3 Micromorphological Features
of Human Dental Enamel

Ralf J. Radlanski

Introduction

Dental enamel is the hardest tissue produced by the human body. For this
reason teeth are usually well preserved in fossil and prehistoric material. Enamel
consists of 95% inorganic substance (calcium and phosphate in the form of
hydroxyapatite), only 1% organic substance and ca. 4% water, and is the
product of secretory cells (ameloblasts). Its structure can only be understood
when the developmental processes active during tooth development are
described.

Embryological Basis of Enamel Structure

Dental development begins with a thickening and local invagination of the oral
epithelium in an embryo of about 6 weeks of age. According to the number of
teeth to be developed there arise discrete swellings which change their form until
a bell stage is reached (Figs. 1, 2). This epithelial tooth bell embraces the
underlying mesenchyme, the dental papilla, in which the outer cells differentiate
to form dentine and the underlying dental pulp. The thin, cuffed margin of the
tooth bell is called Hertwig’s epithelial sheath. Here a rapid increase in cell
number is realized by frequent mitosis. Thus the primordium grows and, by
downgrowth of Hertwig’s sheath, the roots are formed. After initial dentin
formation, the cells of the inner vault of the bell-stage primordium differentiate
into secretory ameloblasts. At their secretory end the ameloblasts bear a
pyramidal protrusion, the process of Tomes. They produce a matrix rich in
glycoproteins, from which water and organic substances are re-resorbed by the
ameloblasts and calcium and phosphate are incorporated to form hydroxyapatite
crystals. Fig. 4 shows impressions the processes leave at the fetal enamel surface,
and Fig. 3 depicts a simplified, schematic view of the orientation of the crystals
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Fig. 1. Epithelial primordium of a lower right central deciduous tooth of a human fetus of
64 mm CRL (Crown-rump-length). Graphical reconstruction from a histological serial
section to show the spatial arrangement of the primordium (i,) with selected surrounding
structures such as vestibular lamina (Lv), Meckel’s cartilage (CM) and some vessels. View
from the right aspect, scale bar: 250 pm.

Fig. 2. Sagittal section through the incisor primordium in a late bell stage of a human fetus
of 250 mm CRL. The formation of dentine and enamel has begun. IEE: inner enamel
epithelium, OEE: outer enamel epithelium, SR: reticular stratum, PAP: mesenchymal
papilla, d: dentine with a thin layer of enamel, HES: Hertwig’s epithelial sheath, Lv:
Vestibular lamina. Scale bar: 500 pm.



3.3 Micromorphological Features of Human Dental Enamel 131

Fig. 3. Schematic illustration of ameloblasts (AB) and the orientation of the hydro-
xylapatite crystallites. Ameloblasts are characterized by a Tomes process (TP) that bears
a secretory and a sliding surface which influence the orientation of crystallites. The
prism structure of human enamel is the result of the pattern of crystallite orientation.
P: Prism.

in relation to the form of the secretory end of the ameloblasts. More detailed
knowledge concerning this topic can be found in Warshawsky et al. (1981), Suga
(1983), Boyde (1989), and Radlanski (1993).

Fig. 4. Scanning electron microscopical reproduction of the fetal enamel matrix surface, and
after the ameloblast epithelium has been removed, the impressions of the Tomes processes
with their variable forms are revealed. Scale bar: 4 pm.
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Fig. 5. Transmission electron microscopical representation of an ultrathin section to show
the hydroxylapatite crystallites in human enamel. The different crystallite orientation pattern
is responsible for the metastructure made out of prisms. Scale bar: 0.1 pm.

Prisms as a Metastructure of Human Enamel

Due to the alternating orientation of the hydroxyapatite crystals (Figs. 5, 6 a) a
,.metastructure” of enamel can be found, which is usually described as enamel
prisms (Schumacher et al. 1990; Schroeder 1992). A clear interdependence exists
between the enamel prisms and the ameloblasts from which they were formed. A
quarter of the surfaces of 4 ameloblasts are required to form one complete prism
(Boyde 1989; Suga 1983; Wakita and Kobayashi 1983).

Outlines of the impressions of the secretory processes are very variable, as are
(therefore) outlines of the prisms in ground enamel (Holtgrave and Hennes 1995)
and at the fetal enamel surface (Quast et al. 1995; Radlanski 1997). However,
prisms of horseshoe and keyhole outlines are predominantly described (Schroeder
1992).

It can be roughly stated that prisms start at the dentino-enamel junction and
run centrifugally towards the enamel mantle surface without interruption. Their
path is straight in some regions, while in other regions they show a wavy, groupwise
interwoven, undulated pattern where they deviate back and forth (Fig. 9 a). In
ground sections, prisms are cut either longitudinally or transversally, leading to
different optical phenomena (Fig. 9 b). Prisms cut transversally appear darker and
are called diazonia, and regions in which prisms are cut longitudinally are called
parazonia (Preiswerk 1895). These alternating dark and light regions (Fig. 8 a) are
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Fig. 6 a—c. a: Scanning electron microscopical reproduction of a ground and acid-etched
surface within the enamel mantle. This specimen shows the composition of prisms made
out of crystallite needles. Scale bar: 5 um; b: Scanning electron microscopical reproduction
of a fractured specimen of human enamel to show the enamel prisms. At certain distances
the prisms reveal nodular swellings and constrictions, although their general diameter
remains constant while passing from the dentino-enamel junction to the enamel surface.
Between the prisms there (can be seen) remnants of fractured adjacent prisms. Scale bar: 4
um; ¢: Scanning electron microscopical reproduction of a larger area of fractured human
enamel. At the upper margin the enamel surface is reached. Scale bar: 40 um.
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Fig. 7. The diameter of the prisms remains constant from the dentino-enamel junction towards
the enamel surface.

usually called Hunter-Schreger-Bands (Kawai 1953; Beyer 1983; Schumacher et
al. 1990).

Due to the fact that prisms are the product of living secretory cells, any
alterations of their metabolic changes lead to nodular swellings and constrictions
of the thickness of the prisms (Fig. 6 b). It is difficult to trace the path of each single
prism, because the prisms are relatively small subunits of the enamel mantle. With
the human enamel mantle being up to 4 mm thick while prism diameters range from
5-7 um, a prism can be 660 times longer than it is thick.

There have been attempts to gain insight into prism orientation within the
enamel mantle by reconstruction of their paths obtained from serial ground sections
(Siiss 1939; Helmcke 1967). For technical reasons, however, only a limited number
of sections could be followed. Osborn (1967) managed to follow the path of prisms
for at least a distance of 100 um with his elegant focus-through technique.

Applying scanning electron microscopy to fractured and ground preparations
of enamel (Fig. 6 c) it was possible to follow prisms in larger regions and for a
greater distance (Radlanski et al. 1995). The longest path of a single prism that we
were able to follow was 500 pm. Measurements of the diameter of prisms (Fig. 7)
in different enamel regions from the dentino-enamel junction to the enamel surface
were found to be constant (Radlanski et al. 1986). The question of how the
increasing volume of the enamel mantle is created with prisms characterized by a
constant diameter will be described after the following paragraph.

Incremental Lines of the Enamel Mantle and Enamel Surface

In addition to other structural features polished ground sections reveal incremental
lines of enamel (Fig. 8 a). Incremental lines are the result of the growth pattern of
the enamel organ in its bell stage, which is gradual rather than continuous. The
growth rate varies between 20 and 28 um per day (Deutsch 1982; Risnes 1986) in
deciduous teeth. Phases of more accentuated rest lead to structural changes in the
structure of the prisms, visible as lines of Retzius in ground sections (Fig. 8 a). When
enamel is fractured, incremental layers can be made visible as terrace-like structures
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Fig. 8 a-d. a: Ground section of a human molar cusp to visualize the incremental lines (Lines
of Retzius, R) and the Hunter-Schreger-Bands (HS). D: Dentine. The extent of the enamel cracks
(*)is artificial. Scale bar: 1 mm; b: Scanning electron microscopical reproduction of a fractured
specimen of human enamel to show the incremental layers in increasing depths of the enamel
mantle. Top: natural enamel surface. Scale bar: 200 um; c: Scanning electron microscopical
reproduction of a ground and acid-etched plane below the enamel surface. At NL there is shown
a special incremental line, the neonatal line, where the prism’s paths deviate due to the nutritional
changes after birth. Scale bar: 20 um; d: Scanning electron microscopical reproduction of the
enamel surface showing perikymates, where the incremental layers reach the surface. Scale bar:
40 pm.

(Fig. 8 b). A more marked arrested increment line is the neonatal line (Whittaker
and Richards 1978), which results from metabolic changes in connection with
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Fig. 9 a-b. a: Scanning electron microscopical reproduction of a ground and acid-etched plane
showing the alternating and interwoven path of enamel prisms. In ground sections (Fig. 8 a,
9 b) this leads to the optical phenomenon of Hunter-Schreger-bands and Para- and Diazonia.
Scale bar: 50 um; b: Ground section of enamel with Parazonia (P) and Diazonia (D). From
Meyer (1932).

perinatal nutrition (Fig. 8 ¢) when mineralization may cease for some days. This
line can be found in primary teeth and in permanent tecth which are mineralized at
birth (first molars and incisors). When the incremental layers reach the enamel
surface they form the perikymates at the circumference of the tooth (Fig. 8 d).

Although most prisms reach the enamel surface, there are areas of prismless
enamel, where crystallite orientation does not lead to a prismatic enamel structure
(Fig. 10). This, however, is confined only to the outer 10um of the enamel
(Schroeder 1992).

Prism Orientation in Enamel
Prism Diameter

Most descriptions of human dental enamel rely on an increase of prism diameter
to explain the increased volume of the enamel mantle (see Fig. 11). Other
descriptions proposed artifacts of the 2-dimensional histology of ground sections
(Fig. 12), assuming ramified Mummery (1916, 1924) or additional prisms (Dewey
1914; Lewis and Stohr 1914; Andrews 1919; Broomell and Fischelis 1922;
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Fig 10. Scanning electron microscopical reproduction of the enamel surface. In the left
and lower half the prismatic structure reaches up to the surface where impressions of the
Tomes’ processes can be seen, while in the upper and right half the enamel surface
remains prismless.

Hopewell-Smith 1926). Only a few authors believed in the constancy of prism
diameter (Noyes and Thomas 1921; Wolf 1942; Quigley 1959; Schumacher et al.
1990). These authors were well aware that a specific arrangement of the prisms
must be responsible for creating the form of the enamel mantle. An example is
Wolf’s Umreihungstheorie (1942).

MIAVANR A7

Fig. 11 a—e. Assumptions about the prism arrangement within the enamel in schematic
representations: a: The prism diameter increases on its way to the enamel surface and thus
creates the volume of the enamel mantle (Pickerill 1913; Williams 1923; Chase 1924;
Meyer 1932; Yosida 1938; Blechschmidt 1942; Heuser 1956; Fosse 1968; Swancar et al.
1970; Skobe and Stern 1980); b: In addition to the increase in prism diameter a so-called
»interprismatic substance” increases towards the periphery (Meyer 1932; Shobusawa
1952). c: Towards the enamel surface there arise new, additional prisms in order to fill
the volume of the enamel mantle (Dewey 1914; Lewis and Stohr 1914; Andrews 1919;
Broomell and Fischelis 1922; Hopewell-Smith 1926); d: Ramified prisms are described
by Mummery (1916, 1924); e: The diameter of the prisms is constant, the surface
increment of the enamel mantle is created by the angulation of the prisms, towards the
surface, and in addition, the volume of the enamel mantle is created by the meandering
path of the prisms within the enamel mantle (Radlanski et al. 1986; Radlanski et al. 1989;
1990).
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Fig. 12. A ground section of human ename! shows artifacs like ,,ramified* and ,,additional*
prisms. From Meyer (1932).

Angulation of the Prisms at the Enamel Surface
It is well known that prisms only rarely reach the enamel surface at a perpendicular

angle (Noyes and Thomas 1921; Wolf 1942; Osborn 1968; Skobe and-Stern 1980).
Black (1924) had this in mind when describing the design of cavity preparation for

a
b

d

Fig. 13. The outline of the outer enamel surface is longer than that of the inner surface at the
dentino-enamel junction. In addition, the localisation of the sections of Figs. 14 a—d is given.
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a

40 p —
Fig. 14 a—d. Scanning electron microscopical reproductions of fracture preparations show

that the angulation that prisms obtain towards the surface is variable in different regions
(location of sections see Fig. 13).

dental fillings. In cervical regions prisms tend to reach the surface mostly
perpendicularly, while their angulation increases towards the occlusal region (Figs.
13, 14). The result is that the thicker the enamel, the more oblique the prisms which
reach the surface (Fig. 15).

The angulation that a prism obtains with the enamel surface leads to an increase
in its effective diameter. We found factors between 1 (perpendicular ending) and
2.92 (angulation at 70°), the mean factor being 1.3 (Radlanski et al. 1989). This
would lead to a mean increase in the contour-line length at the enamel surface of
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Fig. 15. The interdependence between the thickness of the enamel and the corresponding
angulations of the prisms, represented by the angle a. As the occlusal region is cut by several
fissures, the angle-values show a wider distribution. Therefore, the mean value for a in the
occlusal region 5 is smaller than that of region 4.

30% as compared to the dentino-enamel junction. This result comes close to the
geometrical conditions found in premolars (Hugel 1970; Schaaf 1971).

Tt is interesting to re-evaluate the measurements that e.g. Chase (1924) obtained
from ground sections. He published values of prism diameters at the dentino-enamel
junction and at the enamel surface, but neglected the angulation of prisms at the
enamel surface. These light-microscopic findings led him to the conclusion that the
prism diameter increased. We, however, assume a constant prism diameter, and if
we use his increment factors to calculate the angulations that prisms must have
obtained, we reach values ranging between 18° and 54°, which sufficiently match
our findings (Radlanski et al. 1989). Chase (1924) interpreted his findings as real
thickenings of the prisms. Although he mentions a sometimes oblique path of the
prisms, Chase did not believe that this would be responsible for surface enlargement.
On the contrary, our findings show that the prisms contribute to the enlargement of
the enamel surface almost threefold, and as a mean value, depending on the region,
at least one and one-half times the actual diameter. Therefore the angulation of
prisms at the surface contributes an important, if not the decisive contribution to
enlargement of the surface of the enamel mantle.

Volume Increase

The answer to the question of whether prisms with constant diameters can
completely fill the enamel mantle requires a description of the specific arrangement
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Fig. 16 a—c. a: Scanning electron microscopical reproductions of a ground section of enamel,
with its surface acid-etched to visualize the prisms. The block of enamel was prepared so
that two planes were perpendicular. Close to the dentino-enamel junction (bottom) more
prisms are sectioned longitudinally while they are ground more and more obliquely towards
the enamel surface (top). In the perpendicular section plane the corresponding angulations
of the prisms can be matched with their cross sections; b: Detail from the block preparation
close to the enamel surface. Scale bar: 4 pm; ¢: Detail from the block preparation close to
the dentino-enamel junction. Scale bar: 4 pm.

of the prisms characterized by an increasing deviation from the perpendicular path
(Figs. 16 a—c). From these findings a schematic, pattern-like diagram can be
developed (Fig. 17). The interdependence between enamel thickness and prism
orientation found at the enamel surface is transferred into the inner bulk of enamel.
Then the angulation of a prism can be seen as a function of its distance from the
dentino-enamel junction (Radlanski et al. 1990, 1995). Although with this model
the contradiction between constant prism diameter and volume increase of the
enamel mantle can be explained, it must be stated that regional compensation of
different prism orientation is possible and meets the micromorphological findings.
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Fig. 17. Schematic, pattern-like diagram of the path of the prisms in the right half of the
figure: In the cervial region the prisms run mostly straight and reach the enamel surface in
a perpendicular orientation. In the cuspal region the prisms obtain a more wavy path and
they reach the surface at a more acute angle. In the left half of the diagram the angulations
of the prisms, as they are found at the surface, are continued into the inner part of the enamel
mantle. According to this model an almost constant angulation of the prisms at the enamel
surface as well as in the inside of thicker enamel should be expected to be found in a constant
distance from the dentino-enamel junction along the dotted lines (isogonial lines). The
increment of the angulation of the prisms is not linear.

Artifacts on Ground Sections and Surfaces

Whenever a plane is sectioned through enamel, one is never sure of the angle under
which the prisms are cut. This is due to the impossibility of predicting their
orientation at a particular spot. Any oblique section distorts the appearance of the
outline of the prisms (Figs. 18 a, b). Therefore measurements of prism diameter in
ground sections can lead to false results (Fosse 1968). In addition, it must be stated

Fig. 18 a-b. Photographic reproduction of a plastic model of schematic enamel prisms.
Sections are carried out at different planes with different orientation and location. The
interdependence between the appearance of the prism outline and the section plane is obvious.
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that evaluations of prism outline types are prone to be erroneous when ground
sections are used. Preparations of enamel blocks with two perpendicular planes
help to reduce the problem of misinterpretation.

Conclusions

Human enamel is a tool to understand the developmental mechanisms of tooth
formation, because in mature enamel the prisms represent the unchanged pathways
of the migration of the ameloblasts. In addition, enamel may serve for comparative
anatomical research, focused on crown morphology as well as on its prism
structure. As far as prism arrangement is concerned, however, the risk of artifacts
in ground sections has to be kept in mind.
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3.4 The Temporomandibular Joint

Ales Obrez and Jens C. Tiirp

Introduction

The two temporomandibular joints (TMJs) form the bilateral articulation of the
mandible with the cranium. Together with the neuromuscular system, the anatomy
of the TMJ contributes to specific mandibular functions. Studying the TMJ
exclusively on dry skulls may lead to erroneous conclusions regarding both
mandibular function and joint biomechanics. It is for this reason that in addition
to the bony components of the TMJ, the cartilage and soft tissues demand close
attention.

Morphology and function of the temporomandibular joint are strongly related
throughout development. Understanding the relationship between form and
function may therefore help in reconstructing mandibular function, especially in
cases where evidence is limited to skeletal remains. The purpose of this chapter is
to introduce the reader to the anatomy of the temporomandibular joint, its growth
and remodelling, and its function.

Anatomy

The temporomandibular joint (TMJ) is formed by the squamous temporal,
tympanic, and mandibular bones (Fig. 1). It is the only diarthrodial joint in the
craniofacial region (Fick 1904). The articular surfaces of the joint are separated
from each other by an articular space, which is divided into upper and lower
compartments by an articular disk, and from the surrounding tissues by an articular
capsule. The joint cavities thus formed contain synovial fluid, making the TMJ a
synovial joint.

The articular surfaces of the majority of mammalian synovial joints are
covered by a hyaline cartilage. The exceptions are the TMJ and sterno-clavicular
joints. The differences in histology between the TMJ and more typical joints has
been attributed to the unique characteristics of the TMJ’s phylogeny and
ontogeny.
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Fig. 1. Lateral view of the right side of a human skull with the components of the TMJ.
a: Articular eminence; b: Articular tubercle; ¢: Condylar process; d: Condylar neck;
e: Postglenoid process; f: External auditory meatus.

Mandibular Condyle

The condylar process of the mandible (Processus condylaris mandibulae) forms
the mandibular part of the TMJ. The process is a postero-superior extension of
the mandibular ramus. It consists of a head (Caput mandibulae) and a neck
(Collum mandibulae) (Fig. 1). The position of the condyle relative to the
temporal components of the TMJ is in part influenced by the relationships of
the teeth.

The articulating areas of the condyle are the superior, anterior and medial
surfaces of the condylar head. A significant intra- and interindividual variation in
form and size of the condylar head and in the outline of the articular fossa and the
articular eminence exists (Meyer 1865; Oberg et al. 1971; Costa 1986; Wendler et
al. 1989; Koppe et al. 1993; Tiirp et al. 1995). The shape of the condylar head varies
from rounded to flat at its superior surface (Yale et al. 1966; Lubsen et al. 1985;
Dibbets and van der Weele 1991). Younger individuals have more rounded condylar
heads than adults. It is important to acknowledge that the actual form of the
condylar head depends on the thickness of the connective tissue layers covering it
(Pullinger et al. 1993a, b).

The subchondral bone of the condylar process and the articular fossa is covered
by three tissue layers (Fig. 2): (1) a superficial avascular fibrous connective tissue
layer (modified bilaminar periosteum), which contains fibroblasts and collagen
fibers; (2) a proliferative layer of undifferentiated mesenchymal cells and
fibroblasts (zone of maturation); and (3) the hypertrophic layer of the cartilage
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Fig. 2. The tissue layers of the condyle and the temporal components of the TMIJ;
a: Fibrous connective tissue layer; b: Proliferative layer; ¢: Hypertrophic layer;
d: Subchondral bone (modified from Tiirp et al. (1997). Reprinted by permission of
Quintessenz, Berlin).

containing chondrocytes and collagen fibers (Blackwood 1966; Carlsson and
Oberg 1974; Wright and Moffett 1974; Thilander et al. 1976; Carlson et al. 1978;
Luder et al. 1988). The periosteum covering the condylar neck divides into
superficial and deep layers as it approaches the articular surface of the condylar
head. While the superficial layer contributes to the articular capsule, articular disk
and the periosteum of the temporal bone, the deeper layer forms the fibrous articular
tissue of the condylar head. The latter is characterized by an abundance of collagen
fibers (type I) oriented in the antero-posterior direction and parallel to each other
(Luder et al. 1988). In addition, the articular tissue contains fibrocytes and elastic
fibers. The proportion of individual components in this layer changes during
growth as the number of cellular and vascular components reduces significantly
(Thilander et al. 1976).

Underneath the fibrous layer covering the condylar head is a layer of
undifferentiated mesenchymal cells (zone of maturation). These cells provide a
source of cells for the underlying bone and/or secondary cartilage, evidently
depending on the loads applied to the surface of the condylar head. Normal TMJ
loading during growth in younger individuals results in chondrogenesis, while a
reduction in loading predominant in older individuals induces osteogenesis
(Carlson et al. 1978; Stutzman and Petrovic 1979, 1982; Silberman et al. 1987;
Copray et al. 1989). As the chondrocytes eventually die (within the zone of
endochondral ossification) the osteoblasts arising from the medullary part of the
condylar head fill the newly formed empty spaces. The extent to which
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endochondral ossification contributes to growth within the condylar head of the
mandible is still debated (see below) (Enlow 1994).

Glenoid Fossa and Articular Eminence

The glenoid fossa, or mandibular fossa (Fossa mandibularis), is part of the inferior
surface of the squamosal portion of the temporal bone (Pars squamosa ossis
temporalis). Though concave in both directions, this anatomical structure is of
greater dimension in its width (mediolaterally) than in its length (anteroposteriorly)
(Oberg et al. 1971). The functional part of the glenoid fossa, i.e., the region that is
covered by articular tissue, is called the articular fossa (Hylander 1992). The fossa
continues anteriorly into the articular eminence. The anterior slope of the eminence
is termed the preglenoid plane (Fig. 3).

Fig. 3. Left side of the cranial base of a human skull; a: Preglenoid plane; b: Crest of the
articular eminence; ¢: Articular eminence; d: Articular tubercle; e: Articular fossa;
f: Petrosquamous fissure; g: Tympanosquamous fissure; H: Petrotympanic fissure.
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As with the condylar head, there is significant variation in the form of the
glenoid fossa and articular eminence in both males and females (Koppe 1993). This
variation in form seems to be independent of the shape of the condylar head
(Solberg et al. 1985). As in the case of the condylar head, the functional form of
the temporal joint surfaces depends not only on the contour of the bony foundation
but also on the thickness of the connective tissue layers covering it (Pullinger et
al. 1993a, b). For example, the layers are thickest on the lateral and posterior parts
of the articular eminence (Hansson et al. 1977).

The bony roof of the glenoid fossa is very thin. As it continues posteriorly,
the glenoid fossa is traversed by the tympanosquamosal fissure (Fissura
tympanosquamosa) (does not always exist as a separate entity) which separates
medially into the petrosquamosal fissure (Fissura petrosquamosa) (medio-
ventrally), and the petrotympanic fissure (Fissura petrotympanica) (medio-
dorsally) (Fig. 3) (Dauber 1987). These fissures divide the glenoid fossa into a
larger anterior and a smaller posterior part. The former continues anteriorly
without a sharp border into the articular eminence, the preglenoid plane and the
infratemporal fossa. Both the glenoid fossa and the eminence contribute to the
articulating surface (Facies articularis) of the TMJ. When viewed in a parasagittal
plane they form an S-shaped profile. The steepness of the articular eminence
develops as mandibular function increases during human development. At birth,
the eminence is flat (Wright and Moffett 1974). However, as development
progresses it becomes more prominent. Similarly, with loss of the teeth the
eminence flattens (Granados 1979).

The small tubercle lateral to the articular eminence, not part of the articular
surface, is called the articular tubercle (DuBrul 1988; Hylander 1992; Obrez 1993;
van Rensburg 1995) (Figs. 1 and 3). The official anatomic nomenclature (Nomina
Anatomica 1989) does not make a distinction between the two and calls the entire
complex the articular tubercle (Tuberculum articulare). The articular tubercle is an
attachment site of the lateral ligament of the TMJ (DuBrul 1988).

The posterior part of the articular fossa supports loose retroarticular tissue
composed of connective tissue, fat, veins, and nerves (Zenker 1956; Dauber 1987).
Between the mandibular fossa and the tympanic plate of the external auditory
meatus (Meatus acusticus externus) is a bony ridge (posterior articular lip of the
postglenoid process) that extends caudally (Fig. 4). This is the site of attachment
of the articular capsule. In many individuals this ridge is wider laterally. In that
case the bony element is called a postglenoid tubercle or postglenoid (retroarticular)
process (Sicher 1949; DuBrul 1988; Hylander 1992). Compared to other primate
TMIJs, the human postglenoid process is small (Carlson et al. 1980; Hinton 1981,
1983; Henke and Rothe 1994).

Associated Connective Tissues

Articular Disk

In healthy TMTs the articular disk (Discus articularis) is interposed between the
condylar head and the articular eminence. The disk divides the joint cavity into
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Fig. 4. Parasagittal histological section through a right human temporomandibular joint.
(Goldner, thickness of cut: 12 mm.); a: Articular fossa; b: Articular eminence; c: Preglenoid
plane; d: Articular disk; e: Lateral pterygoid muscle; f: Condylar process; g: Retroarticular
tissue; h: Postglenoid process (modified from Tirp et al. 1997. Reprinted by permission of
Quintessenz, Berlin).

two completely separated compartments, the upper disko-temporal and the lower
disko-mandibular space (Fick 1904; Tandler 1919) (Fig. 4). With the exception
of the TMJ, articular disks are only found in the sternoclavicular joint and,
incompletely, in the proximal wrist (Tillmann and Tondury 1987). The articular
disk is the eutherian mammal characteristic, and is also found in some marsupials,
but is absent in monotremes (Sprinz 1965; Goose and Appleton 1982). The TMJ
disk is assumed to compensate for the incongruities between the temporal and
mandibular components of the joint during functional movements of the
mandible. The articular disk has sometimes been erroneously called a meniscus
(Meyer 1865; Macalister 1954; Rees 1954). The difference is that a meniscus
only partially divides an articular joint space into two joint compartments,
allowing the joint spaces to communicate with each other through an aperture.
An example of a joint containing a meniscus is the knee joint.
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Fig. 5. Development of the articular eminence in dependence of dental age. Triangles and circles
refer to skull samples originatings from two different collections (from: Nickel et al. 1988.
Reprinted by permission of The American Association for Dental Research, Washington D.C.).

The articular disk can be divided morphologically into three parts: an anterior
band, a thinner intermediate zone and a (broader) posterior band (Rees 1954)
(Fig. 5). The posterior band of the articular disk continues posteriorly into the
richly innervated and vascularized retrodiskal tissue, containing the bilaminar
zone. The superior lamina (Lamina superior, Stratum superior) contains elastic
fibers and inserts onto the postglenoid process posteriorly and into the
petrosquamosal and tympanosquamosal fissures medially, unless the latter is
missing (Dauber 1987). The inferior lamina (Lamina inferior, Stratum inferior)
is attached to the posterior region of the condylar neck. Between the two laminae
there is richly innervated and vascularized retroarticular connective tissue
(Zenker 1956). The blood vessels from this area supply the majority of the
articular disk except for the avascular intermediate zone (Wright and Moffet
1974). The articular disk is firmly attached to the medial and lateral sides (poles)
of the condylar head via collateral ligaments. Laterally the disk only
approximates the articular capsule, while anteriorly the disk continues into the
articular capsule, and in many cases through the anterior extension (prediskal
lamina) into the fibers from the superior belly of the lateral pterygoid muscle
(Meyenberg et al. 1986; Heylings et al. 1995).

During early human postnatal growth the disk is vascularized abundantly
(Moffett 1957; Thilander et. al 1976). However, during growth the central part of
the articular disk becomes avascular and lacking in innervation (Boyer et al. 1964;
Keith 1982). Histologically the articular disk is a dense fibrous connective tissue
containing type I collagen and glycosaminoglycans comprised of chondroitin
sulfate, hyaluronic acid and keratan sulfate (Axelsson et al. 1992; Kobayashi
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1992). The collagen fibers within the intermediate zone of the articular disk are
directed both antero-posteriorly and medio-laterally (Scapino 1983; Mills et al.
1988, 1994). This specific arrangement of the fibers becomes pronounced as the
temporomandibular joint matures (Goose and Appleton 1982). Healthy articular
disks in individuals under 30 years of age contain only a small amount of cartilage
cells, predominantly around the periphery. Whereas the presence of cartilage cells
in the central part of the articular disk seems to be related to the dental condition
and function of the TMJ, this is not true for the diskal periphery (Carlsson et al.
1973).

Articular Capsule

The TMI is surrounded by the articular capsule (Capsula articularis) containing
blood vessels and nerve fibers. The articular capsule is a modified fibrous (external)
layer of the bilaminar periosteum that continues from the condylar neck. The
capsule is attached to the squamous part of the temporal bone, the postglenoid
process, the tympanosquamosal fissure and to the area between the condylar head
and neck. The height of the capsular attachment onto the condylar neck may depend
on age (eg., more superior in children, Oberg et al. 1971) and mobility of the TMJ
(eg., more inferior in hypermobile TMIJs, Solberg et al. 1985). Anteriorly and
posteriorly, the boundaries of the articular capsule are not well defined (Dauber
1987; Wendler et al. 1989; Luder 1991). The connective tissues covering the
preglenoid plane and the fibrous layer of the periosteum of the condylar neck
approach each other and the connective tissue from the superior head of the lateral
pterygoid muscle to become posteriorly continuous with the articular disk
(Meyenberg et al. 1986; Hylander 1992).

The inner surface of the articular capsule with its recesses is lined by a synovial
membrane (Membrana synovialis, Stratum synoviale). The membrane is
continuous with the osteogenic (internal) layer of the bilaminar periosteum
covering the condylar neck. The membrane secretes synovial fluid that serves as
lubrication for the articular cartilage. Though the specific composition of the
synovial fluid varies, it is generally considered to be a plasma-like fluid containing
hyaluronate. Whether the synovial fluid is also a source of nutrition is controversial
(Ten Cate 1994).

The articular capsule is reinforced by the lateral and medial temporomandibular
ligaments. The former (Ligamentum laterale) originates from the lateral part of the
articular tubercle and inserts onto the lateral aspect of the condylar neck (DuBrul
1988; Hylander 1992). However, this ligament does not always exist as a separate
entity (Savelle 1988; Hylander 1992). The delicate medial ligament (Ligamentum
mediale) is located in the medial part of the capsule. Both ligaments are assumed
to provide limitations to condylar movements. Two other craniomandibular
ligaments are the stylomandibular (Ligamentum stylomandibulare) and the
sphenomandibular ligament (Ligamentum sphenomandibulare), both extending
from the mandible to the base of the cranium. The sphenomandibular ligament is
the remnant of the posterior part of Meckel’s cartilage. It is questionable if the latter
two ligaments are of any important functional significance (Ten Cate 1994).
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Growth and Remodelling

The TM]J is the unique characteristic of a mammal. In reptiles, the joint between
the lower and upper jaws is formed between the articular bone (the posteriorly
located ossified part of Meckel’s cartilage) and the quadrate bone (the posteriorly
located ossified part of the palatoquadrate cartilage). During evolution from
mammal-like reptiles to mammals the two bones forming the reptilian jaw joint
assumed a new function as part of the sound transmission complex in the middle
ear (malleus, incus) (Barghusen and Hopson 1970; Crompton and Parker 1978).
The articular disk developed later than the bony joint components, namely during
the evolution of some marsupials and the vast majority of eutherian mammals
(Sprinz 1965; Moffet 1966). The evolutionary transition from mammal-like reptiles
to mammals is also paralleled during mammalian ontogeny.

The human true (secondary) TMJ starts to develop during the 7th prenatal week
(Richany et al. 1956; Furstman 1963; Keith 1982) independently from other parts
of the mandible (ramus, corpus). At this stage of ontogeny, the primary
craniomandibular joint consists of the anlagen of the incus and malleus, analogous
structures to those found in reptiles (Hertwig 1888). The secondary TMJ develops
later, lateral to the primitive primary joint, as one of the last joints in the body
(Moffett 1966; O’Rahilly and Gardner 1978; Keith 1982). For a short time, until
the 18th week, both joints function simultaneously (Avery 1988). Subsequently,
malleus and incus are integrated into the hearing complex of the middle ear. All of
the essential components of the secondary TMJ are present and functional during
the 12th week (Moffett 1957). The articular fossa and eminence are still flat. The
histomorphology of the subcortical condylar and temporal areas reveals all the
features that are indicative of bony growth: a thick proliferative zone, an increased
mitotic activity of undifferentiated mesenchymal cells, and local vascularity
(Carlson et al. 1978; Hinton and Carlson 1983).

The mandible and the squamous part of the temporal bone initially ossify
directly from mesenchymal tissue without cartilaginous templates, unlike the base
of the cranium and the long bones. The mandibular ossification continues lateral to
Meckel’s cartilage, the primitive cartilagenous lower jaw. As ossification progresses,
cartilageneous islands appear within mesenchymal tissue in the areas of the future
condylar, coronoid and the angular processes of the mandible. The appearance of
these secondary cartilages in association with ossifying mesenchymal tissue is not
limited to the developing mandible but is also observed in the midpalatal suture, the
pterygoid plate, and the sagittal suture of the cranium (Hall and Hanken 1985).
Secondary cartilage differs significantly from the primary (hyaline) cartilage found
in other bones that ossifies endochondrally (Stutzman and Petrovic 1982). The
difference is most pronounced in the spatial arrangement of the cartilage and the
biochemical composition of its extracellular matrix (Bollen et al. 1989, 1990; Milam
etal. 1991). In the area of the condylar process, secondary cartilage remains covered
by the periosteum that is continuous with periosteum covering the rest of the
ossifying mandible.

The secondary cartilage of the TMJ contributes to the underlying subchondral
bone. However, the presence of secondary cartilage is not essential for growth of
the condylar process. Instead, the growth of the secondary cartilage is regarded as
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being adaptive to various influences around the TMJ and not intrinsic to the
cartilage itself, as for example is the case with the epiphyseal growth plate of long
bones (interposed between the epiphysis and the diaphysis). In long bones, primary
cartilage is regarded as the primary growth center. The major components of newly
forming long bones, for example the epiphyseal center of ossification and growth
plate, are thus missing in the developing mandible and remain so throughout growth
and adult life. As function of the TMJ develops, periostea that cover the condylar
head and the articular portion of the temporal bone become modified into fibrous
articular layers, contributing to cartilage formation that subsequently undergoes
endochondral ossification.

The most active growth sites of the mandible are the posterior border of the
mandibular ramus, the condylar neck and the condylar head. As a result of the
growth process, the mandible is displaced downward and forward. Articulation at
the TMJ is maintained by condylar growth in the supero-posterior and lateral
directions, and bone resorption in its anterior and medial parts (Enlow and Harris
1964). As TMJ loading increases, the superficial articular layer undergoes change
such that its cells come to resemble both chondrocytes and fibroblasts. This layer
is often termed fibrocartilage irrespective of its developmental stage, that is,
whether cartilage cells are present in the layer (later in life) or not (early in life;
see above). As the thickness of the articular layer increases during growth, the
thickness of the subarticular cartilage layer decreases (Wright and Moffet 1974).
The decrease of the latter is primarily attributed to the progressive increase of
mineralization observed in the deeper layers of the hypertrophic zone. Similarly,
the zone of maturation continues to be present until the late teens, when it is
replaced by mineralized cartilage (Thilander et al. 1976). These layers eventually
surround the newly forming bony cap of the condylar head. Even when the latter
is completely formed, condylar growth continues until midlife, but it slows
markedly (Carlsson and Oberg 1974).

Similar growth changes are observed in the temporal component of the TMJ.
Initially flat, the articular eminence becomes increasingly steeper. Its development
is fastest within the first three years of age. After eruption of the primary teeth,
more than fifty percent of its mature size and morphology has been reached. Around
the age of five, the rate of increase of articular eminence steepness is progressively
reduced until reaching zero during the middle or late teens (Fig. 5) (Nickel et al.
1988). Changes in its form are primarily attributed to bone deposition on its anterior
and posterior sides and bone resorption of the articular fossa (Wright and Moffet
1974). The thickness of the individual zones changes similarly to the condylar head.
During this same period the postglenoid process elongates and contributes to the
S-shaped profile of the temporal component of the adult TMJ when viewed in a
parasagittal plane.

The components of the temporomandibular joint, as in any other joint, are
continuously responding adaptively to their environment (Johnson 1964; Moffett
et al. 1964; Blackwood 1966; Oberg et al. 1971; Mongini 1972, 1977; Carlsson
and Oberg 1974; Hinton 1981). The capacity to adapt includes the period after the
TMJ reaches its adult form (around the age of 20) (Schroeder 1992). The
mechanism most often associated with biological adaptation is remodelling.
Remodelling is a process where the structure and form of tissue change in response
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to external stimuli, most often biomechanical stress (increased mechanical loading)
(Meikle 1992). For example, there is evidence that changes in form of the articular
eminence are related to loss of the posterior teeth with resulting loss of occlusal
support (Moffett et al. 1964; Furstman 1965; Blackwood 1966; Oberg et al. 1971,
Mongini 1972, 1977; Bergman and Hansson 1979; Granados 1979; Whittaker et
al. 1985; Whittaker 1989; Sheridan et al. 1991) (exceptions: Ericson and Lunberg
1968; Toller 1973). Similarly, associations are made between findings of occlusal
attrition (enamel loss caused by mastication movements, i.e. by tooth contacts;
Schroeder 1991) and abrasion (enamel loss caused by foreign bodies, such as food
ingredients, toothpaste, toothbrushes, or by ritual manipulations; Schroeder 1991)
and changes in form of the condylar head (Blackwood 1966; Mongini 1975;
Seward 1976; Wedel et al. 1978; Bergman and Hansson 1979; Hinton 1981;
Richards and Brown 1981) (exceptions: Whittaker et al. 1985, 1990; Sheridan et
al. 1991). The sites where remodelling takes place most frequently are the posterior
and lateral aspects of the articular eminence and the anterior-superior and lateral
parts of the mandibular condyle (Oberg et al. 1971; Carlsson and Oberg 1974;
Hylander 1979, 1981, 1992). These tissue alterations result in an increase in
thickness of the corresponding articular layers (Hansson et al. 1977; Carlson et al.
1978; Baldioceda et al. 1990a, b) (Fig. 5).

Remodelling can be regarded as a way to maintain the equilibrium between
form and function (Hansson 1992). It leads to a change in cellular composition of
the fibrous articular layer. The appearance of cartilage cells within the articular
layer, which initially contained only fibrocyte-like cells, is regarded as an
adaptation to increased biomechanical stress. In addition, the proliferative layer
covering the surface of the condylar head and the articular fossa has the ability to
produce cells that are capable of either chondrogenesis or osteogenesis. The
cartilage layer thus produced is more compliant in the distribution of compressive
forces than bone during increased loading. This form of adaptation of the fibrous
articular tissue is not unique to the temporomandibular joint, but can be found
anywhere where membranous bone is under intermittent loads. If these areas are
devoid of pressure for longer periods, bone formation is initiated as shown by
experiments wherein the joints are immobilized. The degree of vascularization also
influences the differentiation of the mesenchymal cells, produced by the
proliferative zone (Hall 1970). An increase in vascularization leads to osteogenesis,
while its decrease results in chondrogenesis. As the applied loads on the
temporomandibular joint increase, the thickness of the articular tissue changes
accordingly. Thus, the histology of the articular layer of these sites supports the
theory of an association between thickness and the loading regime (Moffet 1966;
Carlson et al. 1978). One proposed mechanism responsible for this tissue response
is an increase in the water content within the superficial layer of cells, similar to
the mechanism known for the increase in thickness of the hyaline cartilage under
load (Radin et al. 1972; Carlson et al. 1980). As the cartilage layer increases in its
thickness, so does the rate of its mineralization and resorption within its deeper
layers with subsequent replacement by underlying bone (endochondral
ossification) (Meikle 1992). This process is associated with a complementary
process whereby the subchondral bone is resorbed. Both processes occur
simultaneously within the same joint, but at different sites (Schroeder 1987). The
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overall form of the condylar head and/or the articular fossa thus changes. The
remodeled joint morphology ensures continuous function in spite of changes in the
amount and location of biomechanical stress.

If the biomechanical stress exceeds the capability of the TMJ to adapt, a
breakdown of the articular tissues results (Moffett et al. 1964; Radin 1972).
However, the differences between adaptive remodelling and definite pathological
changes (osteoarthrosis) are not always clearcut, and both processes may take
place at the same time.

Functional Aspects of the Temporomandibular Joint

Since the right and left mandibular condyles are connected through the mandibular
body and its rami, every mandibular movement involves both TMJs. Depending
on the extent of the movement itself and on whether or not food is present between
the teeth, three general types of mandibular movements can be distinguished:
border movements, empty movements, and masticatory movements. Border
movements of the mandible are extreme movements, and the corresponding
positions of the mandible are border positions. Both the border movements and
border positions are restrained by anatomical structures (TMJ, masticatory
muscles, ligaments, and teeth). Empty (free) movements occur within the
boundaries of border movements without the presence of food between the teeth,
as for example during speaking. Masticatory movements take place during biting
and chewing.

The mandibular condyle is able to carry out two types of movements, namely
rotation and translation. Rotation and translation very rarely occur completely
independently of each other, but are generally combined (Hylander 1992).
Mandibular movements are subject to wide interindividual variability (Merlini and
Palla 1988). The following part of this chapter describes condylar movements
during the most common empty and border movements (opening and closing,
protrusion, retrusion, and lateral shifts) and during typical masticatory movements
of the mandible.

Mandibular Opening and Closing

Mandibular opening is initiated primarily by a rotation of the mandibular condyle
against the articular disk about a transverse axis. The axis of initial rotation differs
among and within subjects. The center of rotation can be located within the outline
of the condyle or its immediate vicinity, or even considerably far outside the skull.
Even during minimal mandibular opening, the position of the transverse axis of
mandibular rotation changes continuously relative to the base of the cranium (Gibbs
and Lundeen 1982). As mandibular opening continues, translation of the disk-
condyle complex, with simultaneous ongoing condylar rotation, occurs along the
posterior slope of the articular eminence in a downward and anterior direction. The
average distance of the condylar translation during maximal opening is 13 to 15
mm, while the disk moves anteriorly 5 to 9 mm (Rees 1954; Finlay 1965).
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Mandibular opening is primarily accomplished by the combined activity of the
anterior belly of the digastric, the mylohyoid and geniohyoid muscles (rotation) —
the so-called mandibular depressors — and the inferior head of the lateral pterygoid
(translation).

The closing movement is similar to that of opening, but in the opposite
direction. However, the paths described by the condylar centers are not identical
in both movements (Gibbs and Lundeen 1982). Muscles responsible for mandibular
elevation are the masseter, the medial pterygoid, the anterior part of the temporalis
and the upper head of the lateral pterygoid.

Mandibular Protrusion and Retrusion

Mandibular protrusion occurs as the mandibular teeth pass their maxillary
counterparts in the anterior direction, while maintaining minimal separation. The
movement of the condyle-disk complex is primarily translatory. Whereas the
inferior head of the lateral pterygoid is responsible mainly for the forward and
downward movement of the condyles, the masseter and medial pterygoid muscles
as well as the depressors stabilize the mandible in the proper vertical relation to
the maxilla.

The posterior part of the temporalis muscle has been acknowledged to be the
most important muscle producing a backward movement of the mandible
(retrusion) (Hylander 1992). In many subjects, the centric relation of the mandible
is posterior to the position of the mandible with the teeth in maximum
intercuspation. Only in a relatively small percentage of subjects do these condylar
positions coincide. Centric relation is not considered to be a functional position,
but rather a border position of the mandible (Fig. 6). It is in part for this reason that
this mandibular position is used in dentistry as a reference mandibular position in
patients with complete loss of teeth.

Fig. 6. Paths of the lower central incisors traced in the sagittal plane during functional
movements (FM; dashed line), border movements (BM; solid line), and empty
movements (EM) of the mandible (after Posselt 1968). CO: centric occlusion; CR: centric
relation; OP: opening phase; CP: closing phase; The arrow indicates the direction of the
movement.
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Lateral Mandibular Movements

During a lateral movement, the mandible exhibits rotation about a vertical axis and
bodily translation toward the working side. More specifically, the condyle-disk
complex of the contralateral (balancing; non-working) side translates anteriorly,
inferiorly and medially. Simultaneously, the ipsilateral (resting; working) condyle
rotates about a vertical axis which is positioned immediately posterior to it,
accompanied by a small lateral shift (Bennett movement) (Fig. 7).

Major muscles involved in lateral movements of the mandible are the
contralateral lateral pterygoid (balancing side) and the ipsilateral middle and
posterior part of the temporalis (working side).

Masticatory Movements

Masticatory movements occur within the range of the mandibular movements
described above. The basic unit of masticatory action is a chewing cycle. A
chewing cycle can typically be divided into four consecutive phases (Hiiemae
1978). After completion of the first two phases — slow mouth opening, followed
by fast opening (both phases are also referrred to as the opening stroke) — the lower
incisors, which serve here as a reference point for the description of the
mandibular movements, move laterally and anteriorly toward the chewing side.
In the following phase (fast closing, also called the closing or fast stroke) the
mandible is still in an anterior and lateral position and does not shift back toward
the midline until the last, or slow closing phase (“power stroke”). Tooth contact
is not a requirement before the following chewing cycle is initiated. The shape of
the chewing cycle, traced and viewed in the frontal plane, changes significantly
during the chewing process as the food bolus is softened and prepared to be
swallowed.

Concluding Remarks

The purpose of this chapter was to introduce the reader to the characteristics of the
human TMJ anatomy, growth, development, and function. In spite of its
uniqueness, it should not be forgotten that the TMJ shares common features with
other joints of the human body. As such, it does not react differently to
biomechanical stress than do, for example, the knee or the hip joints. In addition,
like most other joints, the TMJ morphology is characterized by a considerable
degree of intra- and interindividual variation. In an attempt to explain this
variability, various studies have postulated a direct association between TMJ
morphology and dental parameters. However, factors unrelated to the dental
apparatus have to be taken into consideration as well. As Richards (1990, 383)
proposed, due to the complex relationships among structures of the craniofacial
system, “many questions about the determinants of joint morphology are as yet
unanswered”. Therefore, the investigation of this complex subject remains a
challenging and important task in anthropology and dentistry.
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Fig. 7. Tracing of the condylar path during a lateral shift of the mandible to the left side. W:
Working side; B: Balancing side; CO: centric occlusion; MLP: Maximum lateral position
BM: Bennett movement.
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3.5 The Maxillary Sinus of Extant Catarrhine Primates

Thomas Koppe and Hiroshi Nagai

Introduction

Compared with other structures of the skull such as the teeth, the temporo-
mandibular joint or the cranial base, the paranasal sinuses have received much less
attention among comparative anatomists and anthropologists. Although it is
assumed that an enlarged maxillary sinus is a characteristic feature of the
Hominoidea (Andrews and Martin 1987), the role of the paranasal sinuses in
evolution is still uncertain. This situation is somewhat surprising in light of the
absence of any accepted theory to explain the functions or even the great variability
of the pneumatic cavities. As pointed out by Blanton and Biggs (1969) and as
recently discussed by Blaney (1990), many of the functions ascribed to the sinuses
are based merely on speculation.

Since the still widely recognized comparative anatomical studies of the paranasal
sinuses by Seydel (1891) and Paulli (1900), numerous researchers have contributed
to our understanding about the development, growth and variability especially of the
human paranasal sinuses (Schaeffer 1920; Leicher 1928; Szilvéassy et al. 1987).
However, little knowledge is available about the primate paranasal sinuses, and most
authors have dealt only with the pneumatic cavities of the great apes (Wegner 1936;
Cave and Haines 1940; Blaney 1986; Lund 1988; Koppe et al. 1995).

This obvious lack of information about the primate paranasal sinuses is
partially because studies of the internal structures of the skull involve destruction
of the specimens and therefore are unsuitable with regard to precious museum
collections (Cave 1973). On the other hand, plain radiographic examinations allow
the complicated shape of these three-dimensional (3D) objects to be evaluated only
partially. CT investigations of internal structures of the skull as well as 3D
reconstructions based on CT scans conducted since the 1980s are likely to
overcome the above mentioned problems. Although these methods have been
increasingly applied by both anthropologists and primatologists (for review see
Zonneveld et al. 1989) the primate pneumatic cavities have only been dealt with
in a few studies (Ward and Pilbeam 1983; Conroy and Vannier 1987; Koppe et al.
1996).
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The largest among the primate pneumatic cavities, the maxillary sinus is in
more or less close proximity to the roots of the maxillary posterior teeth.
Comparing the maxillary sinus topography in living great apes and humans with
a number of skeletal remains of Miocene hominoids and Pliocene hominids, Ward
and Pilbeam (1983) hold that the pneumatization of the postcanine alveolar recess
as well as the size of the maxillary sinus are a function of body size. However,
the pneumatization of the maxillary alveolar recess varies considerably and is only
partially understood for humans and the great apes. Thus, this chapter tries to fill
this gap by studying the pneumatization of the maxillary sinus not only in
Hominoidea but also in different species of Old World monkeys. Furthermore, the
present study is designed to discuss the hypothesis that the proportional
enlargement of the maxillary sinus during primate evolution is mainly related to
increasing body size.

Pneumatization of the Facial Skeleton in Vertebrates

Paranasal sinuses are not limited to mammals, and are seen in other vertebrates as
well. Recently, Witmer (1995) showed evidence that the antorbital cavity of birds
and the crocodilian caviconchal sinus are homologous structures. Although the old
hypothesis that the maxillary sinus of placental mammals is homologous with the
paranasal air sinus of Archosaurs (e.g., Bertau 1935) gains support because of
certain similarities regarding their development and topography, this hypothesis
clearly fails the congruence test of homology (Witmer 1995).

While any kind of pneumatization is lacking in montremes (Paulli 1900),
pneumatic cavities in marsupials are rare and until now have been reported only
for Phascolarctus cinerus (Paulli 1900) and Thylacinus cynocephalus (Weinert
1927). In contrast, pneumatization is a distinct characteristic of placental mammals
and the maxillary sinus is generally regarded as a primitive eutherian feature
(Moore 1981).

The degree of pneumatization varies considerably among the placental
mammals. Pneumatic cavities are absent in aquatic mammals and in small bats but
are extremely enlarged in size, number and complexity among large ungulates and
the great apes (Seydel 1891; Paulli 1900; Wegner 1936; Cave and Haines 1940;
Negus 1958; Moore 1981).

The Primate Paranasal Sinuses

Because the morphology of the nasal cavity of most quadrupeds differs drastically
from that of primates, which is especially evident regarding the interorbital region
as well as the morphology of the turbinals, Cave (1973) holds that the primate
paranasal sinuses should be regarded separately.

Novacek (1993) claims that lower primates show a very poor development of
any opening besides the maxillary sinus, and only African great apes and humans
possess additional sinuses. However, next to the maxillary sinus, a pneumatization
of the frontal and sphenoid bones is already present in prosimians such as lemurs
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and galagos (Seydel 1891; Weinert 1927; Wegner 1955). Similar to quadrupeds,
the pneumatic cavities are sometimes partially or almost completely occupied by
parts of the turbinals. Thus, the homology of these cavities with those of
anthropoids is questionable (Moore 1981).

Tarsius already shows remarkable changes of the nasal cavity which includes
the development of an interorbital septum as well as a simplification of the turbinals
(Cave 1968). The only pneumatic cavity of Tarsius is the maxillary sinus.

The paranasal sinuses of New World monkeys are poorly understood and this
is reflected in the lack of agreement regarding their etiology and function. The
maxillary sinus is usually well developed and may extend into neighboring bones.
Although a pneumatization may also occur within the frontal and sphenoid bones
of Cebus, Alouatta and Lagothrix (Seydel 1891; Weinert 1927; Wegner 1955; Cave
1968), their homology with those cavities of the Hominoidea is questionable (Cave
1968).

The only true pneumatic cavity of extant Cercopithecidae is the maxillary sinus
(Seydel 1891; Cave 1968; Moore 1981; Lund 1988; Koppe et al. 1996). Certain
Old World monkeys lack any pneumatic cavities (Table 1). The virtual absence of
amaxillary sinus in Victoriapithecus, a middle Miocene cercopithecoid, is probably
a derived cercopithecoid feature (Benefit and McCrossin 1993).

Within the catarrhine primates, only the Hominoidea develop pneumatic
cavities in addition to a maxillary sinus. The gibbon and the orang-utan already
show a sphenoidal sinus. Although ethmoidal air cells have been reported for the
orang-utan (Weinert 1927; Wegner 1955), it is still generally accepted that
ethmoidal air cells and frontal sinuses are restricted to African great apes and to
humans (Cave and Haines 1940; Moore 1981; Blaney 1986). Furthermore, the
presence of a frontal sinus in Proconsul, Afropithecus and Dryopithecus suggests
that this pneumatic cavity is an ancestral hominoid characteristic (Andrews
1992).

Maxillary Sinus Pneumatization of Extant Catarrhini

We studied the maxillary sinus of macerated skulls of humans, the great apes, as
well as of different species of Cercopithecoidea (Tab. 1), trying to analyze always
an equal number of male and female skulls. For all skulls, coronal CT scans were
done with a Siemens Somatom DR CT or a General Electric HiSpeed Advantage
RP CT. The distances between the CT scans ranged from 0.5 to 4 mm depending
on the size of the skulls. The volume of the maxillary sinus was then calculated
from the CT scans. In addition, 3D images were reconstructed for selected CT
scans using the Allegro medical imaging workstation (ISG Technologies Inc.,
Toronto).

Humans

The maxillary sinus develops as the first of the paranasal sinuses in the fetal period
after the 2nd month of gestation. Not bigger than 7-10 mm in length, 4 mm in
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height, and 3 mm in width in newborns, the maxillary sinus increases at 2 mm per
year vertically and 3 mm horizontally (e.g. Schaeffer 1920; Anderhuber et al.
1992). Studying Indian children, Tanaka (1983) reports that the capacity of the
maxillary sinus enlarged from 4.4 cm? after the completion of the primary dentition
to 8.2 cm® in children after the eruption of the first premolar. Although not finished
in growth, the maxillary sinus of children at the age of 12 years resembles the shape
of the adult sinus (Tillier 1977) and has already enlarged to the level of the nasal
floor (McGowan et al. 1993).

The adult human maxillary sinus appears as a three- or four-sided pyramid
with the base towards the nasal cavity (Fig. 1a; McGowan et al. 1993). However,
as pointed out by Anagnostopoulou et al. (1991), the pyramidal shape of the
maxillary sinus is an idealization. They suggest a classification of maxillary
sinus shapes into 4 categories: semi-ellipsoid (15%); paraboloid (30%);
hyperboloid (47%) and cone (8%). There is a certain amount of sexual
dimorphism in the sinus size, with a bigger sinus in males than in females. The
size and shape of the maxillary sinus vary among living human populations
(Leicher 1928; Tillier 1977).

On coronal CT scans, the sinus reaches its biggest spatial extension at the
orbital entrance. Although the sinus is mainly restricted to the boundaries of
the maxillary bone, the sinus may also extend into the palate and zygomatic
bone. The arrangement of the human maxillary sinus floor shows a big
variability (detailed descriptions by Keith 1902; Runge 1928; Uemura 1974,
Taylor 1980; Eberhardt et al. 1992). Although the mesiobuccal root of the
maxillary second molar usually shows the closest relation to the sinus floor,
there are also skulls with a sinus floor clearly seen above the level of the
maxillary posterior teeth.

Gibbon and Great Apes

In the gibbon, the sinus is a relatively long and narrow chamber which reaches
anteriorly almost to the canine root. Root apices of the second premolar and of all
maxillary molars are usually exposed into the sinus floor and make its shape rather
irregular. In contrast to humans, the maxillary sinus of the great apes is enormous
in size (Fig. 1¢). Not only does it occupy almost the whole maxillary bone, but it
also usually pneumatizes neighboring bones (for details see Wegner 1936; Cave
and Haines 1940). In Gorilla and Pongo, this cavity posteriorly reaches the anterior
wall of the sphenoidal sinus.

Typical of Pongo’s maxillary sinus is a capacious frontal recess, which
pneumatizes partially the interorbital septum (Koppe et al. 1995). In the gorilla,
the anterior part of the maxillary sinus is partially displaced by an enormously
dilated nasolacrimal canal (Fig.1c). A characteristic feature of the chimpanzee is
the extension of the maxillary sinus into the hard palate. Thus, in the chimpanzee
both maxillary sinuses are sometimes only separated by a thin bony septum, which
contains also the incisive canal (Fig. 1b).

Typical for the great apes is a multisepted maxillary sinus floor. Furthermore,
the sinus floor of the great apes is usually advanced to the root apices of both
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Fig. 1. Three-dimensional (3D) images of the maxillary sinus and a coronal CT scan of
Homonoidea (a—¢) and 3D images of the maxillary sinus of Old World monkeys (d-f).
a: 3D image of the maxillary sinus and the maxillary teeth of an adult skull of human as
seen from anterior view; b: Coronal CT scan of a chimpanzee at the level of the first
premolar. Note the palatal recess of the maxillary sinus (asterisk). The incisive canal is
marked by a small asterisk; ¢: 3D image of the maxillary sinus of a gorilla as seen from
anterior. Note the recesses of the maxillary sinus. The left nasolacrimal bulla is marked
by an asterisk. 3D images of the maxillary sinus and the maxillary molars of an adult skull
of M. fuscata (d) and M. mulatta (f) as seen from lateral view; e: Oblique view of the
reconstruction of a part of the nasal cavity of P. hamadrys. The lateral recess (arrowheads)
is seen in the upper posterior region of the nasal cavity (NC). Bars: 1 cm.

molars and premolars. However, similar to humans, there are ape skulls with a
sinus floor clearly seen above the root apices. In Pongo the maxillary sinus only
occasionally reaches the first premolar (Koppe et al. 1995).
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Old World Monkeys

Compared with the Hominoidea, the maxillary sinus of the Old World monkeys is
relatively small. While no maxillary sinus was found in Procolobus badius and in
Cercopithecus aethiops, a maxillary sinus is observed in all macaques. In those
monkeys with a maxillary sinus, the sinus is restricted to the maxillary bone in the
molar region (Fig. 1 d, f). The maxillary sinus of some larger skulls of Macaca
nemestrina may pneumatize the maxillary bone anteriorly to the first molar. The
maxillary sinus of the macaque species is a hemispherical or kidney-like cavity
and sometimes also shows a small frontal recess (Koppe et al. 1996). In some
skulls, the maxillary sinus appeared more or less as a slit-like cavity.

Although the region above the alveolar process of the very long snouted
baboons is concave, a kind of pneumatization of the maxillary bone occurs as well.
However, these pneumatic cavities, more properly named lateral recesses, were
seen quite far from the teeth roots in the upper posterior region of the nasal cavity
(Fig. 1e).

In most macaque samples, the maxillary sinus floor has no relation to the roots
of the maxillary molars. However, in some skulls, root apices of the maxillary
molars are exposed into the sinus floor. This is not only seen in the relatively large-
sized pig-tailed macaque, but also in the Rhesus monkey (Fig. 1f).

Functions of the Paranasal Sinuses

The actual function of the paranasal sinuses has remained enigmatic since 1651,
the time of the first detailed description of the human maxillary sinus by Highmore
(Gysel 1967). Since then, countless publications have dealt either with factors
involved in the development of the pneumatic cavities or with the functional
significance of the sinuses (for review see Negus 1958; Blanton and Biggs 1969;
Moore 1981; Blaney 1986).

Although it is impossible to discuss or even to mention all the proposals for the
function of the pneumatic cavities, two aspects can be distinguished. The first group
of theories claims that the paranasal sinuses may have physiological functions such
as conditioning of the inspired air. In this context, it is noteworthy that the complex
maxilloturbinals of certain mammals are important to reduce the respiratory water
loss, which is considered important in terms of endothermy (Hillenius 1992).
Assuming that Hillenius’s approach is correct, the question arises as to how the
primate nasal cavity, which is characterized by a radical simplification of the
turbinals, is involved in this process. Answering this question could be of interest
considering the functions of the primate paranasal sinuses because the morphological
changes of the primate nasal cavity are associated with obvious alterations of the
pneumatic cavities. Shea (1977), who studied the maxillary sinus volume in different
Eskimo populations, suggested that the decrease of the sinus size in colder areas may
be due to structural peculiarities of the nasal cavity, especially of the inferior nasal
concha (maxilloturbinal) and the inferior nasal meatus.

According to a second group of authors, the paranasal sinuses are basically
functionless and only present to replace the unnecessary bone between the bony
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Table 1. Maxillary sinus volume of Catarrhini analyzed by different methods*

Taxon (N) Computed tomography Plain Visual
Mean (cm’) S.D. radiography” inspection

Homo sapiens (10) 12.51 5.27 ) -)
Australopithecus africanus (1° 3.5 =) ) )
Pan troglodytes (10) 18.98 4.09 -) -)
Gorilla gorilla (10) 39.84 15.40 =) )
Pongo pygmaeus (11) 24.73 11.05 =) =)
Hylobates lar (4) 2.45 0.79 -) -)
Hylobates syndactylus (1) =) -) length — 3.0 cm )
Papio hamadrys (4) lateral recess -) -) =)
Papio anubis (1) lateral recess ) =) =)
Papio cynocephalus (1) ) ) lateral recess =)
Mandrillus sphinx (1) ) -) lateral recess )
Theropithecus gelada (1) ) (=) lateral recess )
Macaca nemestrina (6) 5.65 4.01 (=) =)
Macaca mulatta (8) 1.15 0.24 ) =)
Macaca fuscata (10) 0.88 0.46 ) )
Macaca fascicularis (8) 1.51 0.77 (=) -)
Macaca assamensis (4) 1.34 0.53 -) )
Macaca radiata (1Y ) =) ) present
Cercopithecus aethiops (4)  not present -) =) -)
Cercocebus torquatus (1) ) -) lateral recess =)
Precolobus badius (1) not present (=) =) -)
Nasalis larvatus (1) =) -) lateral recess -)
Victoriapithecus (5)° ) ) ) not present

* Because measurements are not available, the maxillary sinus pneumatization of extinct
hominoids is not included, except for the Taung skull. N = number of skulls; a = taken from
Lund (1988); b = Conroy and Vannier (1987); ¢ = Seydel (1891); d = Benefit & McCrossin
(1993)

pillars of the facial skeleton. Thus, the presence of the paranasal sinuses is seen in
close relation to the growth of the skull and the strains applied to the bone.

Even though growth and development of the paranasal sinuses are closely linked
to both growth of the skull and dentition, it has been demonstrated that the pneumatic
cavities possess a developmental potential of their own (e.g., Libersa et al. 1981). This
assumption has gained support from recent clinical studies which have demonstrated
that the effect of gross malformations such as cleft palate (e.g., Robinson et al. 1982)
on the pneumatization process is obviously very small. Furthermore, according to
Farkas et al. (1966) the relations between the size of the maxillary sinus and the
external dimensions of the maxillary bone in humans are weak.

Evolution of the Maxillary Sinus Size

We performed a simple regression analysis using the length of the skull (prosthion
— opisthocranion) as the independent variable and the volume of the maxillary sinus
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Fig. 2. Bivariate plot of the maxillary sinus volume against the skull length for catarrhine
primates. The regression lines (least-squares linear regression) are included for Hominoidea
(solid line): r=0.816, y =-2.141 + 2.615x; and for Cercopithecoidea (dashed line) r = 0.679,
y=-4.586 +4.427x. The difference in slope of the regression lines was significant at p < 0.05.
Because of the evaluation of the residuals, the values of the M. fuscata were treated as outlier.
Thus, M. fuscata is not included in the regression analysis.

as a dependent variable for both Hominoidea and Cercopithecoidea. The
differences in the slope of the regression lines were tested by employing the t-test
(p <0.05). Whereas the size of the maxillary sinus increased with increasing skull
size, the statistical analysis revealed significant differences in the slopes of the
regression lines of Hominoidea and Cercopithecoidea (Fig. 2).

Considering that the skull is a very complex structure which consists of
numerous more or less functionally independent components, it is impossible to
explain the variability of the pneumatic cavities by a single factor such as body
size. Apart from the multitude of interactions between the different components of
the skull during growth (for review see Herring 1993), the radical changes of
craniofacial morphology during primate evolution, such as flexion of the cranial
base, shortening of the jaws and reduction of teeth size, certainly affected the
pneumatization process and the function of the pneumatic cavities as well
(Takahashi 1984). Regarding the diversity of the paranasal sinuses between the
different orders of mammals, Moore (1981) claims that it is by no means certain
that the sinuses serve the same functions in each of these orders.

Conclusion

The primate maxillary sinus is probably the only sinus which is homologous with
their non-primate counterpart. Thus, the maxillary sinus can be considered as a
primitive eutherian feature. Whereas the maxillary sinus is restricted in Old World
monkeys mainly to the maxillary bone in the molar region, the sinus increases in
size within the Hominoidea, especially in the great apes. Furthermore, the relations
between the maxillary sinus floor and the maxillary posterior teeth seem to be
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closer in hominoid species. However, the present review suggests that these
differences between Old World monkeys and Hominoidea cannot be explained by
only a single factor such as body size. Although this does not say much about the
actual function of the maxillary sinus, we suppose that the pneumatic cavities are
functional and they are far from being simple spaces between the mechanically
essential bony pillars of the facial skeleton. However, to resolve the controversy
regarding whether the role of the paranasal sinuses is “structural” or “functional”
(or both) more research is needed in a wide range of extant and extinct primates.
For this purpose, CT is a very valuable nondestructive method to visualize the
engimatic pneumatic cavities.
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3.6 Current Aspects of Dental Research
in Paleoanthropology

Winfried Henke

Introduction

From the beginning of paleoanthropological research until the mid-nineteenth
century, dental evidence was dominant in discussions on primate evolution in
general (Butler 1963, 1986; Chivers et al. 1984; Fleagle 1988; Gregory 1920;
Gregory and Hellman 1926; Osborn 1907; Owen 1859; RD Martin 1990;
Remane 1921, 1960), and the reconstruction of human evolution in particular.
This is understandable since teeth constitute the most enduring component of
the body (overview in Brothwell 1963; Butler and Joysey 1978; Szalay and
Delson 1979; Cruwys and Foley 1986; Fleagle 1988; Grine 1988; Aiello and
Dean 1990; P Smith and Tchernov 1992; Henke and Rothe 1994, 1997 a, b; Alt
and Tiirp 1997). Teeth are often the only preserved biological substratum or trace
of a vertebrate organism. Useful not only for taphonomic purposes, teeth are an
extremely valuable source of palacontological information. Since teeth develop
early in life embedded in the jaws and are protected from external environmental
influences, they provide much information about the genetic constitution and
development of an individual. On the other hand worn teeth and their special
macro- and microstructures disclose much about food acquisition and
processing.

This survey aims to review the current dental studies in paleoanthropology,
focusing on diachronic changes in perspectives and describing innovative fields
of recent and future dental research in paleoanthropology. Still, the scope of this
review is limited, and this paper is far from comprehensive. Rather, its main
intent is to demonstrate how dental anthropology and paleoanthropology
interlink methodologically, bringing together comparative morphology of living
apes and humans with that of early fossil hominoids for a better understanding
of our evolutionary relationships and the patterns in human evolutionary
ecology.
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The Scope of Paleoanthropology

Knowledge of our evolutionary past has undergone breathtaking advances during
the last decades. This progress cannot be explained merely by the enormous
increase of fossil evidence, which of course caused radical revisions of earlier
interpretations. Far more important for the present dynamic, expansionary phase
of paleoanthropology was a fundamental methodological change in its evaluation.
While the traditional approach has for the most part been a detailed, purely
morphological description and consideration of the phylogenetic change of
morphological form, current studies are multidisciplinary projects from various
fields of biological and medical sciences as well as biochemistry, physics, earth
sciences and archeology. One decisive aim of this integrated approach is the
explanation of evolutionary adaptation. As morphology alone does not provide a
sufficient foundation on which to analyse the phenomenon of biological adaptation,
in the 1960s v. Bertalanffy (1960), Bock and v. Wahlert (1965) and other biologists
proposed the study of two dimensions of phenotypic features — i.e. form and
function. A current understanding of morphology regards form and function as “two
inseparable components of biological features and must always be considered
together” (see Bock and v. Wahlert 1965, 271). A simplified scheme illustrating
the hierarchy and relationships between the components of the organism and the
environment which are pertinent to the understanding of biological adaptation is
shown in Fig. 1 (additional comments in Henke and Rothe 1994).

The indicated theoretical approach demonstrates a new understanding of
paleoanthropology insofar as fossil evidence from dental and skeletal remains is a
prime source of information from which to reconstruct the form and lifestyle of
early hominids, i.e. “to define the problems that early hominids faced, and to relate
the problems to the evolution of hominid adaptive strategies” (Foley 1987, xxi).

In addition to these aspects of human evolutionary ecology, current
paleoanthropology is characterized by an intensive search for reliable principles
and methods of classification and phylogenetic reconstruction (e.g. Hennig 1950;
Remane 1952; Mayr 1969; Ax 1984; Willmann 1985; RD Martin 1990; Henke
and Rothe 1994). While classification infers the allocation of species to groups
and the construction of a nomenclature — a discipline termed taxonomy by
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Fig. 1. Scheme of hierarchy and relationships between the components of the organism and
of the environment, illustrating adaptation as a compromise between the demands of all the
synergetical relationships in which it occurs (from Bock and v. Wahlert 1965, Fig. 1).
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Simpson (1961) — phylogenetic reconstruction concerns the pattern of
relationships within and among fossil and extant members of those groups. It is
essential to recognize that classification and phylogenetic reconstruction have
distinct objectives although they are interdependent. Even the recent literature
displays the confusion concerning the underlying theoretical principles. There are
three competing concepts:

¢ First, the cladistic school (alternatively labeled phylogenetic systematics;
see Eldredge and Cracraft 1980);

¢ second, evolutionary systematics, which is founded on the more traditional
thoughts of Simpson (1931, 1961, 1963) and Mayr (1942, 1969) on a grade-
based classification, and

¢ third, the school of numerical taxonomy (Sneath and Sokal 1973), which
does not recognize the need for a classification to reflect evolutionary
relationships among the taxa included.

These different methods of phylogenetic reconstruction are — obviously un-
avoidably — based on the assessment of probabilities and do not depend on
certainties. We are just modelling! The presently adequate comprehensive approach
to the reconstruction of the phylogenetic history of a group such as the primates is
shown in a flow chart (Fig. 2; see RD Martin 1990).

Human Evolution: Evidence From Comparative Dental Morphology

Our understanding of primate evolution is ultimately based on patterns of
phyletic relationships and morphological change in the fossil record, but in
addition to this source of information, there are of course biochemical and
molecular data that provide new information about the interrelationships of living
primate species and the probable times of divergence of their lineages from a
common ancestor (Goodman 1982; Cronin 1983; RD Martin 1990). Though
these new innovative disciplines, which have been named paleogenetics, have
gained increasing importance over the last decades, they have not rendered the
traditional disciplines obsolete. New analytical developments and conceptual
advances — especially in dental anthropology — have produced an enormous
number of new answers to the main questions of paleoanthropology, i.e. the
relationships of the hominoids and the split of the hominid lineage from those of
other primates, the morphological changes in the hominid phylogeny and the
ecological niches of the fossil hominids, and finally the interrelationships of
fossil hominids (e.g. Remane 1960; Dahlberg 1971; Butler and Joysey 1978;
Kurtén 1982; Ciochon and Corruccini 1983; Foley and Cruwys 1986; Scott and
Turner 1988; RD Martin 1990; Kelley and Larsen 1991; Smith and Tchernov
1992; Henke and Rothe 1994).

All primates have teeth in both the maxilla and the mandible, and within the
upper and lower jaws primate teeth are bilaterally symmetrical. Their permanent
dentitions are made up of four types of teeth, in mesial to distal order: incisors (I),
canines (C), premolars (P) and molars (M). While the hypothetical ancestral
primate had three I, one C, four P and three M (dental formula 3.1.4.3), there is a
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progressive reduction in the number of teeth (see Fig. 3) and simultaneously a trend
towards a more complex structure in the remaining teeth. Old world monkeys
(Catarrhini), apes (pongids and hylobatids) and hominids all have the dental
formula 2.1.2.3, hence a reduction by one incisor (probably the lateral) and two
mesial premolars (P1 and P2). The premolars in the Catarrhini are usually called
P3 and P4 (see Remane 1960). As all other mammals primates are diphyodont, i.e.
there is an initially deciduous dentition which is replaced by the successional or
permanent dentition. Hominoids have two deciduous incisors, one deciduous
canine and two deciduous premolars (called milk molars). Though there is a large
and continually expanding body of information on various aspects of the deciduous
dentition of primates (e.g. Remane 1960; Grine 1985; Aiello and Dean 1990; RD
Martin 1990), this article focuses primarily on paleoanthropological conclusions
from the permanent dentition.

Incisors of prosimians have evolved from very simple single rooted conical
teeth. They are very variable in lower primates; e.g. Daubentonia madagascariensis,
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Fig. 3. The teeth of a primitive mammal and the special features of the main primate groups
(after Dean 1992, 57). The vertical lines are oriented through the centre of the upper canine
and the contact point between the last upper premolar and the first upper molar and show
the different proportions of each part of the dentition; arrows indicate a gap or diastema. In
the prosimians (lemur) the lower canine is incorporated into the comb (stippled). Lemurs
and lorises have a median diastema. The molar series reduces in size from mesial to distal
in all groups except Old World monkeys and apes (represented by baboons). The honing
complex formed by the upper canine and lower sectorial premolar is hatched in the baboon.

commonly called Aye-Aye, possesses lifelong growing incisors like rodents, but in
simians incisors are blade-like teeth for cutting and shearing food. Odontometrical
studies demonstrate a continuous reduction in relative size through Old World
monkeys, apes and humans (Remane 1960).

The canines, which are single-rooted like the incisors, are large teeth that can
pierce food. Aside from their masticatory function they are important in social life,
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especially in monkeys and apes, where they are highly sexually dimorphic. There
are obvious differences in the crown size and shape between pongids and hominids
indicating a functional change in the chewing apparatus (Hiiemae and Kay 1973).
While the upper canines tend to become more and more similar to the premolars
(premolarization), the lower canines show an “incisification”. Diminuative and
morphologically altered canines have long been recognized as one of many
autapomorphic human characteristics (Huxley 1863; Darwin 1871), but there is still
a broad debate on this issue (RD Martin 1990).

The premolars are commonly bicuspid teeth with cutting and grinding functions.
In forms with large canines — e.g. apes and monkeys — the first lower premolar is
sectorial, i.e. one cusp is very large. When the jaws are closed, the convex-curved
anterior face shears against the back of the upper canine. While Australopithecus
afarensis has lower premolars that closely resemble the sectorial pattern of the
pongids, all other hominids have very similar P; and P, which are non-sectorial.
Some of them show a tendency toward additional cusps called molarization
(Remane 1960; Swindler 1976; Aiello and Dean 1990; Henke and Rothe 1994). The
differences between pongids and hominids are gradual, since the traits are
intraspecifically highly variable, and there is interspecific overlapping.

Molars show the most complicated morphology of all tooth types. They have
more cusps than premolars and enlarged occlusal surfaces for crushing and grinding
food. These multicusped teeth have a complex topography. The cusps of the upper
molars correspond to hollows in the lower molars, and vice-versa, functioning like
a mortar and pestle. The basic design of mammalian molars is a triangle, a tooth
pattern that has been described as tribosphenic. The upper molars are a simple
triangle (or trigon) with only three main cusps. The apices are oriented toward the
palate. The lingual/palatinal cusp in the apex is the protocone, buccomesial lies the
metacone, and buccodistal the paracone. Small cusps adjacent and lingual to these
major cusps are the paraconule and the metaconule (see Fig. 4). Furthermore, there
are accessory folds of enamel on the buccal surface of the tooth (styles) and a collar
of enamel around the base of the tooth which has been described as a cingulum.

The lower molars form the same basic triangle but with the apex pointing buccally.
To distinguish the cusps of the upper and lower molars, the suffix -id is, added to their
names i.e. protoconid, paraconid, and metaconid. This mesially-positioned basic
triangle (trigonid) is fused at its distal end to a talonid which is formed by two or three
cusps (hypoconid [buccal], entoconid [lingual]), and a small, most distal cusp between
them, the hypoconulid (for further discussions on Osborn’s (1888, 1907) system of
nomenclature see Hershkovitz 1971; Butler 1978; Starck 1979; RD Martin 1990).

This basic pattern in molars is recognizable in recent tarsiers, while in other
extant primates there is commonly an additional fourth cusp buccolingually (inside
of the rear) of the upper molars as well as a trend to lose the leading cusp on the
main triangle of the lower molar. This trend is illustrated in Fig. 4. Due to the fact,
that the patterns of cercopithecoids and hominoids developed in different ways,
these tooth characteristics are excellent for a differential diagnosis of both taxa.
Old World monkeys have developed a cusp pattern known as bilophodonty (four
cusps linked in pairs by transverse ridges); hominoids show a pattern which has
been called the Y-5- or Dryopithecus pattern (Gregory 1916, 1921; Gregory and
Hellman 1926, 1927). The evolutionary significance of the “Dryopithecus pattern”



3.6 Current Aspects of Dental Research in Palacoanthropology 185

= Hypaconus

Fig. 4. Evolution of bilophodonty and Dryopithecus-pattern (combined based on Starck 1979;
Dean 1992; Henke and Rothe 1994).

is, that it is characteristic of all Hominoidea and therefore a useful diagnostic
feature for establishing phylogenetic affinities. Maier and Schneck (1981, 127)
emphasize that “the ‘Dryopithecus molar-type’ is by no means ‘archaic’, but
represents a derived structural complex” (Fig. 5). Since the “Dryopithecus pattern”
has undergone considerable alteration in its configuration, a number of sequences
of change have been proposed (e.g. Remane 1960; Erdbrink 1965; Johanson 1974).
Based on studies of human molars, a sequence from a Y-5 pattern to +-5, to +-4,
and to the most advanced stage Y-4 is regarded as quite plausible (Johanson 1979).

Based on the morphognostic features of the simian dentition and their diagnostic
value described above, it is, for example, possible to rule out all cercopithecoid
monkeys from the line of ascent leading to the anthropoid apes and man due to their
bilophodonty (see Gregory 1920). Furthermore, the differential structures of the
canine-premolar-complex in pongids and hominids enable us to separate both taxa,
although in this case the transition is rather obscure. Dart (1925) used these dental
features [of the deciduous dentition] to claim the hominid status of the Taung child,
and Johanson et al. (1978) recognized Australopithecus afarensis as a new species
by careful evaluation of the dentition (in addition to cranial and posicranial features).
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Fig. 5. Descriptive (left) and functional morphological (right) nomenclature (after Maier and
Schneck 1981). The descriptive terms correspond to the conventional odontological-
paleontological terminology. The functional morphology is demonstrated by the complementary
pairs of facets of the upper and lower antagonists; the different elements of construction are
numbered after Crompton (1971), Kay (1977), and Maier (1977). The equivalent pairs of facets
are characterized by the same hatches. The relevant shearing edges and guiding tracks are
shown; the valleys are dotted; the apices of the cusps are marked by small ovals.

Johanson and White (1979) mention, for example, that the large, asymmetric, pointed,
lower canines project only slightly above the tooth row as well as beyond the upper
ones. When worn, they often bear an exposed strip of dentine at the distal occlusal
edge, and apical wear is often present as well. Together with the mandibular C/P3
complex, which is not functionally analogous to the pongid condition, and several
other traits and states of the teeth and dentition (see Tobias 1991; Skelton and
McHenry 1992), these constituted good arguments to regard A. afarensis as the oldest
hominid species discovered until September 1994. At this time there was collected
an adult, 4.1 million years old mandible at Kanapoi (Kenya). The strait parallel tooth
rows and the receding symphysis beneath the front teeth distinguish this mandible
from other early hominid species, while the configuration of the teeth are very similar
to formerly described Australopithecines (Coffing et al. 1994; Leakey 1995). This is
not the case concerning the Species nova Ardipithecus ramidus from Aramis
(Ethiopia) which has been described firstly as Australopithecus ramidus by White et
al. (1994, 1995). The fossils are still older than A. afarensis and A. ramidus but
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obviously do not belong to the Australopithecines. Its phylogenetic status has been
recently discussed by Rothe et al. (1997). The discovery of a further Species nova
from Koro Toro (Chad) by Brunet et al. (1995, 1996; see also Alt et al. 1996), which
has been named Australopithecus bahrelghazali demonstrates that the early hominids
occupied even habitats in the northern zones of Africa.

When considering relationships within the hominid lineage itself, we must
explain dramatic adaptive changes in the configuration of the skull and the teeth
of plio-pleistocene hominids. Though there have never been doubts, that the main
task of the dentition of various primate taxa consists of the mechanical treatment
of ingested foodstuft, a refined morpho-functional analysis of molar crown patterns
was started for the first time in the 1970s by Kay (1973, 1977) and Maier (1977,
1978 a, b; Maier and Schneck 1981). Ethological field studies on food acquisition
in primates (e.g. Clutton-Brock 1977; Chivers et al. 1984) and detailed functional
studies on food processing (e.g. Hiiemae and Kay 1973; Hylander 1979) increased
the availability of comparative data on the diets and tooth morphology of living
species (Chivers et al. 1984). This essential knowledge allowed an integrated
morphological approach to prove reliable functional hypotheses on skull
configuration, dentition and crown pattern of fossil primates, and applies especially
to current biomechanical models of the ecological niche of the australopithecines
(Rak 1983; Demes and Creel 1988; Preuschoft 1989; Henke and Rothe 1994).
Maier and Schneck (1981,131) stated in regard to the principles of functional tooth
morphology: “Erst ein hinreichendes Verstdndnis biotechnischer, ethologischer
und okologischer Zusammenhinge wird die Formulierung befriedigender Evolu-
tionsmodelle ermoglichen”, and Preuschoft (1989, 421) postulated: “What we need
is an explaining theory [...], which helps us to understand all evolutionary changes
from ape-like forms through the earliest hominids to modern man.”

Features of the australopithecine face, especially of the “robust” species, have
been interpreted by DuBrul (1977), Grine (1981, 1988), Rak (1983), Demes and
Creel (1988), and Preuschoft et al. (1989) to be adaptations for masticating a
mechanically resistent diet that demands the generation of powerful bite forces. This
interpretation is indicated by the large postcanine teeth (molarization of the
premolars, enlargement of the occlusal surfaces of the molars), thick enamel as well
as expanded and anteriorly-positioned chewing muscle insertions, higher mid-facial
skeletons and extremely massive jaws (Preuschoft 1989; Henke and Rothe 1994).
Demes and Creel (1988) derived estimates of bite forces from cranial measurements
on extant hominoid species and hominid fossils and used these data to test the
hypotheses which have been advanced about bite force, occlusal pressure and diet
in fossil hominids. As can be seen from Fig. 6 there exists a roughly isometric
relationship between bite force and molar crown area. Because neither the gracile
nor the robust australopithecines deviate substantially from the regression line based
on living hominoid species, the authors suggest: “..that the high bite force of the
robust australopithecines was a necessary consequence of the enlargement of the
molar crown surface” (Demes and Creel 1988). The authors concluded that Walker’s
interpretation, that the australopithecine chewing apparatus was adapted to low-
energy food, that had to be processed in great quantities (Walker 1981), is in
agreement with their results. Former “dietary hypotheses that postulate the
processing of hard objects can be maintained only under the assumption that the
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Fig. 6. Bite force estimates versus molar crown area (after Demes and Creel 1988).

area of contact between teeth and food was small” (Demes and Creel 1988, 667).
Small or hard and round-shaped food objects like seeds or nuts fit their model, if
only a small mouthful of food was triturated at a time. Scanning electron microscope
analysis of occlusal events, i.e. dental microwear, by Grine (1981) suggests that the
“robust” australopithecines from South Africa employed more crushing and
puncture crushing activity than the “gracile” form. The “robust” hominids
habitually, or at least seasonally, triturated harder, more resistant and perhaps smaller
food objects than were masticated by the “gracile” australopithecines.

Representative SE micrographs of the occlusal surfaces of teeth from a cheetah
(carnivore), an orang-utan (frugivore), and a spotted hyena (scavenger, bone eater)
in comparison to a “robust” Australopithecus show that the fossil hominid is very
dissimilar to the carnivores s.l. and resembles the herbivore form (Fig. 7). Walker
(1981) claimed that A. boisei seems to have been a fruit-eater of fairly hard seasonal
fruit, while H. erectus’ microwear patterns are indicative of a more omnivorous
and eclectic diet.

Experimental approaches have been carried out by analysing microwear of
laboratory animals (Didelphis marsupialis, oppossum) fed different diets
(insectivorous and herbivorous). Covert and Kay (1981, 331) came to the
conclusion that “diets of extinct forms cannot always be deduced by the analysis
of microwear”, but noted that microwear analysis can provide information on
whether the animal’s food included components of exogenous grit or silicate-
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Fig. 7. Micrographs (SEM) of the occlusal surfaces of (a) cheetah, (b) orang-utan,
(c) spotted hyena (d) “robust” Australopithecus; scale bars: 200 pm (after Walker 1981,
Plate 2¢—f).

containing plants. Further studies on dental microwear of chimpanzees by Gordon
(1982) suggested that microwear is not only caused by diet, but also by masticatory
movement, position of the tooth or the facet in the mouth and even the individual
age of the specimen examined. As of now the question has not been resolved of
whether the scars, pits and scratches on teeth are reliable indicators of the normal
diet of an individual or whether they indicate only the food eaten shortly before
death. These results show that microwear studies are extremely difficult and require
further improvement to attain reliable results.

Apart from microwear, other scanning and optical miscroscopic aspects of the
teeth yielded a wealth of new information. Enamel, the best preserved and most
highly mineralized portion of the tooth, was expected to yield much information
about human evolution. Though the high variability of the enamel structure has
been mentioned by Tomes (1848). Carter (1922) was probably the first to study
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these structures for primatological reasons. Employing more advanced recent
methodologies, Boyde (1964, 1975) and Gantt (1977, 1980) analysed the prisms
or rod structures and claimed that it was possible to distinguish hominids from other
members of the Hominoidea. Vrba and Grine (1978), Xirotiris and Henke (1981),
Boyde and LB Martin (1984), Radlanski (this volume) pointed out that one should
be extremely cautious when interpreting the results taxonomically, because the
prism pattern is highly variable in a single species and even within a single tooth.
Only the higher taxa among the primates (e.g. superfamilies) may be distinguished
by relative frequencies of different rod patterns and by the extent of decussation.
The pitch or angle of Hunter-Schreger bands in early Homo does not differ from
those of modern humans, but does differ from those of A. boisei (Beynon and Wood
1986). Strong decussation may be an adaptation to resist enamel fracture and may
have evolved independently in different taxonomic lineages. The objections to
phylogenetic information from enamel ultrastructure are supported by results
indicating the likelihood that the prism pattern affects biomechanical properties
(Foley and Cruwys 1986; Aiello and Dean 1990; Henke and Rothe 1994).

Tooth enamel thickness and structure analyses of hominoid fossils have been
carried out by JT Robinson (1956), Jolly (1970), Simons (1972, 1976), Gantt (1977),
Kay (1981, 1985), LB Martin (1985), P Smith and Zilberman (1994). It was shown
that the teeth of Gorilla and Pan have a thinner layer than do those of fossil hominids
and fossil apes. The enamel in Pongo is only slightly thicker than that in African apes,
but does not wear away as rapidly. There are good reasons to believe that tough food
might favour the evolution of thick enamel, but allometry and the ontogenetic period
of functioning over a lifetime may also affect the thickness of the layer. The postcanine
teeth of the “robust” australopithecines have [corrected to tooth size] the thickest
enamel of any primate (LB Martin 1985; Beynon and Wood 1986; Grine and LB

Fig. 8. Cladogram of molar enamel thickness and rates of enamel deposition in hominoids
(after LB Martin 1985, from Fleagle 1988, Fig. 13.21)
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Martin 1988). Even modern humans have thicker enamel than apes, obviously an
indicator of a tough diet. Taking thickness rates for enamel deposition in fossil and
extant apes into account, LD Martin (1985) suggested that thick enamel is best
interpreted as the ancestral condition for great apes and humans, with chimpanzees
and gorillas showing a secondary reduction in thickness (Beynon and Wood 1986;
Fleagle 1988; Grine and Martin 1988). Fig. 8 demonstrates that tooth enamel thickness
on its own does not give reliable phylogenetic information, but may be a useful
indicator for the reconstruction of the diet niche. P Smith and Zilberman (1994) claim
that thin enamel appears to characterize all Neanderthals. They guess that the thin
enamel of Neanderthal teeth may be due to slow rates of enamel deposition or early
cessation of ameloblast activity. This pattern separates the Neanderthals from Homo
sapiens sapiens and shows them to be a highly specialized group.

The prisms of enamel can be described as tightly packed bundles of apatite crystals
that transverse the tooth from the surface to the junction with the dentine. Along the
length of the rods are incremental markings known as the brown striae of Retzius.
Their outcroppings form a pattern of ridges and grooves, the perikymata. The striae
of Retzius seem to occur in a circaseptan rhythmic manner. It is possible to count these
markings and use them as chronological indicators of development. Bromage and
Dean (1985) and Dean (1988) analysed these structures in pongids and hominids. The
first molar of the famous Taung child, assigned to A. africanus, seems to have erupted
at about 3 to 4 years, a pongid-like rate of tooth formation which implies — if the
calibration is correct — a pongid-like pattern of development, a further step to the
“dehominization” of the australopithecines (see Henke and Rothe 1994).

Only sparse results exist concerning the microscopic structure of dentine and
cementum in fossil hominids (Aiello and Dean 1990). Morris (1978) analysed the
reparative dentine which prevents the exposition of the pulp in cases of extreme
attrition. His approach of using the banding of secondary dentine as an indicator
of ontogenetic development was not successful because the underlying causes of
this process were not yet understood. We are faced with similar problems in regard
to cementum deposition. Foley (1986) and Foley and Cruwys (1986) pointed out
the necessity of further research in this field “so that cementum banding can be
interpreted, as it should be, in terms of an individual’s life h