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Preface

Teeth and their supporting elements evolved as

principal structures of mastication. Composed of

distinct hard tissues and pulp, teeth are con-

nected with the bony socket in which they are set

by the periodontal ligament. Although all mor-

phological features of the teeth and their sur-

rounding structures are genetically determined to

some extent, they are adapted to the environment

in the course of ontogeny and phylogeny. Thus,

teeth are exceptional sources for addressing

important questions in numerous disciplines

such as dental sciences, evolutionary biology,

paleoanthropology, paleontology, archaeology,

prehistoric anthropology, comparative anatomy,

genetics, embryology, and forensic medicine. The

last few decades have witnessed new and growing

interest in dental morphology. This development

in dental research was driven not only by the

recent advances in data acquisition using highly

sophisticated methods such as molecular analy-

ses or new nondestructive imaging technologies,

but also in the mode of data interpretation.

Unfortunately, however, new insights into dental

biology are usually presented at expert meetings

or at several overlapping sessions of annual scien-

tific conferences. Thus, it is more and more diffi-

cult to keep on track with new developments in

this field.

To overcome these shortcomings, a group of

enthusiastic scientists gathered in 1965 in

Fredensborg, Denmark, to offer a forum for

interdisciplinary communication and discussion

in the field of dental morphology. This meeting

was the beginning of a series of International

Symposia on Dental Morphology that take place

every 3 years. The Dental Morphology Symposia

have always been most exciting meetings because

of their special atmosphere and interdisciplinary

character. Each symposium resulted in the

 publication of a volume with original papers.

These papers, while presenting many details on

several aspects of dental morphology, were

intended to provide a broad picture on current

aspects of research in dental morphology. Due to

the interdisciplinary character, these volumes

were not simply proceedings of scientific meet-

ings. Although the information given in these

volumes could not be complete, they provided

the necessary background for further studies.

Indeed, these volumes are still widely recognised

and have a great impact on the further develop-

ment of dental research.

The current volume contains a selection of

papers that were presented at the 14th International

Symposium on Dental Morphology held in

Greifswald, Germany, August 27–30, 2008. Like the
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former volumes, the aim of this most recent addi-

tion to the series is to present progress in major

topics of current research in dental morphology. In

doing this, it is our hope that this volume will

attract similar attention as the volumes of the for-

mer meetings. Presented in the current volume in

the Karger series Frontiers in Oral Biology, the

research presented at the 14th International

Symposium on Dental Morphology has found the

forum it deserves.

The 30 selected and fully refereed papers are

arranged into six sections, including dental evo-

lution, dental morphology, dental tissues, and

dental growth and development. Due to recent

advances in dental medicine, a section on clinical

aspects of dental morphology is also included in

this volume. A special feature of the present vol-

ume is the integration of new information about

the role of teeth as tools in reconstructing the

nature and behaviour of past populations in a

section on teeth and reconstruction of the past.

To achieve a high standard in each section,

outstanding scientists in their field were invited

to act as co-editors. We are therefore most grate-

ful to B. Holly Smith (Ann Arbor, Mich., USA),

Mark F. Teaford (Baltimore, Md., USA), Inger

Kjær (Copenhagen, Denmark), Alan Brook

(Liverpool, UK), and John R. Lukacs (Eugene,

Oreg., USA) for allocating the most suitable

papers and for supervising the review process.

We thank especially M. Christopher Dean

(London, UK), for taking over the duties as a co-

editor for the chapters on dental tissues from

Moya M. Smith (London, UK). Due to health rea-

sons, Moya M. Smith was not able to continue

this work. Each section contains an in-depth

introduction to the particular field of dental

research. Thus, readers are encouraged to review

these introductions in order to get the most out of

the topics of this volume.

The preparation of the 14th International

Symposium on Dental Morphology that let to

this book was greatly supported by the Deutsche

Forschungsgemeinschaft (DFG), the Deutsche

Gesellschaft für Zahn-, Mund- und

Kieferheilkunde, and the Medical Faculty of the

Ernst Moritz Arndt University, Greifswald. We

would like to thank Prof. Karlhans Endlich, head

of the Department of Anatomy and Cell Biology

of Greifswald University, and all members of his

department. Without their direct and indirect

help this symposium would not have been possi-

ble. In addition, we are most grateful to a number

of individuals for their help and support includ-

ing Dr. Frauke Fassbinder (Greifswald) and Priv.-

Doz. Dr. Thomas Terberger (Greifswald). Finally,

for their tremendous work during the meeting,

we owe our special thank to the following med-

ical and dental students of Greifswald University:

Norman Apt, Torsten Bierdümpel, Hansgeorg

Irmer, Sebastian Klug, Sandra Ortmann, Doreen

Plaumann, Beate Roderer, Christoph Röth, Felix

Rudolphi, Jessica Wickert and Eva-Maria

Wittkowski.

Finally, we thank all the authors of this vol-

ume, not only for their speedy and efficient work,

but especially for keeping their papers within the

necessary space limitations. Last, but obviously

not the least, it is our pleasure to acknowledge S.

Karger publishers, Basel, Switzerland, for inviting

this volume into their series Frontiers in Oral
Biology, and the Karger team for their flexible and

highly professional cooperation.

Thomas Koppe, Greifswald, Germany

Georg Meyer, Greifswald, Germany

Kurt W. Alt, Mainz, Germany
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Dental Evolution

Koppe T, Meyer G, Alt KW (eds): Comparative Dental Morphology. 

Front Oral Biol. Basel, Karger, 2009, vol 13, pp 1–2

Dental Evolution: An Introduction 

B. Holly Smith

Museum of Anthropology, University of Michigan, Ann Arbor, Mich., USA

The proceedings of the First International Sym-

posium on Dental Morphology appeared in the 

1967 Journal of Dental Research. It was a classic, 

with papers by Brace, Brothwell, Butler, Dahlberg, 

Garn, Hiiemae, Koenigswald, Pedersen, Swindler 

and more. Those first proceedings represent a 

gathering of a great group of dental anthropol-

ogists, clinicians, morphologists and paleon-

tologists who thought that representatives of all 

these different fields of knowledge about den-

tition should get together. Dahlberg, Pedersen 

and Alexandersen organized the first meeting in 

Fredensborg, Denmark in 1965, and since then 

the group has re-convened roughly every 3 years, 

typically in Europe. The 14th ISDM was held 

in Greifswald, Germany, August 27–30, 2008. 

Organized by Thomas Koppe (Greifswald), Kurt 

W. Alt (Mainz), and Georg Meyer (Greifswald), 

the meeting was a worthy successor to Al 

Dahlberg’s vision. One hundred and forty-seven 

participants from 27 countries, including stu-

dents and faculty, met over common interests. 

Contributions were well founded in the 1965 top-

ics, but it was also evident that information pre-

served in teeth will soon breakthrough to depths 

unimagined in 1967. This volume has a sampling 

of papers presented in 2008.

An ‘evolution’ section could take many pos-

sible directions in terms of approaches, methods, 

taxa, and the recent or deep past. We lead with the 

broadest contribution. Jones gives an overview of 

the adaptive radiation of Rhynchochephalia into 

feeding niches that resulted in a diverse array of 

dentaries and skull form. The group, now largely 

extinct except for the living tuatara (Sphenodon), 

was broadly distributed in the Mesozoic. Using 

this once diverse group, Jones shows how tooth 

form leads us to understand skull shape.

I recommend that anyone who studies mam-

malian dentition should spend some time in the 

Eocene. At that time, both modern and archa-

ic orders coexisted, many with seemingly simi-

lar generalized molar patterns, especially among 

the herbivores. Dirks’ group give us a look at two 

classic representatives of the extinct archaic un-

gulates Phenacodus and Meniscotherium (tradi-

tionally grouped as Condylarthra). With the use 

of incremental lines, they have begun to investi-

gate the life histories of these archaic mammals. 

Their work begins what should eventually allow 

us to study the evolution of mammalian life his-

tories and see whether mammal lives were struc-

tured as they are today in terms of relationships 

to body size and other variables.

Our remaining three papers take up anthro-

poid primates. Kupczik and coworkers break 

new ground by showing us the types of compar-

isons we can make with imaging technologies 
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that allow us to visualize and measure roots, 

using it to show how these ‘underpinnings’ of 

teeth can differ in hard and soft object feeders. 

As they show for living anthropoids, there is a 

wealth of information within the jaws of fossil 

mammals.

Like Kupczik, Skinner and coworkers also use 

new imaging technologies to shapes that are ei-

ther difficult to quantify or that would other-

wise require destruction of the specimen. But 

here, their goal is to investigate discrimination of 

species rather than function. Remarkably, their 

analysis of the enamel-dentine junction success-

fully discriminated not only species of Pan but 

also subspecies within Pan troglodytes.

We arrive at hominins at the end of our sec-

tion. Klinge’s group use the material to investigate 

diagenesis, a general problem in paleontology, es-

pecially when more and more work in the future 

will be oriented toward retrieving signals of diet 

and life history from structures and chemical sig-

natures in fossils. They find that even a seeming-

ly poorly preserved specimen showed well-pre-

served microanatomy and apparent remnants of 

bacteria when observed with microradiography.

These five represent just part of the papers 

presented at the symposium, which also included 

two invited lectures. One is a synthess of mam-

mal origins by Thomas Martin (Bonn, Germany) 

and the other a fascinating example of ‘evo-devo’ 

by Laurent Viriot (Poitiers, France) using mouse 

dentition. But the subject of evolution is so much 

a part of the frontiers of oral biology series that, 

in a way, we can claim all the papers in the vol-

ume as contributors to our knowledge of the evo-

lution of dentition, and how dentition can inform 

us about evolution.

B. Holly Smith, PhD

Museum of Anthropology

University of Michigan

Ann Arbor, MI 48109-1107 (USA)

Tel. +1 734 662 5020, E-Mail bhsmith@umich.edu
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Dental Evolution

Koppe T, Meyer G, Alt KW (eds): Comparative Dental Morphology. 

Front Oral Biol. Basel, Karger, 2009, vol 13, pp 3–8

Phylogeny, Life History and the Timing of Molar 
Crown Formation in Two Archaic Ungulates, 
Meniscotherium and Phenacodus (Mammalia, 
‘Condylarthra’)

Wendy Dirksa � Robert L. Anemoneb � Patricia A. Holroydc � Donald J. Reida � 

Pamela Waltona

aSchool of Dental Sciences, Newcastle University, Newcastle upon Tyne, UK; bDepartment of Anthropology, Western Michigan 

University, Kalamazoo, Mich., and cMuseum of Paleontology, University of California, Berkeley, Calif., USA

Abstract
The condylarths, or archaic ungulates, are a paraphyl-

etic mammalian group including a number of fossil 

taxa whose relationships are unresolved. Included are 

two genera from the Paleocene and Eocene of North 

America, Meniscotherium and Phenacodus. Some work-

ers place both genera in the family Phenacodontidae, 

while others exclude the highly dentally derived Menis-
cotherium. In this study, we use growth increments in his-

tological thin sections to examine the timing of crown 

formation in five molars of Meniscotherium and one each 

of Phenacodus intermedius and Phenacodus trilobatus. We 

also use perikymata counts on an additional six molars 

of Meniscotherium. Although estimated body mass and 

molar dimensions in Meniscotherium are smaller than in 

either species of Phenacodus, molar formation times are 

longer, ranging from 0.71 to 1.44 years. Both Phenacodus 
molars take less than a year to form. Crown extension 

rates, the rate at which the crown grows in height, are 

as low as 3–15 μm per day in Meniscotherium, but range 

from 13 to 54 μm per day in Phenacodus. Although striae 

periodicities and daily enamel secretion rate are similar 

in both genera, the differences in the crown extension 

rate and overall timing of crown formation suggest dif-

ferences in life histories and raise questions about the 

phylogenetic relationship of the two genera.

Copyright © 2009 S. Karger AG, Basel

Growth patterns in the mammalian dentition 

reflect both phylogeny and life history char-

acteristics and are key lines of evidence in un-

derstanding early mammal evolution, e.g. re-

cent work by Asher and Lehmann [1] suggests 

Afrotheria may be characterized by unique pat-

terns of tooth growth and eruption. However, 

data on dental growth in early mammals is gen-

erally lacking. The phenacodontid condylarths 

Meniscotherium (early Eocene) and Phenacodus 

(late Paleocene to early Eocene) are two taxa 

that are frequently included in analyses of af-

rotherian and/or mammalian evolution [2–4]. 

Here we present new data on dental growth in 

these two taxa that contributes to better under-

standing absolute and relative differences in 

growth and phylogenetic relationships within 

the Condylarthra.

Body mass in M. chamense is estimated to be 

5–17 kg [5]. Both P. intermedius and P. triloba-

tus are estimated to be larger. Thewissen [6] es-

timated a body mass of 10–39 kg for P. interme-

dius and 22–87 kg for P. trilobatus. Brain size, 
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however, is relatively larger in Meniscotherium 

[7, 8]. Both species of Phenacodus have larger 

molars than Meniscotherium. Given the larger 

body and molar size in Phenacodus, we might 

predict that Phenacodus molars will take lon-

ger to form than Meniscotherium molars. Molar 

formation time in primates is correlated with 

both body and brain size [9], however, and the 

relatively larger brain size in Meniscotherium 

could be correlated with slower molar forma-

tion times.

Methods

The histological study comprised sections from one 
upper right molar of P. trilobatus, one lower left  molar 
of P. intermedius, and two left M1s, one left M2, a lower 
left molar fragment and a premolar fragment of M. 
chamense. Perikymata counts were done using a Wild 
Stereomicroscope from six additional M. chamense 
molars from a left maxillary fragment with M2–3, a 
right maxillary fragment with M1–3, and an isolat-
ed left M3. All specimens are from the Wasatchian 
NALMA.

Histological sections prepared to a thickness of ap-
proximately 100 μm were analyzed using an Olympus 
BX51 microscope mounted with a Q-Imaging Micro-
publisher 3.3 RTV camera and Improvision Openlab 
5.0.2 image analysis software. In enamel, daily growth 
increments are called cross-striations [10, 11] and lon-
ger period increments are called striae of Retzius [12, 13]. 
These growth increments were used to determine daily 
secretion rate (DSR), striae periodicity, and crown ex-
tension rate.

Two methods were used to determine DSR. In some 
sections, the distance between adjacent cross striations 
was directly measured along the enamel prisms. In 
other sections, two points were marked along a prism 
and the length between them measured while simulta-
neously counting the number of cross striations. DSR 
was determined by dividing the length by the number 
of cross striations, generally less than ten. To deter-
mine whether there were differences between genera, 
DSR was compared in the inner, mid, and outer cus-
pal enamel in the protoconid and metaconid in the P. 
intermedius molar and a Meniscotherium M1. Similar 
measurements were made in the cuspal enamel of the P. 
trilobatus molar protocone and a Meniscotherium upper 
molar fragment.

The number of days between striae of Retzius (striae 
periodicity) is invariant between teeth in an individu-
al [11, 14]. Striae periodicity was determined by direct 
count of cross-striations between adjacent striae or di-
viding the distance between adjacent striae by the DSR 
in that area.

The crown extension rate is the rate at which the 
crown increases in height each day and is determined by 
the size of the cohort of differentiating ameloblasts along 
the inner enamel epithelium [15]. The method for deter-
mining extension rate is illustrated in figure 1 and is 
modified from the methods of Shellis [15], Reid et al. [16] 
and Dean and Vesey [17]. The distance along an enamel 
prism was measured from the enamel-dentine junction 
(EDJ) to its intersection with a prominent accentuated 
line or stria of Retzius. That distance was then divided 
by the average DSR along the prism to yield the number 
of days (x) required to form that length of prism. The ac-
centuated line, representing the forming front of enamel 
after x days, was then followed back to its intersection 
with the EDJ and the length (y) of the EDJ measured be-
tween the two intersection points. Length y represents 
the increase in crown height in x days and daily exten-
sion rate equals y/x.

Crown formation times were determined in three 
ways. In the histological sample, cuspal enamel forma-
tion time in days was determined by measuring the dis-
tance along a prism from the EDJ to the point where the 
most occlusal striae of Retzius cropped out at the enamel 
surface. This distance was divided by the average DSR 
along that prism. In P. trilobatus, it was impossible to 
count all of the striae of Retzius and crown formation 
time was determined at the same time and in the same 
manner as that used in determining crown extension 
rate [16]. Beginning in the cuspal enamel, DSR, prism 

1 mm
A

Fig. 1. Lateral enamel of Meniscotherium chamense 
upper molar fragment illustrating the method used to 

calculate enamel extension rate. Line x represents the 

distance measured along a prism to a prominent ac-

centuated line. Line y represents the distance between 

the intersection of the accentuated line and line x with 

the enamel dentine junction. Arrow A points to striae of 

Retzius reaching the enamel surface as perikymata.
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length and the number of days to the formation of an ac-
centuated line were determined. The line was followed 
back to the EDJ and at the point of intersection, DSR, 
prism length, and number of days to form enamel to an-
other accentuated line were determined. That line was 
followed back to the EDJ and the process repeated until 
the timing for formation of the entire height of the crown 
was determined. In P. intermedius and M. chamense, lat-
eral enamel formation time in days was determined by 
multiplying the number of striae of Retzius by the striae 
periodicity. The total crown formation time was deter-
mined by adding cuspal and lateral formation time to-
gether. Lateral enamel formation time in M. chamense 
was also estimated in a larger sample using perikymata 
counts by multiplying the number of perikymata in each 
molar cusp by three different striae periodicities deter-
mined from the histological sample. In those cusps for 
which cuspal enamel formation times had been derived 
histologically, a total estimated crown formation time 
was determined by adding the lateral formation time 
based on perikymata counts.

Results

Striae periodicities for Phenacodus trilobatus 

and P. intermedius were five and six, respectively. 

One of the Meniscotherium chamense teeth had 

a striae periodicity of four and two teeth had a 

periodicity of five. In two other teeth, it was im-

possible to determine the periodicity precisely. In 

one tooth, it appeared to be either four or five, 

and in another, either five or six. In determining 

lateral enamel formation time in the perikyma-

ta counts, periodicities of four, five and six were 

used. Despite differences in body mass, striae 

periodicity is similar in both Phenacodus species 

and Meniscotherium.

DSR was similar in all the Meniscotherium 

molars, ranging from 2.8 to 3.6 μm in cuspal 

enamel and 3.1 to 4.6 μm in lateral enamel. There 

appear to be very few differences in DSR between 

species. In the protocone of the P. trilobatus up-

per molar, DSR was 2.6 μm in the inner enamel, 

increasing gradually to 3.5 μm in the mid enam-

el and 4.4 μm in the outer enamel. In the proto-

cone of the M. chamense upper molar fragment, 

DSR was 3.9 μm in inner enamel, decreasing to 

3.2 μm in the mid enamel and then increasing 

to 4.0 μm in the outer enamel. In the protoconid 

and metaconid of the P. intermedius lower molar, 

DSR was 2.8 μm in the inner enamel, 3.3 μm in 

mid enamel and 3.8 μm in outer enamel. DSR was 

similar in the protoconid and metaconid of a M. 

chamense M1, ranging from 2.9 μm in the inner 

enamel, and increasing to 3.5 μm in both mid and 

outer enamel.

Crown formation times calculated from his-

tological sections are given in table 1. Lateral for-

mation time from perikymata counts is given 

in table 2, along with estimated minimum and 

maximum crown formation times when cuspal 

enamel formation for the appropriate cusp type 

is added from the histological sections. Cusp 

nomenclature is from Williamson and Lucas 

[5]. Despite similar DSR, Meniscotherium mo-

lars consistently take longer to form than molars 

from the larger Phenacodus species.

Crown extension rate is higher in both 

Phenacodus species than in Meniscotherium, but 

in both genera, crown extension rate is higher 

in mandibular than in maxillary molars. In the 

M. chamense M1, the extension rate is 15 μm per 

day in the first 1.5 mm of crown height, and then 

decreases to 8.9 μm per day when crown height 

reaches 2.3 mm. In the upper molar fragment, the 

extension rate is lower, decreasing from 4.7 to 3.3 

μm per day. In the P. intermedius lower molar, the 

extension rate is extremely rapid, reaching 54.7 

μm per day in the cervical region. The extension 

rate in the P. trilobatus upper molar is 20.7 μm 

per day in the first 2.7 mm, decreasing to 13.3 μm 

per day when crown height reaches 4.7 mm. It in-

creases again in the next 0.2 mm, to 23.9 μm per 

day. This anomalous decrease occurs along the 

EDJ at a point under a severe linear enamel hyp-

oplasia at the enamel surface, suggesting that it is 

a pathological response to a severe stress during 

tooth development rather than something typi-

cal of the species.
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Conclusions

Despite larger body and molar size in Phenacodus, 

Meniscotherium molars take longer to form and 

grow more slowly in height. One possible expla-

nation for this is the relatively larger brain in 

Meniscotherium. The encephalization quotient 

(EQ), is a measure of brain size relative to body 

mass based on Jerison’s [18] allometric equation 

E = 0.12P0.67, where E is predicted brain size and 

P is body mass in grams. EQ in Meniscotherium 

is estimated as 0.14–0.37 but only 0.18–0.20 in 

Phenacodus [5, 18, 19]. In primates, molar for-

mation times are correlated with both brain and 

body size [9]. In primates and other mammals, 

many aspects of dental development are correlat-

ed with the pace of life history [20–24], which is 

also correlated with brain size. It is possible that 

Meniscotherium had a slower life history than 

did Phenacodus. These results also demonstrate 

considerable interspecific variability in growth 

rates that may bear on questions of phylogeny. 

Further work on other aspects of dental devel-

opment is required to resolve this question, but 

these results highlight the promise of this line of 

inquiry to clarifying questions about early mam-

mal diversification.
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Table 1. Crown formation time in Meniscotherium and Phenacodus from histological sections

Species Specimen Locality Tooth Cusp Cuspal 

days

Lateral 

days

Total 

days

Total 

years

M. chamense WMUVP 5180 148, Wasatch Fm,

Great Divide Basin, 

Wyoming

LM1 protoconid 132 255 387 1.06

metaconid 147 175 322 0.88

hypoconid 154 225 379 1.04

entoconid 104 155 249 0.71

M. chamense uncatalogued Great Divide Basin, 

Wyoming

upper 

molar 

fragment

protocone 177 350 527 1.44

P. intermedius UCMP 39870L V5029, Willwood 

Fm, Bighorn Basin, 

Wyoming

lower 

molar

protoconid 132 156 288 0.79

metaconid 126 144 270 0.74

P. trilobatus UCMP 39870U V5029, Willwood 

Fm, Bighorn Basin, 

Wyoming

upper 

molar

protocone – – 345 0.95

WMUVP = Western Michigan University Vertebrate Paleontology; UCMP = University of California Museum of 

Paleontology.
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Rhynchocephalia)
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Abstract
Background: Today Rhynchocephalia, the sister tax-

on to Squamata (snakes, lizards and amphisbaenians), 

is only represented by the tuatara (Sphenodon) of New 

Zealand. However, for much of the Mesozoic, the group 

was speciose and globally distributed. Historically, the 

Rhynchocephalia were considered to be homogenous 

and unspecialized but new fossils and new research are 

overturning this view. As well as differences in body size, 

body proportions, habit (aquatic vs. terrestrial), and skull 

structure, their teeth show variation in shape, size, num-

ber, arrangement and enamel thickness. This suggests 

differences in diet and mode of feeding. The teeth of bas-

al taxa tend to be relatively simple and conical, whereas 

those of derived taxa possess complex flanges and wear 

facets. Methods: Dimensions of the dentary tooth bas-

es were measured in apical view for a large sample of 

rhynchocephalian taxa. Results: These measurements 

reveal three general tooth types: small ovoid teeth, 

large wide teeth, and large elongate teeth. Conclusion: 

These three categories correspond to food process-

ing as inferred from tooth wear (puncturing+crushing, 

grinding+shredding and tearing+cutting, respectively). 

A phylogenetic signal is also present as the teeth of basal 

taxa generally conform to the first category. The larger 

tooth bases of derived taxa provide stronger attachment 

and contribute to a stouter tooth shape more resistant 

to loading and torsional forces. This in turn corresponds 

to skull architecture because the skulls of derived taxa 

could accommodate larger jaw muscles with a greater 

leverage relative to basal taxa.

Copyright © 2009 S. Karger AG, Basel

Rhynchocephalia is a group of diapsid reptiles 

that separated from its sister clade Squamata 

(lizards, amphisbaenians, snakes) about 240–250 

mya and radiated worldwide during the Early-

Mid Mesozoic (230–175 mya) [1, 2]. Towards the 

end of the Mesozoic (175–65 mya), the known 

distribution of the group became increasingly re-

stricted to southern continents [1]. Little is known 

of their subsequent history apart from a relative-

ly recent fossil record from New Zealand (19–0 

mya) where the only living member, Sphenodon 

(the tuatara), now resides.

For a long time the Rhynchocephalia were 

considered to be conservative with respect to 

many aspects of their anatomy, including their 

teeth [3]. However, work over the last three de-

cades and discovery of new fossil material has 

challenged this view. We now know of six broad 

subgroups: a paraphyletic series of ‘basal taxa’ 

(small gracile forms), clevosaurs (small robust 

forms), pleurosaurs (long bodied aquatic forms), 

sphenodontines (Sphenodon and certain poorly 
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known Mesozoic taxa), and eilenodontines (rela-

tively large heavily built forms) [4] (fig. 1). There 

are also taxa that either fall outside these group-

ings or are of uncertain affinity. As well as varia-

tion in body size, body shape and habit (aquatic 

vs. terrestrial), rhynchocephalians demonstrate 

substantial variation in skull structure and in 

the size, number, shape and arrangement of the 

teeth.

Basal taxa (Gephyrosaurus, Diphydontosaurus, 

Planocephalosaurus [5–7]) possess many (12–40) 

simple teeth along their jaws and palate, with 

the lateral most palatine tooth row enlarged, as 

in all known Rhynchocephalia [2]. The elongate 

articular surface of the lower jaw suggests some 

propalinal jaw motion [5–7]. Clevosaurs possess 

a few (<5) large blade-like marginal teeth and a 

reduced number of teeth on their palate [6, 8]. 

Squamata

Gephyrosaurus † J1

Diphydontosaurus † T31

2

3

4

5

6

7

a b c

Palaeollanosaurus † T3

Planocephalosaurus † T3

Clevosaurus † T3–J1

Pleurosaurus † J1–J3

Opisthias † J3–K3

Eilenodon † J3

Sapheosaurus † J3

Toxolophosaurus † K1

Cynosphenodon † J1

Sphenodon

Priosphenodon † K2

Taxon B † K1

Tingitana † K1

Pelecymala † T3

Sigmala † T3

Fig. 1. a Phylogenetic hypothesis for selected Rhynchocephalia (based on data from [1, 2, 5, 7, 12, 18–20, 22]). Dotted 

lines indicate unresolved relationships. Nodes: 1, Rhynchocephalia; 2, derived taxa; 3, clevosaurs; 4, pleurosaurs; 5, 

sapheosaurs; 6, sphenodontines; 7, eilenodontines. Known time distribution: J1, Early Jurassic; J3, Late Jurassic; K1, 

Early Cretaceous; K2, Late Cretaceous; T3, Late Triassic. b Skulls of Gephyrosaurus, Clevosaurus, Palaeopleurosaurus, 
Sphenodon, and Priosphenodon (redrawn from Jones [4]), scale = 10 mm. c Diagrammatic representations of left 

maxillary and dentary teeth in posterolateral view for basal taxa, clevosaurs, pleurosaurs, sphenodontines and 

eilenodontines.
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Conspicuous wear facets indicate a strong scis-

sor-like orthal shearing action. The teeth of the 

aquatic sapheosaurs and pleurosaurs are gener-

ally considered to be blade-like and somewhat 

similar to those of clevosaurs [9]. Eilendontines 

possess teeth with thickened enamel and well-de-

fined wear facets from propalinal shearing [10–

12]. Maxillary teeth bear posterolingual flanges 

whereas those on the palatine and dentary are 

transversely expanded. The modern Sphenodon 

possesses teeth of a similar shape to the max-

illary teeth of eilenodontines but the palatine 

teeth are not expanded and the dentary teeth are 

more elongate and pyramidal with small ante-

rior flanges [13, 14]. Sphenodon jaw movements 

comprise an anteriorly directed shearing phase 

(prooral propaliny) following almost complete 

jaw closure [14].

The diversity in tooth morphology demon-

strates that Mesozoic rhynchocephalians were 

adapted to exploit a range of different food re-

sources [1, 6, 11, 15]. Sphenodon feeds on a wide 

variety of food items but mainly arthropods such 

as large beetles [4, 16]. Basal taxa possess teeth 

ideally suited for piercing small insects [5–7, 17]. 

The diet of clevosaurs remains uncertain, but 

may have been flexible like that of Sphenodon [6, 

8, 4, 15]. Because of their robust jaws, extensive 

wear and thickened enamel, eilenodontines are 

considered to have been herbivorous [4, 11].

Here I revisit the study by Jones [15] with an 

expanded data set.

Material and Method

In total, 546 teeth from the lower jaw were examined, 
more than double the sample size used previously [15]. 
The data set includes further specimens of Clevosaurus, 
Sphenodon, Eilenodon and Planocephalosaurus. 
Unfortunately, adequate dentary teeth of sapheosaurs 
and pleurosaurs were unavailable for study. Otherwise 
the sample is fairly balanced with a large number of teeth 
representing each of the remaining major phylogenetic 
groupings as well as some taxa of uncertain affinity such 
as Paleollanosaurus [18] and C. latidens [19]. The anterior 

hatchling teeth and caniniform teeth of Sphenodon and 
Cynosphenodon will be dealt with elsewhere.

The teeth were drawn in apical/occlusal view using a 
Wild Stereo Microscope and camera lucida after the low-
er jaw was orientated in a standardized position. When 
lower jaws has a slightly concave dorsal margins (such as 
those of Sphenodon), three or four teeth were drawn at 
a time before reorientation. Images of teeth from pub-
lished descriptions were used for Clevosaurus convallis, 
Cynosphenodon, Opisthias, Paleollanosaurus, Pelecymala, 
Sigmala, Taxon B, Tingitana, and Toxolophosaurus [11, 
18–22].

For each tooth two dimensions were measured: 
length (greatest mesiodistal dimension parallel to the la-
bial margin of the jaw) and width (greatest labiolingual 
dimension perpendicular to the margin of the jaw) (fig. 
2). Invariably, the cusp tapers up from the base, so these 
measurements correspond to the dimensions of the tooth 
base. In Rhynchocephalia, teeth are not usually replaced; 
instead new teeth are added to the rear of the tooth row 
during growth of the jaw bone [13, 20]. Therefore, ante-
rior teeth are often more worn and may plot differently 
because of differences in lateral or lingual wear rather 
than their original shape [15]. However, in many rhyn-
chocephalian taxa, worn teeth are present for much of an 
individual’s life (e.g. Clevosaurus, Eilenodon, Sphenodon 
and Toxolophosaurus [8, 10, 11, 13]). Thus, the shape of 
a tooth following wear is the ‘effective tooth shape’ and 
part of the animal’s feeding apparatus (e.g. [8, 11]).

Inferred tooth function is based on careful examina-
tion of wear facets and the finer details of tooth shape.

Results

The teeth of most basal taxa (Gephyrosaurus, 

Diphydontosaurus) have small ovoid tooth bas-

es with similar mesiodistal and labiolingual di-

mensions (fig. 3). Derived rhynchocephalians in-

stead tend to have teeth with larger tooth bases 

but with sub-equal proportions. All teeth belong-

ing to clevosaurs (e.g. Clevosaurus convallis, C. 

hudsoni) and most belonging to sphenodontines 

(Cynosphenodon, Sphenodon) plot as together as 

elongate (labiolingual dimension>mesiodistal 

dimension) with many being twice as long as 

wide. In contrast, eilenodontines (Eilenodon, 

Toxolophosaurus) usually plot as wider than long 

(mesiodistal dimension>labiolingual dimension). 
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They can be a similar length to those of spheno-

dontines or clevosaurs (~2 mm), but the width 

can be twice to five times wider (5 mm+).

The small teeth of Paleollanosaurus [18] and 

Taxon B [22] plot amongst the basal taxa, where-

as those of C. latidens [19], Opisthias [11] and 

Pelecymala [20] are wider than long and plot 

amongst the smallest (usually anteriorly posi-

tioned and highly worn) eilenodontine teeth. 

The dentary teeth of Sigmala [20] plot in various 

positions but mainly within the elongate group. 

Planocephalosaurus [6] teeth are mostly small 

and ovoid but the large flanged posteriormost 

tooth plots within the area otherwise occupied 

by Sphenodon and Clevosaurus. Cynosphenodon 

[21] and Tingitana [22] plot with similar aspect 

ratios to clevosaurs and Sphenodon but their dis-

tributions do not greatly overlap because they are 

smaller.

alfl

a b c d e

es

es

amfl

wf

alfl

alfl

ap

wf

de

ec

or

plfl

Fig. 2. Drawings of rhynchocephalian lower jaws in apical view. a Diphydontosaurus. b Planocephalosaurus. c 
Clevosaurus. d Sphenodon specimen LDUCZ x804. e Eilenodon DMNH 10685. Black bars represent examples of length 

and width measurements taken. ap = Apex; afl = anterior flange; alfl = anterolateral flange; amfl = anteromedial 

flange; de = dentine; ec = enamel crest; es = escape structure; or = ornament/escape structure; pfl = posterior flange; 

wf = wear facet. All are left jaws except for b, which is reversed for comparison. Scale bars = 5 mm.
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Discussion

Overall, the additional data is consistent with pre-

vious findings [15] that basic tooth dimensions 

(mesiodistal dimension vs. labiolingual dimen-

sion) are able to define three broad morphotypes 

among rhynchocephalian dentary teeth: small 

columnar teeth with ovoid bases, large wide teeth, 

and large elongate teeth. The first morphotype 

contains teeth that are suited to efficient punctur-

ing and crushing [17]. The second and third types 

correspond to the two alternate modes of food 

reduction described by Lucas and Luke [4, 23]; 

shredding and grinding or tearing and slicing.
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A large tooth base width, for example in 

eilenodontines, increases the potential surface 

area of contact with food items [23]. Assuming 

even jaw closure and regular tooth height, this 

may reduce the relative amount of point load-

ing possible. However, it means that anterior 

and posterior transverse blades caused by wear 

on the thickened enamel can occur in large 

numbers, as in modern mammals [11]. This 

tooth type is mainly restricted to the second 

half of the Mesozoic when the distribution of 

Rhynchocephalia was apparently contracting. 

Two exceptions to this are the Late Triassic 

C. latidens and Pelecymala [19, 20]. The cur-

rent phylogenetic positions of these taxa sug-

gest that a wide tooth type evolved at least 

twice within Rhynchocephalia. However, both 

Triassic taxa are known from very limited ma-

terial. Pelecymala lacks the dorsal wear fac-

ets of eilenodontines and is described as using 

orthal shearing rather than propaliny [19], C. 

latidens, however, does possess the concave an-

terior and posterior surfaces of eilenodontine 

teeth.

The long tooth base of clevosaurs permit a 

series of long blades arranged near parallel with 

the margin of the jaw orientated in order to cut 

effectively against blades on the maxillary teeth 

during orthal shearing [24]. The small number 

of teeth permitted limits the amount of food that 

can be worked upon but initial point loading is 

high [23, 24]. The long tooth bases of spheno-

dontines permit several cutting edges in more 

than one orientation. Posterior and dorsal edges 

cut during jaw closure whereas anterior flanges 

improve food item penetration during jaw clo-

sure [25] and also cut during prooral shearing 

[14].

As tooth implantation in Rhynchocephalia 

is generally acrodont (fused to the crest of the 

jaw bone) and the crown tapers from the tooth 

base, the dimensions measured provide some 

indication as to the surface area of attachment. 

The teeth of derived taxa have larger bases than 

those of basal taxa and this contributes to their 

stout shape. Correspondingly, increased muscle 

capacity, shorter jaws (out levers), and reduced 

fenestration suggest that derived taxa were ca-

pable of harder bites than basal taxa [4]. There 

is some positive relationship between tooth size 

and skull size (skull length). For example, the 

teeth with the largest tooth base dimensions are 

found in eilenodontines (skull length = 60–110 

mm) [11, 12] and the teeth with the smallest 

base dimensions are found in Diphydontosaurus 

(skull length = 10–15 mm [7]). However, the pos-

terior tooth in Clevosaurus (skull length up to 

40 mm long [8]) can be both longer and wider 

than teeth found in Sphenodon (skulls sampled: 

43–67 mm). Similarly, the posteriormost tooth 

in Planocephalosaurus (skull length = 20 mm 

[6]) can have bases as large as those of teeth in 

Sphenodon.

Rhynchocephalia demonstrate substantial di-

versity in tooth structure and counter percep-

tions that the teeth of all reptiles are simple or 

homogenous.
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Abstract
Mandibular corpus form is thought to reflect mastica-

tory function and the size of the dentition, but there 

is no universal association between crown dimensions 

and corpus size across anthropoids. Previous research 

was based on the assumption that crown size is an ap-

propriate proxy for overall tooth size, but this hypothesis 

remains largely untested. This study assesses the rela-

tionship between the volume and surface area of molar 

crowns and roots by examining two main hypotheses: (1) 

crown size correlates significantly with root size, and (2) 

the proportion of root-to-crown surface area is related to 

dietary proclivity. Permanent M2s (n = 58) representing 

19 anthropoid species were CT scanned and the volume 

and surface area of the crown and root were measured. 

Interspecific correlation and regression analyses reveal 

significant isometric relationships between crown and 

root volume and a positive allometric relationship be-

tween root and crown surface area (i.e. as crown surface 

area increases, root surface area becomes disproportion-

ately greater). Intraspecifically, crown and root surface 

area correlate significantly in some species where such 

analyses were possible. In general, hard object feeders 

exhibit relatively larger root surface area per unit crown 

surface area compared to soft and tough object feed-

ers. The results also show that despite differences in 

food specialization closely related species have similar 

root-to-crown surface area proportions, thus indicating 

a strong phylogenetic influence. Since it is possible that, 

at least in some species, crown and root size vary inde-

pendently, future studies should elucidate the relation-

ship between tooth root size and mandible form.

Copyright © 2009 S. Karger AG, Basel

Primate mandibular corpus form is thought to 

reflect both masticatory function and the size of 

the developing and fully formed deciduous and 

permanent dentitions. A recent study, however, 

showed no universal association between tooth 

size and mandibular corpus size across anthro-

poids [1]. This study was based on the assump-

tion that crown size is an appropriate proxy for 

overall tooth size and that crown and root size are 

correlated with one another, but these hypoth-

eses remain largely untested in primate species 

other than Homo sapiens. Studies of modern hu-

man teeth have indicated positive but low corre-

lations between linear dimensions of crowns and 

roots [2, 3]. Spencer [4], however, concluded from 

a study on tooth root form in platyrrhine seed-

eaters that changes in root size may be indepen-

dent of crown size changes.

The tooth roots are anchored to the alveo-

lar bone by collagenous Sharpey’s fibres. They 

are crucial in providing support for the tooth 

when it is subjected to occlusal forces. Variations 
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in tooth root size, and in particular root sur-

face area (SA), are adaptively linked to differ-

ences in food consistency in both platyrrhines 

and hominids, including the fossil giant ape, 

Gigantopithecus blacki [4, 5]. Kovacs [6] argued 

that a transmission of occlusal forces occurs 

when occlusal and root areas are equal. In con-

trast, forces are distributed over the root sur-

face when the SA of the roots exceeds that of the 

crown. Hence, it could be argued that the lat-

ter scaling relationship would be adaptively ad-

vantageous when resistant foods are consumed 

which require relatively larger occlusal forces 

than less resistant foods. Hard object feeding 

specialists, such as Cebus apella or Lophocebus 

albigena which are known to process stiff, thick-

shelled seeds with their postcanines [7–9], are 

therefore expected to have relatively large molar 

root SA for a given crown SA. In contrast, soft 

object feeders (e.g. Hylobates muelleri [10]) will 

have relatively less root SA, since lower bite forc-

es are required to break down soft foods such 

as mature fruits. Tough object feeders like the 

colobines [11], which consume leaves and seeds 

with thin, f lexible (i.e. not stiff) coats, are ex-

pected to fall between hard and soft object feed-

ers in terms of root-to-crown SA ratio.

We aim to assess the scaling relationship be-

tween crown and root size in a range of anthro-

poids of varying dietary proclivity. We investi-

gate both the volume and surface area of crowns 

and roots as these variables adequately reflect 

both the overall size of a tooth and its dietary 

function. We examine two main hypotheses: (1) 

molar crown size correlates significantly with 

root size, and (2) the proportion of molar root-

to-crown SA is related to dietary proclivity.

Materials and Methods

The mixed-sex sample consisted of 58 relatively unworn 
permanent mandibular second molars representing 18 ex-
tant (Ceboidea, Cercopithecoidea, Hominoidea) and one 
fossil (Gigantopithecus blacki, Hominoidea) anthropoid 

species (table 1). Taxa were grouped into three dietary 
categories (hard, soft and tough) according to what foods 
are typically processed with the postcanines.

The ceboid and cercopithecoid molars (n = 47) were 
scanned with a Skyscan micro-CT machine yielding im-
age stacks with a resolution of between 7 and 14 μm3. 
The hylobatid molars were scanned with a Scanco micro-
CT 20 system with a voxel size of between 6 and 11 μm3. 
Each dataset was processed in Amira 4.1.2 (Mercury 
Computer Systems) and resampled to a voxel size of be-
tween 10 and 30 μm3. Following filtering of the image 
stack with a combined median and mean of least vari-
ance filter, the enamel, dentine and pulp were segment-
ed using a semiautomatic threshold-based approach. The 
sample also included the 3D visualizations of two Papio 
anubis and 21 hominid (P. troglodytes, G. gorilla, P. pyg-
maeus, G. blacki and H. sapiens) M2s based on medi-
cal CT scans taken on a Siemens Somatom Plus 4 with 
a voxel size of between 0.15 mm and 0.38 mm3 (table 
1). Eleven of the hominid molars were already used in a 
previous study [5]. The quantification of crown and root 
SA (mm2) was carried out by rendering an unsmoothed 
triangulated surface model. Each segmented molar was 
then divided into its anatomical crown and root parts by 
using a best-fit plane to virtually cut through the molar at 
the cemento-enamel junction [5] and the volumes of each 
part (in mm3) were computed. The area of the cut plane 
between crown and root served as a proxy for the occlusal 
area (mm2). The difference between the full crown area 
and the occlusal area is the lateral enamel area reflect-
ing crown height. All dimensions were natural log trans-
formed. Spearman’s rank correlation coefficients (rrank) 
and reduced major axis (RMA) regression were used 
to investigate bivariate trends between the parameters. 
Analyses were carried out in PAST v1.85.

Results

Figure 1 shows bivariate plots of M2 root and 

crown volume and root and crown SA for all 

anthropoids. These reveal statistically nonpara-

metric significant correlations for both variables 

(volume: rrank = 0.96, p < 0.05; SA: rrank = 0.97, p 

< 0.05). In figure 1a, the RMA slope is not sig-

nificantly greater than 1 (p > 0.05), indicating an 

isometric scaling relationship between root and 

crown volume. In contrast, the RMA slope for 

SA is significantly greater than 1 (p < 0.05; fig. 

1b), i.e. root SA scales with positive allometry to 
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crown SA. Of the three largest single-taxon sub-

samples, H. sapiens (n = 14), M. fascicularis (n 

= 6) and P. anubis (n = 5), there are significant 

correlations between crown and root area in M. 

fascicularis (rrank = 0.86, p < 0.05) and P. anubis 

(rrank = 0.9, p < 0.05), but none for crown-root 

volumes. The small sample sizes of M. fascicu-

laris and P. anubis do not facilitate testing wheth-

er RMA slopes are significantly different from a 

slope of 1.

Figure 2 presents the relative proportions of 

the occlusal area, lateral enamel area and root SA 

in ceboids, cercopithecoids and hominoids. The 

sum of the occlusal and the lateral enamel area is 

the full crown SA. Across the anthropoids, root 

SA makes up between 51 and 71% of total tooth 

SA. Among the cercopithecoids, the colobines 

exhibit relatively small root SAs (51 to 56%) com-

pared to the cercopithecines (58 to 68%). Relative 

root SA proportions of the two ceboid taxa (C. 

Table 1. Anthropoid taxa included in study

Taxon Dietary 

category

N (M2) Scanner

Ceboidea

Cebus apella H 3 μCT

Chiropotes satanas S/T 1 μCT

Cercopithecoidea

Cercocebus torquatus H 1 μCT

Cercopithecus mitis T 4 μCT

Lophocebus albigena H 2 μCT

M. fascicularis S 6 μCT

M. sylvanus T 1 μCT

Papio anubis H 5 μCT

Colobus guereza T 2 μCT

Presbytis melalophos T 3 μCT

Trachypithecus cristata T 1 μCT

T. vetulus T 2 μCT

Hominoidea

Hylobates muelleri S 2 μCT

Symphalangus syndactylus T/S 2 μCT

Pongo pygmaeus H/T 2 medCT

Gorilla gorilla T 2 medCT

Pan troglodytes S 4 medCT

Gigantopithecus blacki H 1 medCT

Homo sapiens S 14 medCT 

(n=12) and 

μCT (n=2)

H = Hard object feeder; S = soft object feeder; T = tough object feeder; μCT = micro-CT; medCT = 

medical CT.
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satanas and C. apella) fall between the two cerco-

pithecoid subfamilies (59 and 57%, respectively). 

Among hominoids, both hylobatids and mod-

ern humans have markedly less relative root SA 

(53 and 55%, respectively) than the extant great 

apes (60 to 67%) and the extinct G. blacki (70%). 

Hylobatids and humans also show the relatively 

smallest occlusal area of all taxa (between 23 and 

27% of total crown SA).

When the dietary categories are taken into ac-

count, hard object feeders have the largest root 

SA relative to a given crown SA within and across 

taxonomic groups (e.g. C. torquatus, L. albigena, 

P. pygmaeus and G. blacki). With the exception of 

C. apella and P. anubis, hard object feeding taxa 

have between 64 and 70% root SA. In contrast, 

within each of the subfamilies soft object feeders 

have relatively small roots with SAs of less than 

60% (e.g. H. muelleri among hominoids and M. 

fascicularis among cercopithecines). Tough object 

feeders range in relative root SA between 51% (T. 

vetulus) and 65% (M. sylvanus), which is less than 

some of the soft object feeders.

Discussion

The results support, to some extent, the hypoth-

esis that crown and root size are correlated with 

one another (cf. [1]). Both volumes and SAs of 

crowns and roots show a strong positive corre-

lation across primates. In cases where sample 

size was sufficiently large, intraspecific analysis 

revealed significant correlations between root 

and crown SAs in two of the three species (M. 

fascicularis and P. anubis but not in H. sapiens). 

The latter is strengthened by the finding that root 

and crown SA scale with positive allometry, i.e. 

changes in root area are disproportionally larger 

than changes in crown area (fig. 1). An increase 
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in root SA is likely to be of adaptive advantage 

because it allows the comminution of mechani-

cally more resistant foods, as has been suggest-

ed previously [4, 5] and is bolstered by the pres-

ent data. In support of the second hypothesis, 

among catarrhines a high root-to-crown area 

ratio is generally favoured by those taxa engag-

ing in hard object feeding, whereas soft object 

feeders have a low ratio (fig. 2). The relatively low 

root SAs of the hard object feeding C. apella com-

pared to other hard object feeders and to C. sata-

nas, which uses its anterior dentition rather than 

its molars to open seeds [7, 12], is at odds with 

our expectations, but confirms similar results re-

ported by Spencer [4]. The results for tough ob-

ject feeders, in particular the colobines, are only 

partially in agreement with our expectations. It 

may be that colobines exert relatively low occlusal 
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forces to fracture leaves with their wedge-shaped 

molar crowns [11], which in turn would require 

less tooth support. Among extant great apes, P. 

pygmaeus exhibits larger relative root SA than 

the African great apes. This concurs with recent 

studies showing that P. pygmaeus consumes, on 

average, tougher and stiffer foods than G. beringei 

and P. troglodytes [13, 14]. In particular, Taylor et 

al. [13] suggest that the maximum toughness of 

non-fruit, non-leaf vegetation may be the critical 

mechanical property affecting the load resistance 

abilities of the mandible and perhaps, by exten-

sion, the teeth.

The results also reveal that despite differ-

ences in food specialisation closely related 

species (e.g. within the ceboids, colobines and 

hylobatids) have similar root-to-crown SA 

proportions. This indicates that phylogeny is 

likely to have a strong inf luence on crown/root 

size.

It also cannot be excluded that, at least in some 

species, crown and root size vary independently as 

has been suggested by Spencer [4] and confirmed 

here for H. sapiens. Tooth size, and in particu-

lar root size, may be a function of mandibular 

corpus form [15, 16]. There is mixed support for 

this hypothesis in Plavcan and Daegling’s study 

[1] who, albeit observing significant intraspecific 

correlations in some species, did not find a uni-

versal association between molar crown and cor-

pus dimensions across anthropoids. Future stud-

ies incorporating canine and molar root form 

should be able to elucidate this issue further.
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Abstract
Previous research has demonstrated that species and 

subspecies of extant chimpanzees and bonobos can 

be distinguished on the basis of the shape of enamel-

dentine junction of lower molar crowns. Thus, there is 

potential for fossil taxa, particularly fossil hominins, to 

be distinguished at similar taxonomic levels using lower 

molar crown morphology. New imaging techniques al-

low for the collection of large amounts of shape data, but 

it is not clear whether taxonomic distinctiveness increas-

es with the inclusion of more and more finely detailed 

aspects of crown shape. We examine whether increasing 

the amount of shape data collected will lead to an in-

crease in the accuracy with which enamel-dentine junc-

tion (EDJ) shape classifies Pan lower first and second 

molars at the species and subspecies level. Micro-com-

puted tomography was employed to non-destructively 

image the EDJ and geometric morphometric analytical 

methods were used to compare EDJ shape among sam-

ples of Pan paniscus, Pan troglodytes troglodytes, and Pan 
troglodytes verus. The results of discriminant analyses us-

ing three landmark sets (number of landmarks = 8, 112, 

and 534 landmarks and semi-landmarks, respectively) in-

dicate a high degree of classification accuracy for each 

landmark set, with small increases in accuracy as the 

numbers of landmarks are increased. The morphological 

differences in EDJ shape among the taxa are subtle, but 

consistent, and relate to the relative height and position 

of the dentine horns. Thus, EDJ shape can contribute to 

taxonomic analyses and the more information that can 

be included the better.

Copyright © 2009 S. Karger AG, Basel

It has long been acknowledged that the enam-

el-dentine junction (EDJ), which underlies the 

enamel cap of primate teeth, carries information 

about the original shape of the outer enamel sur-

face of the crowns or worn teeth [1–8] and that it 

can be used as a source of taxonomically relevant 

data [9–12]. In a recent analysis, it was demon-

strated that lower molar EDJ shape distinguish-

es both species and subspecies of the genus Pan 

(chimpanzees and bonobos) with a high degree of 

reliability [7]. This result was consistent with pre-

vious analyses of the shape of the outer enamel 

surface of extant apes [13–15] and fossil hominins 

[e.g., 16, 17].

Whereas in past decades only linear dimen-

sions were used to summarize tooth crown shape, 

the use of microCT imaging and geometric mor-

phometrics now allows the collection of shape 
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data at a hitherto unprecedented level of detail. 

The collection of such datasets can be expensive, 

time consuming and computationally difficult. 

This begs the question: how many landmarks 

(capturing what level of detail) are necessary to 

reliably distinguish closely related taxa? In this 

contribution we investigate whether increasing 

the number of landmarks collected on the EDJ 

surface of Pan lower molars will increase the ac-

curacy with which they are classified at both the 

species and subspecies level. The results of this 

analysis can guide future analyses of fossil taxa 

for whom the analysis of tooth shape contributes 

strongly to assessments of taxonomic affiliation 

and phylogenetic relationships.

Methods

Two species of chimpanzee are commonly recognized 
and their distinction is supported by both morphological 
(e.g. [13–15, 18]) and molecular studies [19, 20]. Pan pa-
niscus, also known as the bonobo or pygmy chimpanzee, 
is found in the Democratic Republic of the Congo and 
all but the southern limits of its range are defined by the 
Congo River. Several subspecies of Pan troglodytes are 
commonly recognized, and their ranges are separated by 
geographic barriers. For example, Pan troglodytes verus 
– the western chimpanzee – is separated from other Pan 
populations by the Dahomey gap, Pan troglodytes vellor-
osus – the Nigerian chimpanzee – by the Sanaga River, 
Pan troglodytes troglodytes – the central chimpanzee – 
by the Ubangi River, and Pan troglodytes schweinfurthii 
– the eastern chimpanzee – by the Ubangi and Congo 
Rivers. While the subspecies distinction of each of these 
taxa is debated [21] and is more strongly supported for 
some taxa (e.g. P. t. verus) than for others (e.g. the dis-
tinction between P. t. troglodytes and P. t. schweinfurthii), 
both morphological [14, 15, 18] and molecular evidence 
[20] has been used to support their distinction.

The sample includes lower first and second molars 
of P. paniscus (Pp; n = 17) and two subspecies of P. trog-
lodytes (Pt): P. t. troglodytes (Ptt; n = 15) and P. t. verus 
(Ptv; n = 16). The Ptt sample derives from the Museum 
für Naturkunde in Berlin (ZMB), Germany, the Ptv 
sample derives from a skeletal collection housed at the 
Max Planck Institute for Evolutionary Anthropology in 
Leipzig, Germany, and the Pp sample derives from the 
Royal Museum for Central Africa in Tervuren, Belgium 
(MRAC). Taxonomic affiliation is based on locality 

information and museum catalogue information associ-
ated with each specimen. A more detailed description of 
the study sample and analytical methods can be found in 
previous publications [7, 12]. 

Each tooth was microCT scanned using a SKYSCAN 
1172 Desktop Scanner and raw projections were convert-
ed into TIFF image stacks using NRecon. Pixel dimen-
sions and slice spacing of the reconstructed TIFF image 
stacks ranged between 10 and 20 μm. To facilitate tis-
sue segmentation, the complete image stack for each mo-
lar was filtered using a three-dimensional median filter 
(kernel size of 3) followed by a mean of least variance 
filter (kernel size of 3). After segmentation, the EDJ was 
reconstructed as a triangle-based surface model. Each 
EDJ surface was oriented manually into its anatomical 
position. The occlusal surface of the EDJ was isolated by 
creating a section plane parallel to the occlusal surface 
and removing the sides of the EDJ from a plane below the 
lowest point in the occlusal basin.

Collection and Processing of Surface Landmarks
We analyzed three sets of landmarks (fig. 1). The first set 
(referred to as ‘MAIN’) included eight landmarks: one 
on the tip of the dentine horn of each primary cusp (i.e. 
protoconid, metaconid, entoconid, hypoconid, and hy-
poconulid), one at the mid-point on the marginal crest 
connecting the protoconid and metaconid, and one on 
the lowest point on the marginal ridges between the 
protoconid and hypoconid, and the hypoconid and hy-
poconulid, respectively. The second set (referred to as 
‘RIDGE’) includes coordinates (approximately 50–70) 
along the tops of the ridges that connect the five dentine 
horns. This set of points forms a continuous line, begin-
ning at the tip of the protoconid and moving in a lingual 
direction. The third set (referred to as ‘occlusal basin’) 
includes coordinates located within the occlusal basin of 
the EDJ border by the marginal ridge. For the latter two 
analyses only the four dentine horn tips were treated as 
landmarks, all other points were treated as semi-land-
marks [22].

The coordinates collected on the ridge and occlus-
al basin landmark sets were treated as semi-landmarks 
on curves and surfaces, respectively. We used the algo-
rithm described by Gunz et al. [23] that allows semi-
landmarks to slide along tangents to ridge curves and 
tangent planes to the surface. Semi-landmarks were 
iteratively slid to minimize the bending energy of the 
thin-plate spline interpolation function computed be-
tween each specimen and the sample Procrustes aver-
age. After each sliding step the semi-landmarks were 
projected back onto the original surface. After conver-
gence of the sliding algorithm, these semi-landmarks 
were considered homologous for the purpose of multi-
variate analyses.
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The landmarks and semi-landmarks were then con-
verted to shape coordinates by generalized least squares 
Procrustes superimposition. This removed information 
about location and orientation from the raw coordinates 
and standardized each specimen to unit centroid size, a 
size-measure computed as the square root of the sum of 
squared Euclidean distances from each (semi-)landmark 
to the specimen’s centroid. All data preprocessing was 
done in Mathematica v6.0 (www.wolfram.com) using 
software written by PG.

Principal component analysis (PCA) of shape coordi-
nates [24] was used to examine overall shape variation in 
the sample and the distribution of each group in shape 
space. Canonical variate analysis (CVA), computed in a 

subspace of the first principal components (8–12), was 
used to assess the accuracy with which molars were cor-
rectly classified to taxon [for detailed discussion of this is-
sue, see 26]. We used a cross-validation approach in which 
each specimen was considered unknown and then classi-
fied based on the remaining sample. The PCA, CVA, and 
classifications were implemented in the software package 
R and groups were assigned equal prior probabilities.

To visualize EDJ shape variation between taxa, we 
employed a method that allows a 3D triangulated sur-
face reconstruction of the EDJ to be deformed to match 
the mean molar configuration of each taxon [12, 23, 25]. 
First, the EDJ surface model of one specimen was chosen 
at random. We then warped the vertices of this surface 

Main landmark set

Ridge landmark set

Occlusal basin 

landmark set

Fig. 1. EDJ surface model of a lower molar illustrating the three landmarks sets used to capture 

EDJ shape. Main landmarks are collected on the tips of the dentine horns and in the troughs be-

tween the mesial and buccal dentine horns (large blue spheres). The ridge landmark set included 

an arbitrary number of points collected along the ridge that runs between the dentine horns 

(small green spheres). The occlusal basin landmark set included the surface within the confines 

of the marginal ridge (small yellow spheres). Points illustrated here are representative of those 

collected on the original specimens and are not the same as the interpolated semi-landmarks 

(see text for details).
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Fig. 2. Plots of the principal component analyses (PCA) and canonical variates analyses (CVA) performed on each 

landmark set. The percentage of total shape variation is listed in brackets for each PC or CV axis, respectively. Ten PCs 

were used for each CVA plot presented here although classification accuracy was assessed using each of 8–12 PCs.
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into Procrustes space using the thin-plate spline interpo-
lation function between the landmark configuration of 
this specimen and the Procrustes average configuration 
of the whole sample. Finally, we computed a thin-plate 
spline between this mean configuration and each target 
form (e.g. the mean configuration of the Ptv M1 sam-
ple) to produce a surface model of the appropriate mean 
shape. In order to visualize the taxonomic differences at 
each molar position the mean shapes were superimposed 
in the software package Amira with one surface rendered 
transparent for better visual comparison.

Results

The PCA and CVA of Procrustes shape coordi-

nates of the molar sample for each landmark set 

are illustrated in figure 2; the percentages of to-

tal shape variation explained by each PC and CV 

are listed in parentheses. We find overlap of the 

groups in the PCA but complete separation along 

the first two CV axes. This indicates that there are 

consistent, but small-scale, differences in shape 

between the taxa. The spatial patterning in the 

PCA and CVA for each landmark set is very sim-

ilar. Using a cross-validation analysis of the CV 

scores the accuracy of classification to species for 

each landmark set is as follows: main = 88–94%; 

ridge = 96%; occlusal basin = 92–100%. The accu-

racy of classification to subspecies is: main = 83–

90%; ridge = 85–92%; occlusal basin = 88–96%. 

The mean EDJ molar shape of Pan paniscus com-

pared that of the combined Pan troglodytes sample 

is visualized in figure 3 (Left). This represents the 

shape differences at the species level and includes 

relatively tall distal dentine horns (entoconid and 

hypoconulid) and a relatively deep occlusal basin 

in Pan paniscus compared to Pan troglodytes. The 

mean shape differences in the two subspecies, Pan 

t. troglodytes and Pan t. verus, are also illustrated 

in figure 3 (right). As might be expected between 

subspecies the mean molar EDJ shapes are quite 

similar with only minor variation in the relative 

position and height of the dentine horns.

Pan panicus (transparent) vs. Pan troglodytes (solid) Pan t. verus (transparent) vs. Pan t. troglodytes (solid)

Mean EDJ shape

Fig. 3. Taxonomic differences in mean EDJ shape. Left: species level comparison between the mean Pan paniscus 

molar shape (transparent) and the mean shape of the combined Pan troglodytes molar sample (solid); Right: subspe-

cies level comparison between the mean Pan t. verus molar shape (transparent) and the mean Pan t. troglodytes molar 

shape (solid). Note subtle differences in dentine horn height and positioning on the EDJ.
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Conclusions

This study investigated whether increasing the 

number of 3D coordinates used to capture the 

shape of the EDJ of lower molars increases the 

accuracy with which molars are correctly classi-

fied to species and subspecies of Pan. These re-

sults indicate (1) that classification accuracy is 

higher at the species level compared to the sub-

species level, (2) that classification accuracy is 

relatively high using only a limited number of 

landmarks, and (3) that increasing the number of 

landmarks collected on the EDJ results in slight-

ly higher classification accuracy at both the spe-

cies and subspecies level. Our results suggest that 

EDJ morphology carries taxonomically relevant 

information even if only a limited number of 

landmarks are available for data collection, and 

that because they are the sister clade to the pa-

nins the same conclusions are likely to apply to 

the hominin clade.
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Abstract
The aim of this study was to explore further the preser-

vation of tissues and the mineral distribution in 1.6 mil-

lion-year-old fossil hominin material from Koobi Fora, 

Kenya attributed to Paranthropus boisei (KNM-ER 1817). 

Bone, dentine and cementum microstructure were well 

preserved. Electron microprobe analysis of dentine 

and bone revealed an F-bearing apatite. Calcite now 

filled the original soft tissue spaces. The average Ca/P 

atomic ratio was 1.93, as compared to 1.67 in biological 

hydroxyapatite, indicating that the Ca-content had in-

creased during fossilization. Analytical sums for mineral 

content were ~90 wt%. Some of the remaining 10wt% 

may be preserved organic material. Demineralized den-

tine fragments showed irregularly distributed tubules 

encircled with a fibrous-like electron-dense material. A 

similar material was observed in demineralized dentine. 

Within this, structures resembling bacteria were seen. In 

demineralized bone an electron-dense material with a 

fibrous appearance and a banding pattern that repeated 

every 64 nm, similar to that of collagen, was noted. SEM 

of an enamel fragment (KNM-ER 6081) showed signs of 

demineralization/remineralization. Retzius lines, Hunt-

er-Schreger bands and prism cross-striations spaced 

3.7–7.1.μm apart were noted. Prisms were arranged in 

a pattern 3 configuration and deeper areas containing 

aprismatic enamel were occasionally observed. We con-

clude that a great deal of informative microstructure 

and ultrastructure remains preserved in this fossil mate-

rial. We also hypothesize that the high mineral content 

of the tissues may ‘protect’ parts of the organic matrix 

from degradation, since our findings indicate that some 

organic matrix may still be present.

Copyright © 2009 S. Karger AG, Basel

Previously, we reported on the mineral content 

and density of bone, dentine and cementum in 

the fossilized remains of a poorly preserved he-

mi-mandibular fragment [1]. This ~1.6 Ma early 

hominin, attributed to Paranthropus boisei, was 

recovered from the site of Koobi Fora, Kenya 

in 1973 [2]. Good histological details of typical 

bone, dentine and cementum were previously ob-

served with polarized light microscopy of ground 

sections. Energy dispersive X-ray analysis indi-

cated that both calcium and phosphorus levels in 

the fossilized hard tissues were compatible with 

biological hydroxyapatite. The aims of this sec-

ond study were several: We wanted to explore the 

possibility that some organic material might still 

remain in the fossilized tissue. A second aim was 

to study further the mineral composition with 

electron microprobe analysis, which is a more 

accurate method than energy dispersive X-ray 

analysis. A further aim was to investigate the 
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nature and microstructure of a small fragment 

of enamel.

Materials and Methods

An early fossil hominid mandible (KMN-ER 1817) con-
taining six root apices from four permanent teeth was 
examined. An isolated enamel fragment associated with 
KNM-ER 6081 approximately 1 × 2 mm was also stud-
ied. This material has been described previously [1–3] 
and was examined in more detail here. Ground sections 
were made and small blocks of tissue were dissected out 
and decalcified and fixed simultaneously in a solution of 
EDTA and paraformaldehyde. Small tissue blocks were 
embedded in EPON and sectioned for transmission 
electron microscopy (TEM). Some sections were stained 
with uranyl acetate and lead citrate while some sections 
were examined unstained in the TEM. The tissues were 
also studied with microradiography (MR), electron mi-
croprobe analysis (EMP) and selected area diffraction 
in the TEM. The enamel fragment was ground parallel 
with the prism direction, acid-etched and examined in 
the scanning electron microscope (SEM).

Results

Microradiography of bone revealed a clear lamel-

lar structure with numerous lacunae. The origi-

nal soft tissue spaces (bone marrow, periodontal 

ligament and pulp) had a similar radiodensity but 

a lower mineral content than dentine, cementum 

and bone. The peripheral dentine appeared ho-

mogeneous, while dentine closer to the pulp con-

tained numerous tubules with a straight course. 

Electron microprobe analysis of dentine and 

bone revealed that F-bearing apatite was present, 

but that calcite had formed in the original soft 

tissues spaces. The average F-content of dentine 

was 4.5 wt%, while that of bone was 2.8 wt%. The 

average Ca/P atomic ratio was 1.93 both in den-

tine and bone. Average analytical total mineral in 

dentine was 92.5 wt% and in bone 90.2 wt%.

Cutting ultrathin sections of EDTA-demin-

eralized dentine was fairly easy. This was in con-

trast to mineralized, fossilized dentine which was 

almost impossible to section, even with diamond 

knives, so evidently the demineralization process 

had been successful. When examined in the TEM 

cross-sectioned dentinal tubules with an irregu-

lar distribution were observed in the pulpal part 

of the dentine. The diameter of the tubules varied, 

but was mostly 1.5–2.5 μm. Between the tubules a 

structureless material was observed. Often a thin 

zone of fibrous electron-dense material surround-

ed the dentinal tubules. In EDTA-demineralized, 

degraded dentine from the exposed outer as-

pect of the root, a similar electron dense mate-

rial was seen. Next to this, structures whose size 

and morphology resembled bacteria were noted 

(fig. 1). Selected area electron diffraction from 

the fibrous material showed sharp rings indicat-

ing that it is polycrystalline. The presence of pos-

sibly more than one phase made the diffraction 

analysis difficult and so far we have not yet been 

able to identify which phases are present in the 

demineralized sample.

Fig. 1. Electron micrograph of EDTA demineralized den-

tine from the exposed aspect of the longitudinal ground 

section. When examined in reflected light, the area 

where this specimen was taken from had a brownish 

color and seemed degraded. An electron-dense, fibrous 

material (C) persisted and next to the fibrous material 

structures consistent in size and morphology with bac-

teria (B) can be seen.



32 Furseth Klinge � Dean � Risnes � Erambert � Gunnæs

Electron micrographs of the EDTA deminer-

alized alveolar bone showed an electron dense 

material with a fibrous appearance in some ar-

eas. The areas with a fibrous appearance showed 

a banding pattern typical of collagen that repeat-

ed every 64 nm (fig. 2a, b).

A distinctive feature of the enamel fragment 

was the presence in the subsurface enamel (at 

about 100–200 μm) of a continuous 50–100 μm 

thick zone of porous enamel and just inside it 

a thicker zone of more dense enamel. Enamel 

prisms were visible on all four aspects of the 

ground enamel fragment. Where prisms were 

cut transversely, they were organized in a pattern 

3 configuration. Accentuated Retzius lines were 

observed on all aspects. Hunter-Schreger bands 

were visible on one aspect of the block, which al-

lowed the correct orientation of the fragment to 

be determined. Prism cross-striation spacings 

ranged between 3.7 and 7.1 μm with a mean val-

ue of 5.1 μm between adjacent cross-striations. 

Isolated regions of aprismatic enamel were oc-

casionally observed deep to the porous/dense 

zones.

Discussion

This study shows that the fossil material now 

contains an F-bearing apatite, with 4.5 wt% 

F-content in dentine and 2.8 wt% in bone, al-

though these values may be slightly overestimat-

ed [4]. An exchange to fluorapatite via fluoride 

ions in ground water post-mortem is quite com-

mon in fossilized bone and teeth [5] and gives a 

mineral phase that is more resistant to dissolu-

tion. An average Ca/P atomic ratio of 1.93 in both 

dentine and bone as compared to approximately 

1.67 in biological apatite, shows that the Ca con-

tent in particular has increased during the fos-

silization process. A low analytical total of 92.5 

wt% in dentine and 90.5 wt% in bone may indi-

cate that at least some of the remaining 7.5–9.5 

wt% may be organic material. The radiodensi-

ty of the various hard tissues is in accordance 

with our previous findings [1] and the finding of 

straight dentinal tubules in root dentine is sim-

ilar to that observed in recent human dentine. 

The nature of the polycrystalline material found 

in decayed dentine as well as surrounding the 

a

b

Fig. 2 a, b. Electron micrographs 

of EDTA demineralized alveolar 

bone showing an electron-dense 

material with a fibrous appearance 

from two areas in the same speci-

men. Within the fibrous material 

cross-banding typical of collagen 

that repeats every 64 nm can be 

discerned (white and black arrows, 

respectively).
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dentinal tubules so far remains a puzzle, but it 

clearly shows that some matter, perhaps organic, 

survives the demineralization process. Further 

studies are needed to establish the exact nature 

of this polycrystalline material.

Some bone cells, especially in the mandible, 

are known to mineralize during the life of an in-

dividual [6–8]. Their ultrastructure survives suf-

ficiently well to enable organelles to be identified 

with TEM. Osteocytes which have mineralized in 

this way appear to have done so in an apoptotic 

state through a chemical process that preserves 

cell membranes, cytoskeleton and even nucle-

ic bodies [8]. Furthermore, mineralized osteo-

cytes have been identified in the fossil record in 

mammal bone aged up to 5 million years old [8]. 

Bacteria are also known to calcify. In dental calcu-

lus from humans as well as pigs, intracellular and 

intercellular mineralization has been observed [9, 

10]. The remnant bacteria-like forms observed in 

this study appear to have some preserved cell ul-

trastructure, still detectable with TEM, and this 

supports their identification as mineralized bac-

teria. Whether these bacteria invaded the dentine 

tubule system at the time of death, when there is 

decomposition and proliferation especially of 

many gut bacteria that invade bones and teeth, or 

whether they have come from soil at some more 

recent stage [11–14], is uncertain. The bacterial 

forms illustrated in this study are not dissimilar 

to Clostridia, which is present in both the gut and 

soil [14]. To have penetrated dense fossil material 

or even highly mineralized tooth tissue from soil 

at some stage after death seems less likely than 

that they proliferated within the dentine tubule 

system in the immediate postmortem period. 

The fact that they are present at all in fossil mate-

rial, opens a new window of possibilities for ex-

ploring the postmortem and diagenetic changes 

that occur in teeth and bones with TEM.

Another important finding of this study is 

that something resembling collagen may some-

how be preserved. While it may not actually be 

collagen itself, some impression or replica of the 

collagen cross-banding pattern still appears to be 

present in demineralized bone matrix.

The fragment of enamel reveals several inter-

esting features. The first is that there had clearly 

Fig. 3. SEM of the ground, then ac-

id-etched enamel fragment. A po-

rous enamel zone (PZ) and a dense 

enamel zone (DZ) at some distance 

from enamel surface (ES) are visible. 

The plane of section is probably 

longitudinal judged from the gen-

eral direction of the Retzius lines 

(black arrow) relative to the enamel 

surface, as well as that of prism di-

rection (white arrow). Horizontal 

grooves stem from preparation of 

the fragment surface.
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been some demineralization to the outer enamel, 

which shows as a subsurface zone of more porous 

enamel overlying a zone of more dense enamel. It 

is likely this occurred as the fossil was exposed on 

the surface a relatively short period of time before 

it was collected. Microstructural preservation in 

fossil enamel is often excellent and even better than 

in some modern teeth when seen in transmitted 

light microscopy. This is perhaps because some 

demineralization usually enhances incremental 

markings [15]. The cross-striation spacings mea-

sured in KNM-ER 6081 almost certainly diagnose 

it as belonging to Paranthropus boisei. Lacruz et al. 

[16] have documented the range of daily enamel 

formation rates in many early hominids and the 

only specimens where outer rates approach 7 μm 

per day belong to the genus Paranthropus.

Conclusions

Overall, we conclude that even after millions of 

years the microscopic preservation of fossil ma-

terial can be extraordinary. Besides the preser-

vation of normal hard tissue microstructure in 

KMN-ER 1817, there is considerable evidence for 

bacterial invasion of the dentine tubule system at 

some time, presumably after death. We also pres-

ent preliminary evidence that at least remnants, 

or perhaps a replica of some kind, of collagen 

ultrastructure in bone can be preserved in fos-

sil tissues as ancient as this. The low sums for the 

electron microprobe analysis indicate that there 

may be some organic matrix present in this fos-

sil, and this view is supported by recent findings 

of Schweitzer et al. [17, 18] who demonstrated the 

presence of organic material in Tyrannosaurus rex 

bone from the Cretaceous. Thus, the minerals in 

hard tissues may protect parts of the organic ma-

trix from degradation. This effect may even be en-

hanced as the fossilization process proceeds with 

even more mineral deposition and a change in 

mineral composition to more resistant F-apatite. 

Further studies are needed to determine the na-

ture of this possible organic matrix. The enamel 

fragment we examined showed sufficient detail 

to enable adjacent cross-striation spacings to be 

measured and which diagnose it as belonging to 

the megadont hominin genus Paranthropus.
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Dental Morphology: An Introduction
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Since their inception, the International Symposia 

on Dental Morphology have aimed to promote 

communication and collaboration among re-

searchers who share the common bond of work-

ing on teeth and/or dental function. A quick 

look through this volume will show that the 14th 

Symposium, held in Greifswald, Germany in 

August of 2008, certainly continued that tradi-

tion, as the range of paper topics was even greater 

than in previous Symposia.

‘Dental morphology’ has traditionally been a 

cornerstone of these meetings and this was no ex-

ception as 20 papers were presented as posters or 

podium presentations in Greifswald. However, a 

close look at the papers accepted for publication 

from these sessions reveals that the focus of this 

work has expanded significantly in the last 30 

years. In essence, ‘dental morphology’ has grown 

to include far more than just studies of tooth 

shape, as the questions asked now run the gamut 

from functional biology to evolutionary biology 

[1, 2].

Ungar’s first paper is a case in point. Analyses 

of microscopic wear patterns on teeth were in 

their infancy 30 years ago [3, 4], and the meth-

od of data collection (dental microwear texture 

analysis) did not even exist [5]. Still, the tech-

nique raises exciting questions about ecological 

differences and niche partitioning in modern 

taxa and the mechanisms of evolution in prehis-

toric taxa.

Similarly, the second chapter by Lucas and 

coworkers shows we have come a long way from 

early functional studies of enamel thickness [6], 

where correlations between enamel thickness 

and diet differences gave us glimpses of function-

al significance but no real clue about how such 

things might work. Now, building on pioneering 

work on the physical properties of foods and bio-

materials, Lucas’ group shows that hard or soft 

items cause different types of fracture in enamel, 

and that these effects are visible at surprisingly 

different points on the tooth crown.

Another traditional application of ‘dental 

morphology’ has involved the use of tooth size 

and tooth shape to help in the identification of 

forensic cases [7]. Clearly, the ultimate usefulness 

of such an approach hinges on how common the 

traits are and how consistently they reflect differ-

ences between populations. The chapter by Edgar 

offers a cogent caution on the value of features 

such as Carabelli’s trait and the canine mesial 

ridge in such enterprises.

Of course, another area in which tooth mor-

phology has customarily played a huge role is 

paleontology, as teeth are the most common ana-

tomical elements in the mammalian fossil record. 

The paper by Takai’s group successfully blends 
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conventional descriptions of tooth morphology 

with intriguing paleobiological inference, as new 

material from a Miocene owl monkey is used to 

yield new insights into the origin and evolution 

of nocturnality in this taxon.

Finally, given the complex blend of papers 

at these meetings, in areas such as growth and 

development and the clinical aspects of dental 

morphology, some papers really span multiple 

topic areas. The last paper in this section, by 

Kondo et al., is certainly a relevant example. On 

the one hand, it documents a variant in macaque 

mandibular morphology that is perhaps reminis-

cent of one in humans. It then uses CT analyses to 

shed light on possible genetic and biomechanical 

causes of such features [8–9].
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Abstract
Mammalian molar form is clearly adapted to fracture 

foods with specific material properties. Studies of den-

tal functional morphology can therefore offer important 

clues about the diets of fossil taxa. That said, analyses 

of tooth form provide insights into ability to fracture re-

sistant foods rather than the food preferences of indi-

viduals. Recent work suggests that specialized occlusal 

morphology can relate to either preferred foods, or to 

occasionally eaten fallback items critical for survival. This 

paper reviews dental microwear texture analysis, a new 

approach that can be used to infer fracture properties 

of foods eaten in life. High-resolution 3D point clouds 

of microwear surfaces are collected and analyzed using 

scale-sensitive fractal analyses. Resulting data are free 

from operator measurement error, and allow the char-

acterization and comparison of within-species variation 

in microwear texture attributes. Examples given here 

include four extant primate species (two folivores and 

two hard object fallback feeders), and two fossil homi-

nin taxa. All groups show at least some individuals with 

simple microwear surfaces that suggest a lack of con-

sumption of hard and brittle abrasive foods during the 

last few meals. On the other hand, some hard object fall-

back specimens have very complex surfaces consistent 

with consumption of hard, brittle foods. The latter pat-

tern is also found in one hominin species. These results 

suggest that dental microwear texture analysis can help 

us determine whether craniodental specializations in 

fossil species are adaptations to preferred foods, or to 

less often but still critical fallback items.

Copyright © 2009 S. Karger AG, Basel

Mammalian tooth form clearly relates to func-

tion. In primates for example, folivorous spe-

cies tend to have high cusps connected by long 

mesiodistal crests capable of shearing through 

tough leaves, whereas frugivores, especially those 

that consume hard objects, tend to have blunter 

teeth well-suited to crushing [1–3]. Despite these 

obvious associations, however, relationships are 

not always quite so simple. It cannot always be 

assumed for example, that just because a tooth is 

capable of fracturing foods with given material 

properties, that such foods are commonly eaten. 

As Kinzey [4], queried more than three decades 

ago: ‘Is it possible that features of the dentition 

are selected for on bases other than the ‘primary 

specialization’?’ Perhaps, as he theorized, ‘when a 

food item is critical for survival, even though not 

part of the primary specialization, it will influ-

ence the selection of dental features’ [4].

By analogy, while the driver of a sports car ca-

pable of 200 km/h would not likely floor the ac-

celerator around the Marktplatz in Greifswald, 

it is nice to know the horsepower is available for 

the autobahn if needed! Likewise, although cran-

iodental specializations may allow an animal to 

break down mechanically challenging items, an 

individual might not take advantage of this ability 

very often if those specializations do not preclude 
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the consumption of preferred items. Such might 

be the case for animals that are forced to ‘fallback’ 

periodically on fracture-resistant foods at times 

of resource stress, when mechanically weaker, fa-

vored items are unavailable.

This leads to the question: ‘How do we know 

whether specialized occlusal morphology is 

adapted to fracture resistant preferred foods or 

to fallback items that, while consumed less fre-

quently, are still critical for survival? To answer 

this question for fossil forms, we need evidence 

of what individuals in the past actually ate on 

a day-to-day basis rather than what they were 

capable of eating. We need evidence of food 

fracture properties that is independent of inter-

pretations based on dental morphology, such as 

dental microwear.

Dental Microwear and Fallback Food 

Exploitation

Dental microwear is the study of microscopic 

scratches and pits that form on a tooth’s surface as 

the result of its use. Different foods leave different 

patterns of microwear. Among primates, for exam-

ple, a diet dominated by hard, brittle items, such 

as palm nuts, should produce pits as these foods 

are crushed between opposing occlusal surfaces 

(think of a hammer and anvil). In contrast, a diet 

dominated by tough foods, such as some leaves, 

should result in scratches as abrasives are dragged 

across facets that slide past one another during 

shearing (think of a pair of scissors). Primates 

that eat foods with intermediate fracture proper-

ties, or have mixed diets, should have intermediate 

microwear patterns [5]. Thus, while occlusal mor-

phology offers insights into the potential of a tooth 

to initiate and propagate cracks through a given 

item, dental microwear can provide information 

about the material properties of foods actually 

eaten by an individual during its lifetime.

Further, samples of microwear of many in-

dividuals may offer insights into breadth and 

frequencies of food types consumed by a fossil 

taxon. If most specimens of a primate species 

with long molar shearing crests have linear, par-

allel striations on their microwear facets, for ex-

ample, tooth form probably reflects a ‘primary 

specialization’. If only a few of these surfaces are 

dominated by scratches, molar morphology more 

likely relates to a fallback food adaptation.

These expectations follow what has been 

termed the ‘Last Supper’ phenomenon [6]. 

Mammalian dental microwear ‘turns over’ as sur-

faces wear down and old features are replaced by 

new ones. If diet changes, so too does microwear 

patterning. The rate of turnover varies with diet 

and abrasives in or on food items eaten, but in-

dividual features often appear and disappear in 

a matter of days [7] (fig. 1). With a sufficiently 

large and representative sample then, we should 

be able to get a sense of the range of variation, and 

dietary preferences of a group over time.

Some specific predictions are illustrated in 

figure 1. If most individuals in a sample con-

sumed tough foods for their last few meals, their 

microwear surfaces are expected to be dominat-

ed by striations. If most ate hard, brittle foods, 

their surfaces should cluster in the heavily pit-

ted range. If individuals varied in the fracture 

properties of the foods they ate over time, their 

microwear patterns should to be scattered. The 

prediction for hard object fallback exploitation 

is most individuals with striated or mixed mi-

crowear surfaces, but some toward the heavily 

pitted extreme as well.

Microwear Texture Analysis

Assessment of within species variation requires a 

method for characterizing microwear that min-

imizes ‘noise’ in the system. Surfaces can have 

hundreds of small, overlapping features prone to 

measurement error [8, 9]. Errors are exacerbated 

in SEM based studies by inconsistencies in geo-

metric relations of the electron source, subject 
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and collector, which can change shading and 

apparent relief of a two-dimensional representa-

tion of a 3D microwear surface. In order for us to 

be confident that our data reflect the subtleties of 

within species variation then, we need a reduction 

in operator error that yields consistent repeatabil-

ity of three-dimensional measurements. Dental 

microwear texture analysis was developed for this 

purpose [10–13]. Here I review some data from the 

literature [11–13] to illustrate the process.

Primate microwear texture analysis usually in-

volves examination of ‘phase II’ facets of second 

molars, as these surfaces have been shown to ef-

fectively separate taxa by diet [14]. The procedure 

begins with an instrument capable of generating 

3D point clouds with sufficient detail. Studies to 

date have used a Sensofar Plμ white-light scan-

ning confocal profiler (Solarius Development Inc., 

Sunnyvale, Calif., USA) with a ×100 objective lens. 

Resulting data matrices each have a lateral sam-

pling interval of 0.18 μm, a vertical resolution of 

0.005 μm, and a field of view of 138 × 102 μm. Data 

are then collected for four adjoining fields to yield 

a total planimetric working area of 276 × 204 μm.

Individual scan data are then analyzed us-

ing Toothfrax (Surfract, www.surfract.com) and 

SFrax scale-sensitive fractal analysis (SSFA) soft-

ware packages. SSFA operates on the principle 

that surface textures appearing smooth at a course 

scale can be rough at a finer scale (think of our 

racing car on the autobahn compared with an ant 

trying to cross the highway – to the car, the road 

will appear smooth, but to the ant it will appear 

exceptionally rough). Indeed, the apparent length 

of a profile across a surface, area, and volume of 

that surface all change with scale of observation.

Several aspects of surface texture can be char-

acterized by considering change with scale.  A 

10 μM
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Fig. 1. Microwear turnover rates and within-species pattern predictions. Left = Microwear of 

a laboratory vervet monkey before and after 3 days (courtesy of Mark Teaford, see Teaford and 

Oyen [7], for details). Right = Predicted microwear patterning for samples with different diets.
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surface that appears to increase progressively in 

relative area when measured at finer and finer 

scales, for example, is considered complex (fig. 

2). Area-scale fractal complexity (Asfc) can be 

measured as the slope of the steepest part of the 

curve fit to a log-log plot of relative area over the 

scales at which measurements were made. High 

texture complexity is often recorded for heavily 

pitted surfaces, and has been suggested to be a 

good proxy for the consumption of hard, brittle 

foods [11–13]. Other texture attributes have also 

proven useful for distinguishing microwear sur-

faces, including anisotropy, heterogeneity, scale 

of maximal complexity, and textural fill volume. 

While space limitations prevent their consider-

ation here, each is described in detail in the lit-

erature [12, 13].

Results and Discussion

Some complexity data compiled from published 

sources [11–13] are illustrated in figure 3. These 

data include high-resolution epoxy replicas [14, 

15] of the second molars of wild-caught individu-

als representing two relatively folivorous extant 

species, Alouatta palliata, and Trachypithecus 

cristatus, and two taxa known to consume 

hard, brittle foods at times of resource scar-

city [16], Lophocebus albigena and Cebus apella. 

Complexity data for two fossil hominin species, 

Australopithecus africanus and Paranthropus 

robustus, are also presented.

All groups have at least some specimens with 

low surface complexity values. This suggests a 

lack of consumption of hard and brittle abrasive 
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Fig. 2. Area-scale fractal complexity of dental microwear textures. Left = Three-dimensional 

axiomatic representations of point clouds for two specimens (102 × 139 μm each). Right = 

Corresponding Asfc plots for these two specimens.
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foods by those individuals during their last few 

meals. In fact, all of the extant folivores fall into 

in this category. By contrast, the two groups 

known to consume hard, brittle foods have a 

few specimens with high levels of complexity. 

This is as expected for a hard object fallback 

feeder.

Results for the early hominins can be inter-

preted in this light. Australopithecus africanus 

has long been known to evince striated mi-

crowear surfaces whereas those of Paranthropus 

robustus are more pitted [6, 17]. This has been 

taken to indicate that P. robustus specialized on 

hard, brittle foods, as implied by its very robust 

craniodental toolkit [18]. Texture data presented 

here suggest that the story may actually be more 

complicated. First, there is overlap in microwear 

complexity between the samples. Low Asfc values 

suggest a lack of hard-brittle abrasive foods in the 

diets of the A. africanus and some P. robustus in-

dividuals. The pattern of a few high complexity 

values for P. robustus, on the other hand, is simi-

lar to patterns for Lophocebus albigena and Cebus 

apella. This is consistent with the hypothesis that 

the ‘robust’ australopiths occasionally consumed 

hard objects, not unlike grey-cheeked mangabeys 

or brown capuchins today.

If so, anatomical specializations of the 

Paranthropus craniodental toolkit may ref lect 

a ‘fallback’ adaptation rather than selection for 

preferred food items. This interpretation mir-

rors recent work on stable isotopes and occlusal 

morphology of these hominins, as well as mod-

els derived from studies of living great apes 

[19–21]. It also follows a more general princi-

ple in ecology known as Liem’s Paradox. As 

Robinson and Wilson [22] articulated, ‘some 

resources are intrinsically easy to use and are 

widely preferred, while others require spe-

cialized phenotypic traits on the part of the 

consumer. This asymmetry allows optimally 

foraging consumers to evolve phenotypic spe-

cializations on nonpreferred resources without 

greatly compromising their ability to use pre-

ferred resources.’

Microwear can be especially useful for studies 

of fossils then, because dental functional mor-

phology may not in and of itself tell us wheth-

er phenotypic specializations reflect preferred 

foods or non-preferred resources. It therefore 

holds the potential to inform us on the very na-

ture of selection and adaptation for fracture re-

sistant foods.

P. robustus
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Fig. 3. Microwear texture complex-

ity results for modern primates and 

fossil hominins.
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Abstract
What kinds of fractures do teeth sustain and how do 

they resist disintegration? This study involved the me-

chanical loading of extracted human and sea otter teeth 

using hard and soft indenters to simulate hard and soft 

diets. The tests were accompanied by real-time imaging. 

At least three types of fracture were seen in the enamel 

– median, radial and margin cracks. Each kind of frac-

ture appears to have a different cause, although the 

distinction between median and radial cracks blurs as 

they propagate. Only margin cracks appear to form un-

der soft indenters. Several aspects of tooth form can be 

described as devices to limit damage to a tooth crown 

against the onslaught of hard or soft foods. The damage 

modes of teeth are paralleled by the behavior of some 

bilayered hard foods.

Copyright © 2009 S. Karger AG, Basel

Writing in the shorthand necessitated by brief 

reviews such as this, feeding by primates is some-

thing of a fight. Their teeth contact food particles 

aiming to fracture them, but in so doing they 

must try themselves not to be damaged. Foods 

resist this fracture because the plant and animal 

tissues that end up inside primate mouths are, 

with the exception of fruit flesh, not intended 

to be eaten. However, mechanical tooth-food 

interactions are repeated several thousands of 

times daily over a lifetime, so dental injuries are 

inevitable.

In current research, we are asking what kinds 

of fracture teeth sustain. It is well known that 

teeth do in fact accumulate cracks [1], but we 

ask here how teeth resist cracks becoming so ex-

tensive that they lead to failure (i.e. loss of tooth 

function). In this brief review, we indicate some 

of the dangers to which teeth are exposed and 

highlight the importance of structures in tooth 

crowns that seem to help maintain tooth integ-

rity. We studied human and sea otter teeth be-

cause of the convergent molar morphology of 

these mammals [2]. We also indicate parallels 

in the structure of some hard foods, and sug-

gest that some of the mechanisms they employ to 

resist disintegration are shared with teeth. The 

methodology required for this analysis is that of 

contact and fracture mechanics, familiar to ma-

terials scientists [3].
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Materials and Methods

Upper and lower extracted human teeth were obtained 
by J.L. from the laboratory of the American Dental 
Association located at the National Institute of Standards 
and Technology (NIST), Gaithersburg, and testing ap-
proval was granted by the NIST IRB board. These teeth 
came from 18- to 25-year-old male and female patients. 
Teeth from deceased sea otters came from Jim Estes 
(University of California Santa Cruz) and Nate Dominy, 
with permission from Melissa Miller (California 
Department of Fish and Game). All teeth were kept wet 
and examined for damage prior to testing. The crowns of 
extracted teeth (human premolars and third molars; sea 
otter first molars) were then loaded on the cusp tips in a 
mechanical tester by flat metal (steel or tungsten carbide) 
or polytetrafluoroethylene (PTFE or ‘Teflon’) punches. 
Damage to specimens was observed in real time either 
by a high-resolution camera linked to a video recorder 
or in the Argonne Advanced Photon Source (APS) syn-
chrotron. With the latter, the initiation of cracks with 
respect to the enamel-dentine junction (EDJ) could be 
determined (fig. 1a). After testing, teeth were sectioned 
and polished down to a 1 μm finish to understand better 
how cracking observed in the real-time images had pro-
gressed within the crown.

Results

A consistent finding when teeth were fractured 

during tests was that cracking took place with-

in the enamel. This was evident both as phase 

contrast synchrotron images (fig. 1) and in light 

micrographs of sectioned and polished teeth. 

Damage to dentine was always a secondary event. 

Under soft indenters, the load required to initi-

ate cracking in the enamel was much higher than 

that under a hard indenter.

Three different modes of fracture were ob-

served (fig. 2). In human teeth, ‘median’ cracks 

initiated from the plastic zone that forms imme-

diately underneath the indenter [3, 4], and then 

spread down the crown (fig. 2a). In contrast, in 

sea otter teeth, ‘radial’ cracks initiated at the EDJ, 

from flexure of the stiff enamel on a soft dentin 

support [5–7]. These two forms of cracking were 

only seen with a hard indenter. With both hard 

and soft indenter types, another fracture location 

a

c d e

b

Fig. 1. Synchrotron images of damage to a lower molar cusp of a sea otter (Enhydra lutris), caused 

by loading with a flat tungsten carbide disk, which has permanently flattened the cusp tip. a 

Image of the cusp during loading, but prior to fracture. The dotted white line indicates the posi-

tion of the EDJ. b Initiation of a crack (arrowed) close to the EDJ. By rotating the cusp about its 

center of axis, images C-E show that the fully developed radial crack that develops from that in b 

is restricted to the enamel. Scale bar = 0.5 mm.
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was seen in both humans and sea otters. Margin 

cracks originated close to the cement-enamel 

junction, and then spread up the crown towards 

the cusp tip (fig. 2b). With soft indenters, margin 

fractures predominated [8].

Discussion

Despite their different origins, a general equation 

governs the conditions for both median and ra-

dial cracks once they have developed sufficient-

ly to cause catastrophic failure (fig. 3) [9]. When 

failure for a tooth cusp is defined as ‘fracture that 

extends down to the cervical margin’, the failure 

force is:

PF = BFTd1.5/log10(Eenamel/Edentine)                        (1)

where T is the enamel toughness, d is the enam-

el thickness, Eenamel is the enamel modulus, and 

Edentine is the modulus of the encapsulated dentine 

[6]. The coefficient BF is [13.5 + 2.1(re/d)], where re 

is the effective radius of contact between contact-

ing surfaces [9]. This equation leads immediately 

to design considerations for teeth against a hard 

diet. Against hard food particles, tooth cusps 

should have a high radius of curvature, i.e. be 

blunt, because this increases BF, which will raise 

the force at which cracks become catastroph-

ic. However, greater protection can be obtained 

from thickening the enamel, i.e. by increasing d, 

because the break force is proportional to d1.5. 

Thus, teeth designed to process a hard diet should 

be blunt-cusped and thick enameled. A signifi-

cant increase in the force to propagate cracks can 

also be obtained by manipulating enamel micro-

structure, it having recently been shown that de-

cussation of the enamel leads to higher toughness 

by frustrating crack opening [10]. The position-

ing of Hunter-Schreger bands in the enamel may 

depend on whether the origin of the cracks is rel-

atively superficial (median) or deep (radial).

As an example of the use of equation 1, we ap-

ply it to the cusp of the lower molar of a sea otter 

with a radial crack (fig. 1). For this cusp, the load 

Force

Median fracture

Radial fracture

Margin fractures

Plastic

deformation

Hard

indenter

Enamel

Dentine

a a

a b

Fig. 2. Three types of cracking shown schematically for a bunodont tooth. a Two possibilities. 

Median faults develop below a plastic zone induced by a very hard indenter, while radial frac-

tures originate at the EDJ. Though the origin of both fractures is different, they probably propa-

gate through the tooth in similar fashion. b The line a-a shows the position of the transverse 

section of the crown. Here, deep flaws called margin cracks are shown initiating again at, or 

near, the EDJ.
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was 311 N, while ‘plumb line’ enamel thickness 

d, measured in the direction of the load, was 0.5 

mm. Assuming ‘human’ values for the moduli for 

sea otter enamel (Eenamel = 90 GPa) and dentine 

(Edentine = 20GPa), the logarithm of the ratio of 

these properties being much less sensitive to error 

than toughness, then taking BF ≈ 19 (i.e. with re 

= 1.5 mm), T is predicted as 0.97 MPa m½, which 

is similar to the value for human enamel, and en-

tirely reasonable as a ‘ballpark’ estimate.

Median cracks can only initiate after enamel 

has plastically deformed. This type of deforma-

tion is only possible when enamel is contacted by 

particles in the diet that are at least 40% as hard 

and stiff as that dental tissue. One of the major rea-

sons for the high stiffness and hardness of dental 

enamel is surely to avoid this possibility because 

plastic yielding can take place at very low forces 

[7]. Particles of extraneous grit (quartz) that enter 

the mouth are hard enough to make enamel yield 

and the subsequent microwear is the product of 

plastic deformation. However, grit particles, as 

also plant phytoliths, are far too small to initi-

ate median fractures in the enamel because a size 

effect, the ‘brittle-ductile’ transition, comes into 

play [7]. The larger particles of the actual foods 

that primates eat are very rarely harder or stiffer 

than enamel [11], so median cracks in the enamel 

are going to be rare. However, when their teeth 

bite on bilayered ‘hard’ foods such as seeds [12, 

13], in which an inedible shell protects a nutri-

tious core, both median and radial cracks in the 

seed shell can often be seen (fig. 3a).

With a soft diet, margin cracks in teeth are 

much more important than cracking at the region 

of the cusp under load. This is because of com-

pression that suppresses local cracking. However, 

cracks can still be generated much lower down the 

tooth crown towards the cement-enamel junc-

tion due to ‘hoop’ stresses produced as the tooth 

bulges [8]. Margin fractures in teeth appear to fail 

at a force proportional to the product rtd
0.5, where 

rt is the radius of the tooth [8]. Here, thickening 

the enamel will have much less effect in resisting 

cracks than for median-radial cracks. Instead, 

the equivalent of a barrel hoop placed round the 

crown, i.e. a cingulum, may be more effective be-

cause it effectively increases rt [7].

CUSP

Shell

Contents

Median fracture
Radial fracture

a b

Fig. 3. a Contact of a bunodont cusp with a bilayered ‘hard’ food (much less hard than enamel). 

This can cause median or radial cracks depending on the contact. b Once either a median or ra-

dial crack is initiated, the growth becomes increasingly similar as they spread around the food 

shell.
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Abstract
Few human variants are truly population specific, with 

100% frequency in one group and 0% in others. However, 

for traits to be of use in forensic identification they must 

be as specific to a population as possible. Forensically, 

several dental morphological traits have been described 

as useful for determining an unknown individual’s ances-

try. For these traits to be of value, they should occur in 

their associated group in proportions statistically differ-

ent from all other groups. Furthermore, ancestral groups 

not associated with the trait should have no significant 

frequency differences among them. To test this, frequen-

cies of dental morphological traits listed in the forensic 

literature as useful for ancestry determination were com-

pared among samples of African Americans, European 

Americans, Hispanic Americans, and Native Americans 

(n = 1625). χ2 tests were conducted on dichotomized 

frequencies of ten trait observations, including incisor 

shoveling, Carabelli’s trait, canine mesial ridge, and cusp 

seven. Results were mixed. For example, Native Ameri-

cans have statistically different frequencies of shovel 

shaping from all other groups. However, statistical differ-

ences are seen among other groups as well. Only canine 

mesial ridge was consistently different in African Ameri-

cans and not different among the other three groups. 

Unfortunately, this trait is not common in any group 

(2–21%), so lack of the trait is not indicative of ancestry. 

Overall, these commonly used traits may not be of much 

actual value in ancestry determination. Combining these 

traits with other observations and more sophisticated 

statistical tools may be of more practical value.

Copyright © 2009 S. Karger AG, Basel

Forensic anthropology is a specialty within fo-

rensic medicine concerned with the assessment 

of human skeletal remains and their environ-

ments within a legal context [1]. The scope of 

the field includes analysis of dental remains for 

estimation of age, sex, ancestry, and individual 

characteristics. Dental morphology, in the an-

thropological sense, involves observations of the 

minor variations in the cusps, ridges, grooves, 

and root structures that in general make up the 

surfaces of teeth [2]. Dental anthropologists gen-

erally utilize many dental characteristics and 

relatively complex statistics to describe popula-

tions. When using dental morphology, however, 

forensic anthropologists tend to use a very lim-

ited number of traits, with simple statistical or 

qualitative approaches to assign an individual to 

a population.

It has long been known that dental morpho-

logical variation could have forensic applications, 

especially in the estimation of ancestry [3]. A few 
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dental traits have come to be part of the arsenal 

of morphological characteristics on which foren-

sic anthropologists rely. These especially include 

two very well known traits; shovel-shaped inci-

sors and Carabelli’s trait. However, the actual 

utility of these traits has not been formally test-

ed. Additionally, while nearly all practitioners of 

forensic anthropology are familiar with this lim-

ited subset of dental variants, few have ventured 

beyond them to explore the value of lesser-known 

traits. In fact, while a recent review of forensic ap-

plications of dental analyses listed many papers 

that indicated the value of morphological char-

acteristics in interpreting population variation, 

the author only cited two papers that specifically 

addressed the value of morphological analysis in 

determining the ancestry of an unknown indi-

vidual [4–6].

The research presented here is part of an on-

going effort to increase and improve the use of 

dental morphology in forensic anthropology. I 

provide a test of the efficacy of the standard ap-

plication of dental variation in medicolegal con-

texts by asking: Do traditional dental morphology 

‘markers’ of ancestry really work?

What Traits Are Forensic Anthropologists 

Using?

Lasker and Lee [7] authored one of the first 

surveys in English of the use of dental char-

acteristics to determine ancestry in a forensic 

setting. They noted that shovel-shaped incisors 

are most common in persons of Asian descent, 

and that Carabelli’s trait is most common in 

persons of European descent.  They did not 

identify any traits that were more common 

in persons of African ancestry. Shovel-shaped 

incisors and Carabelli’s trait remain the most 

common, if not the only, dental traits used in 

forensic analyses [1, 8–10]. However, recent 

research [11, 12] has shown that Carabelli’s 

trait frequencies are variable in all worldwide 

populations, and not particularly useful in 

many populations.

In addition to these two traits commonly de-

scribed in the literature for estimating ances-

try in an individual, I found references to a few 

other traits, especially cusp 7 (a cusp occurring 

in the lingual groove between the metaconid 

and entoconid), which is considered to indi-

cate recent African ancestry [6, 13] as is ca-

nine mesial ridge, or Bushman canine [14]. A 

few other traits were occasionally described as 

useful, including multi-cusped premolars and 

molar complexity. However, attribution was 

inconsistent [3, 15] and scoring methods were 

not provided. The current report presents re-

sults concerning the two most common traits 

mentioned in the literature, shovel-shaped in-

cisors and Carabelli’s trait, as well as two less 

commonly noted traits, cusp seven and canine 

mesial ridge. Currently, no dental morpholog-

ical traits have been associated with Hispanic 

Americans, who result from the admixture of 

European and African derived populations 

with Native Americans. It is expected that their 

dental morphological trait frequencies should 

be intermediate among those of the populations 

from which they descend.

Materials and Methods

Materials
Due to secular changes in populations, methods devel-
oped for medicolegal applications should be tested on 
living or very recent samples. Therefore, all of the mate-
rials used in this study date to the second half of the 20th 
century. Samples are listed in table 1, and include ma-
terials representing contemporary African, European, 
Hispanic, and Native Americans.

Methods
Observations were made of traditional forensic den-
tal morphology ‘markers’ of ancestry. Shovel shaping, 
which is associated with Asian ancestry and likely to 
be associated with Native Americans, was observed on 
all eight adult incisors and the two maxillary canines. 
Canine mesial ridge, associated with African ancestry, 
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was observed on the maxillary permanent canines. 
Carabelli’s trait, which is associated with European an-
cestry, was observed on the first and second maxillary 
permanent molars. Cusp seven was observed on the first 
and second mandibular adult molars. Left and right ob-
servations were combined using the expression count 
method [16]. Scores were dichotomized following Scott 
and Turner [2].

In this test, a trait is considered useful in the forensic 
estimation of ancestry if it meets two conditions:

(1) The frequency in the group associated with the 
trait should be statistically significantly different than in 
other groups.

(2) There should be no statistically significant differ-
ences in the frequencies of the trait among the unassoci-
ated groups.

Statistical significance was tested using χ2 tests.

Results

All results are shown in table 2. For ‘Asian’ traits, 

shovel-shaped incisors, Native Americans are 

consistently different from African and European 

Americans. However, there are also significant 

differences between African Americans and 

European Americans on every tooth on which 

the trait was observed. For Carabelli’s trait, as-

sociated with European ancestry, there is a 

great deal of variation among the three ances-

tral groups. For the first molar, all groups show 

significant differences except for the African 

American/European American comparison. For 

Table 1. Samples used in this study

Institute Collection African 

American

European 

American

Hispanic 

American

Native 

American

n

Arizona State University 

(Nichol, 1990)

Dahlberg collection 434 434

Arizona State University 

(Nichol, 1990)

Saint John‘s Indian School, 

Ariz., USA

194 194

Arizona State University 

(Nichol, 1990)

Keams Canyon Public Health 

Service Hospital, Ariz., USA 

533 533

Arizona State University 

(Edgar, 2005)

University of Washington 10 10

Case Western Reserve 

University (Edgar, 2005)

Bolton-Brush 54 54

University of Tennessee 

Memphis Health Center 

(Edgar, 2005)

dental casts 100 101 201

University of New 

Mexico

documented skeletons 20 20

University of New 

Mexico

Hixon dental casts 38 38

University of New 

Mexico

Economides dental casts 5 50 86 141

Total 115 205 144 1,161 1,625
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the second molar, only Native Americans are sig-

nificantly different than the other groups. This 

lack of patterning is consistent with prior work 

on the characteristic by Hawkey and Turner [11]. 

There are two traits tested for association with 

African ancestry. The expression of canine me-

sial ridge meets both of the conditions for util-

ity described above. Cusp seven meets neither, as 

African Americans are not significantly differ-

ent from Hispanic Americans for the first molar, 

Table 2. Trait expression frequency differences (below the diagonal) and associated χ2 significances (above the diag-

onal) 

AA EA HA NA AA EA HA NA

‘Asian’ traits ‘African’ traits

UI1

shovel-shaped

AA  9.79 7.3 11.12 UC

mesial ridge

AA 23.81 9.71 83.13

EA 0.18  0.01 62.28 EA 0.19 0.89 0.01

HA 0.18 0 37.88 HA 0.17 0.02 1.81

NA 0.19 0.37 0.37  NA 0.19 0 0.02  

UI2

shovel-shaped

AA 0.73 1.27 167.78 LM1

cusp 7

AA 30.71 0.34 146.27

EA 0.02 4.23 233.6 EA 0.07 18.86 7.99

HA 0.03 0.05  119.2 HA 0.04 0.27 83.44

NA 0.65 0.67 0.62  NA 0.38 0.07 0.34  

UC

shovel-shaped 

AA 8.98 0.41 24.64 LM2

cusp 7

AA  8.3 17.89 42.46

EA 0.08  12.63 61.89 EA 0.07 48.76 0.34

HA 0.03 0.11 13.05 HA 0.27 0.34 242.68

NA 0.23 0.31 0.2  NA 0.7 0.01 0.35  

LI1

shovel-shaped

AA  19.54 4.91 578.03 ‘European’ traits

EA 0.17 5.05 492.03 UM1

Carabelli’s

AA 0.01 4.59 29.66

HA 0.06 0.11  409.8 EA 0.01 5.88 42.19

NA 0.91 0.74 0.85  HA 0.07 0.15 5.19

LI2

shovel-shaped

AA  0.21 16.75 236.98 NA 0.27 0.28 0.13

EA 0.02 43.5 591.14 UM2

Carabelli’s

AA 3.54 0.92 103.39

HA 0.42 0.4  133.9 EA 0.1 0.37 55.79

NA 0.82 0.8 0.4 HA 0.07 0.03 49.85

NA 0.25 0.15 0.18  

Significant χ2 results are in bold; nonsignificant results are in italics.
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and there are significant differences between 

Hispanic Americans and European and Native 

Americans for the second molar. Unfortunately, 

canine mesial ridge is only seen in 2–21% of all 

worldwide populations [2], so the lack of the trait 

in any particular individual’s dentition is not 

necessarily indicative of ancestry.

Discussion

This first formal test of the dental characteristics 

commonly used in forensic anthropology shows 

that, in fact, the traits are of limited utility. This 

finding indicates that forensic researchers should 

utilize an approach common among dental an-

thropologists, drawing on many characteristics 

rather than a few. A recent report [17] makes this 

point. In estimating ancestry, the authors consid-

ered a number of dental morphological traits in-

cluding shovel shape, but also enamel extensions 

and molar and premolar cusp numbers. They esti-

mated that the unknown individual was of Asian 

ancestry, specifically South Asian, due to a gen-

erally Sundadont dental pattern. Once identified, 

the individual was found to be from Vietnam.

What was missing from this report [17] was 

a statistical approach to the question of ances-

try. The history of ancestry estimation in foren-

sic anthropology has been mainly qualitative 

[1, 3, 7, 8, 15]. In the recent past, approaches us-

ing skeletal variation have become much more 

quantitative [18]. New approaches using dental 

morphology could use multiple traits as well as 

multiple degrees of expression (rather than di-

chotomization), coupled with more sophisticat-

ed statistics. A few papers have started this trend 

[5, 6], and have received attention [19, 20], indi-

cating the potential value to the forensic science 

community.
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Abstract
The owl monkey, Aotus, is the only modern nocturnal 

anthropoid with monogamous social structure. It has 

been demonstrated by the fossil species, Aotus dinden-
sis, discovered from La Venta, Colombia, that the Aotus 

lineage had emerged as early as the middle Miocene 

(12–15 Ma). The type specimen of A. dindensis, which was 

discovered in 1986, preserves extremely large orbits, 

indicating a nocturnal habit. However, a few anatomi-

cal traits in living Aotus, such as the lack of a tapetum 

lucidum, indicates that nocturnality is a secondary ad-

aptation from diurnal ancestry in this genus. Here we re-

port new fossil specimens of A. dindensis from La Venta. 

The specimens include maxillary teeth and a mandibular 

fragment preserving lower molars. The detailed analy-

sis of the specimen suggests that A. dindensis exhibits 

strong sexual dimorphism in the maxillary canine and 

premolars, which is traditionally associated with intense 

intermale competition for mates and/or food resources 

in non-monogamous, diurnal societies. As a result, the 

new fossil materials of A. dindensis demonstrate the first 

osteological evidence for the diurnal ancestry of the 

night monkey, Aotus. Moreover, the coexistence of large 

orbits and canine dimorphism suggests the presence of 

mosaic evolution in the craniodental characters of the 
Aotus lineage.

Copyright © 2009 S. Karger AG, Basel

The evolution of nocturnality in the owl monkey 

is one of the most intriguing topics in modern 

primatology. The only known fossil record of the 

owl monkey is Aotus dindensis, which was dis-

covered in the middle Miocene sediments of La 

Venta, Colombia, in 1986 [1]. The type specimen 

of A. dindensis (IGM-KU 8601, a mandible pre-

serving left I1-M3 and right I1 and a left maxillary 

fragment preserving alveoli of M1–2 and lingual 

fragment of M3), were nearly identical to ex-

tant Aotus both in size and morphology, and the 

structure of the maxillary bones indicated an ex-

tremely large orbit, suggesting a nocturnal activ-

ity pattern for A. dindensis [1]. The combination 

of these data demonstrated that the Aotus lineage 

acquired nocturnal habits as early as the middle 

Miocene, and had hardly changed its basic mor-

phology in almost 15 million years [1]. By con-

trast, anatomical evidence from modern Aotus, 

such as the lack of a tapetum lucidum and the 

presence of a central retinal fovea [2–5] has been 

used to suggest that nocturnality is a secondary 

adaptation from diurnal ancestry in this lineage. 

Thus, the retention of nocturnal traits in Aotus 
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dindensis suggests that any diurnal ancestry in 

the Aotus lineage extended back into at least the 

early Miocene. The new fossil specimen of A. 

dindensis reported here sheds additional light on 

this intriguing issue.

The new specimen was collected in 1998 in the 

La Venta badlands (03˚13�70N, 5˚10’83W), about 

7 km south of the type locality of A. dindensis. 

Stratigraphically, the site corresponds to the lowest 

part of the Tatacoa Red Member of the Villavieja 

Formation, which is about 100 m higher than the 

type horizon [6, 7]. The fission track ages obtained 

from the Tatacoa Red Member are 13.6 to 12.6 Ma 

[8].1 The new specimen (IGM-KU 98001, 98002) 

consists of fragments and isolated teeth of the up-

per and lower jaws, representing a single individu-

al as all teeth are nearly the same size and there is 

no overlap in tooth classes. P4-M3 are nearly iden-

tical to those of the type specimen (IGM-KU 8601) 

and extant Aotus (fig. 1), and M2–3 and I2 are also 

identical to those of extant Aotus except for their 

larger size, confirming the evolutionary conserva-

tion of incisor and molar morphology.

In contrast to the strong similarities in the 

incisors and molars, the upper canines and pre-

molars are considerably different from those 

of extant Aotus, in which the upper canines of 

both sexes are relatively small, showing very lit-

tle sexual dimorphism. The new upper canine 

specimen of A. dindensis, despite a break in the 

tip, is evidently very robust and high, projecting 

well above the occlusal plane of the other teeth, 

and has a very deep, mesial, longitudinal groove, 

forming a heart-shaped occlusal outline (fig. 2). 

In P2, as in the upper canine, the prominent para-

cone is much higher and sharper than the pro-

tocone. This reinforces earlier observations by 

Kay [10] on the P2. In addition, distinct wear fac-

ets are observable at the distolingual face of the 

canine and at the mesial face of P2, suggesting 

occlusal shearing between C1-P2 and P2 (fig. 2). 

All these features indicate that this specimen is 

a male individual of a sexually dimorphic mon-

key. Compared to the canine specimens of extant 

male Aotus and Saimiri, the upper canine and P2 

of A. dindensis are actually more similar to those 

of Saimiri, which shows strong canine sexual di-

morphism in both size and morphology (fig. 2).

The presence of canine sexual dimorphism 

in A. dindensis leads to some intriguing specu-

lations regarding the ancestral state of the social 

systems and activity patterns of owl monkeys. 

Since the time of Darwin, many factors have been 

advocated to explain the evolution of canine sex-

ual dimorphism: sexual selection from intermale 

a c

b

Fig. 1. Lower dentition of A. dindensis. a Type specimen 

(IGM-KU 8601, left mandibular corpus preserving left I1-

M3 and right I1). b New specimen, symphysial fragment 

(IGM-KU 98002). c left mandibular fragment preserving 

M1–3 (IGM-KU 98001). Note the morphological similarity 

especially in M1–3 between the two specimens. Scale bar 

= 5 mm.

1 Flynn et al. [9] obtained a slightly younger date for the Villavieja Formation. However, for this paper, the important point is that 
the new fossil specimen was found in a horizon that is stratigraphically higher than the type horizon.
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competition [11–15], predator defense [11, 16], 

body size allometry [17, 18], body-size sexual di-

morphism [16], terrestriality [19], and phylogenet-

ic inertia [20, 21]. According to recent comparative 

studies [12–14, 22], intermale competition is most 

strongly associated with canine dimorphism, 

although other factors such as body size, body-

size dimorphism, and terrestriality are also par-

tially associated with canine dimorphism. In A. 

dindensis, however, the effects of body size and 

terrestriality are unlikely to be the cause of the 

dimorphism because the dental size of A. dinden-

sis is only slightly larger than of extant Aotus, and 

its arboreality has been suggested based on mor-

phological analysis of the talus specimen (IGM-

KU 8803), which is allocated to A. dindensis [23]. 

Although the influence of body-size dimorphism 

cannot be rejected in this discussion, even if it 

were the case, the presence of sexual dimorphism 

in A. dindensis indicates a non-monogamous so-

cial system of intense intermale competition.

Another interpretation should be considered 

for the presence of the large canines in A. dindensis. 

The canines could have been large in both males 

and females of this animal, as is true for extant gib-

bons. This hypothesis is improbable, however, for 

the following two reasons. First, considering the 

small, sexually monomorphic canines of extant 

Aotus, the existence of large, monomorphic ca-

nines in A. dindensis would require the reduction 

of canine size in both males and females, which 

is a less parsimonious explanation than the sexu-

ally dimorphic canine hypothesis. Second, sexual 

dimorphism has been reported in the canines of 

early anthropoids (such as proteopithecids, oli-

gopithecids, parapithecids, and propliopithecids) 

from the late Eocene/early Oligocene of Fayum, 

Egypt [24, 25], and in the P2 of the oldest fossilized 

platyrrhine, Branisella, from the late Oligocene of 

Salla, Bolivia [26]. The fossil evidence for canine 

sexual dimorphism in early, primitive anthro-

poids, and in fossil platyrrhines, suggest that ca-

nine sexual dimorphism is a primitive condition 

not only in the early platyrrhines but also in early 

anthropoids. Recent comparative analysis of ex-

tant primates also supports this hypothesis [2].

Among living anthropoid primates, however, 

the large canines are often displayed to competi-

tors as well as used as actual weapons in inter-

male combat, because the escalation of combat 

with sharp, large canines may cause serious in-

jury, disadvantaging both combatants [13]. Thus, 

the threat display of potential weapons is an im-

portant behavior in polygynous species with high 

intermale competition. The effective situation for 

such a display is not at night, but rather in the light 

of daytime. Hence, the retention of the large male 

canine in A. dindensis strongly suggests a diurnal 

activity pattern, which is consistent with the diur-

nal ancestry hypothesis deduced independently 

Extant Saimiri

A. dindensis

Extant Aotus

C1

P2
P3

Fig. 2. Comparisons of upper canine and anterior pre-

molars among extant/extinct Aotus and extant Saimiri. 
Distolingual views of left upper canine and P2–3 of extant 

male Aotus (front row), A. dindensis (middle row, epoxy 

casts of IGM-KU 98008–98010), and extant male Saimiri 
(tertial row). Upper canine and P2 of A. dindensis appear 

to be much more similar to those of male Saimiri than to 

extant Aotus, though the apical tip of the upper canine 

specimen of A. dindensis is broken. The condition of up-

per canine and anterior premolars of A. dindensis defi-

nitely demonstrates this specimen is a male individual 

bearing the strong canine sexual dimorphism.
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from anatomical evidence of retinal structure [3, 

4] and from comparative analysis of extant pri-

mates. Recent intriguing behavioral and mor-

phological reports on Aotus azarae of northern 

Argentine also strongly support this speculation: 

this extraordinary extant species exhibits a diur-

nal activity pattern and sexual dimorphism in 

the maxillary canines [27].

This logical conclusion inferred from fossil 

materials, however, appears as a curious contra-

diction to the morphological traits of A. dindensis: 

Why does the evidence for nocturnality (large or-

bits) and diurnality (canine sexual dimorphism) 

coexist in the middle Miocene A. dindensis? If A. 

dindensis had already adapted to nocturnal life as 

early as the middle Miocene, large male canines 

for threat display should be unnecessary in a noc-

turnal animal. In fact, maxillary canines are rela-

tively small and blunt in both males and females 

of living owl monkeys. Considering the nocturnal 

activity pattern and monomorphic, small canines 

of extant Aotus, the most reasonable explanation 

for this contradiction is mosaic evolution of the 

craniodental morphology of owl monkeys. The 

large canine of A. dindensis may be a remnant fea-

ture of a diurnal, sexually dimorphic ancestor.

At the time of the ecological shift from diur-

nal to nocturnal habits, the diurnal ancestors of 

the owl monkeys had to quickly acquire large or-

bits to adapt to nocturnal life, as large orbits were 

probably critically important for the nocturnal 

vision of ancestral owl monkeys (fig. 3). On the 

other hand, the ancestral owl monkeys did not 

need to reduce ‘useless’ large male canines as 

quickly, but transformed them gradually to the 

small size seen in extant Aotus, as the retention of 

large male canines is not as critically disadvanta-

geous as would be a lack of large orbits. From this 

perspective, it is interesting to note that the ba-

sic structure of the incisors, posterior premolars, 

and molars of owl monkeys has hardly changed 

during their evolutionary history (at least 15 Ma), 

most likely because these teeth were well adapted 

to their frugivorous and insectivorous diet.

The mosaic evolutionary process seen in the 

Aotus lineage suggests that adaptive metamor-

phosis may progress more quickly and smoothly 

than does the reductive transformation of useless 

features, and well-adapted features may hardly 

change in a relatively stable environment.
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Abstract
Morphological characteristics of the protuberance on 

the external surface of the mandible in Taiwan macaque 

(Macaca cyclopis) was investigated using cone-beam 

computed tomography. We observed 49 skulls of M. cy-
clopis. Of 7 skulls with deciduous and mixed dentitions 

in which M2s did not erupt, the protuberance was not 

found. Of the 13 skulls with mixed and permanent denti-

tions in which M2s had erupted, a palpable protuberance 

was found in one specimen. Of the 29 samples in which 

M3s had erupted completely, a perceptible protuberance 

was found in 2 samples, and palpable protuberance was 

found in 8 samples. Thus, the protuberance was found 

in 10 samples of the 29 samples with complete denti-

tions (34.5%), and the emergence of the protuberance 

may have been related to mandibular growth. In the case 

of the well-developed protuberance, it extended from 

the P4 to M3 region but did not extend to the mental fo-

ramina. By using cone-beam computed tomography, it 

was determined that the protuberance was composed of 

cortical bone and was the thickest in M2 region. Since the 

protuberance consisted of homogeneous cortical bone, 

it was considered to be the result of normal bone growth 

similar to the mandibular torus in humans.

Copyright © 2009 S. Karger AG, Basel

We found a mandible with a well-developed pro-

tuberance on its external surface, during our sur-

vey on the skulls of the Taiwan macaque (Macaca 

cyclopis) at the Primate Research Institute, Kyoto 

University (Inuyama, Japan). The protuberance 

extended from the premolar to the molar region, 

and its volume was almost equal to that of a nor-

mal mandibular corpus (fig. 1). There have been no 

reports on such protuberances on macaque man-

dibles, as far as we know. Our general aim in this 

study is to describe this protuberance morpho-

logically, to observe the internal structure of it us-

ing cone-beam computed tomography (so that we 

could compare the protuberance and mandibular 

corpus), and to present a brief discussion of the 

possible cause of the protuberance while making 

comparisons with similar structures in humans.

Materials and Methods

Forty-nine skulls of M. cyclopis (housed in the Primate 
Research Institute, Kyoto University) were initially 
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examined. The external structure of the mandible was in-
vestigated using palpation. For 4 mandibles which repre-
sented the range of typical external structure, the internal 
structure was investigated using cone-beam computed to-
mography (Asahi Roentgen Ind., Co., Kyoto, Japan). The 
voxel size was 0.2 × 0.2 ×0.2 mm. The scan was set at 80 
kV and 5 mA, as recommended by the manufacturer. The 
DICOM files of the axial images were saved to a portable 
hard disk. Two-dimensional images of various planes and 
three-dimensional images were reconstructed on a per-
sonal computer using three-dimensional visualization 
and measurement software (OsiriX, ver2.7.5) [1].

Results

Morphological Description of the Well-Developed 

Protuberance

The specimen that we mentioned above was a fe-

male adult in which the M3s were fully erupted 

(KUPRI #6689). Three-dimensional images from 

cross-sectional tomography were shown in figure 

1. The protuberance was found bilaterally, in the 

P3 to M3 region, but it did not extend downward to 

the mental foramina. The surface was not rugged, 

and fairly smooth. Cone-beam computed tomog-

raphy showed that the protuberance was composed 

of cortical bone and was thickest in the M2 region 

(fig. 2), where it was as thick as the mandibular cor-

pus itself. The cortical bone was high density and 

homogeneous, but some canals were also visible.

Does Such a Protuberance Exist in the Other 

Individuals?

We observed 49 individuals of M. cyclopis in 

order to confirm whether such a protuber-

ance appeared only in the one specimen or not. 

The protuberance showed variable expressions 

Fig. 1. Three-dimensional images reconstructed from cross-sectional tomography images 

(KUPRI #6689, female).
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morphologically. Three degrees of expressions of 

the protuberance are shown in figure 3: (a) bilat-

eral protuberances were slight and only notice-

able by palpation, (b) on one side a protuberance 

was only recognized by palpation, but on the oth-

er side it was more pronounced, and (c) a well-de-

veloped protuberance was present bilaterally.

Of the 29 samples in which M3s had erupt-

ed completely, a well-developed protuberance 

was visible in only 2 samples. One of these was 

found unilaterally.  However, a weak protuber-

ance, only noticeable by palpation, was found in 8 

samples. Thus a protuberance was found in 10 of 

29 samples (34.5%). A protuberance was found in 

3 of 12 males (25.0%), and 7 of 17 females (41.2%). 

Although the protuberance was more frequent-

ly found in females than in males, the difference 

were not statistically significant. Thus, the protu-

berance was a fairly common structure in M. cy-

clopis. In many cases, the protuberance extended 

from the P4 to M3 region.

Interestingly, none of the 7 samples of decidu-

ous and mixed dentitions in which M2s had not 

erupted exhibited the protuberance. Of the 13 

samples of mixed and permanent dentitions in 

which M2s had erupted, a palpable protuberance 

was found in only one specimen. Thus the protu-

berance didn’t seem to appear until the M2s had 

erupted. Its emergence may thus be, in some way, 

related to the mandibular growth.

Relationship between the Protuberance and 

Cortical Bone Thickness

We measured the thickness of the buccal cortical 

bone and that of the mandibular corpus in the 

M2 region on the frontal images reconstructed 

from the CT scans. Thus four samples (2 males 

and 2 females) were measured; 3 had various pro-

tuberances, and the other sample had no discern-

ible protuberance.

The thickness of the mandibular corpus ex-

cept for the buccal cortical bone thickness ranged 

Fig. 2. Reconstructed two-dimensional images from cross-sectional tomography images. 

Horizontal (left) and frontal (right) images in M2s region (KUPRI #6689, female). Arrows indicate 

the protuberance (cortical bone).
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from 7.9 to 9.0 mm. The buccal cortical bone 

thickness ranged from 1.5 to 6.3 mm, with the 

largest value found in a large protuberance (fig. 1, 

2, 3c). In the case of palpable protuberances, the 

buccal cortical bone was not thickened (1.5 mm). 

Thus the thickness of the cortical bone did not 

always accord with the macroscopic observation 

of the protuberance.

Discussion

Since the protuberance in M. cyclopis consisted 

of homogeneous cortical bone without trabecu-

lae, it was considered the result of normal bone 

growth. The mandibular torus in humans is a 

bony exostosis of varying size on the medial side 

of the mandible, and usually bilateral [2]. It is 

most commonly found in the vicinity of the sec-

ond premolar to first molar, and it usually has a 

smooth surface [2]. The torus is normally com-

posed of cortical bone with homogeneous min-

eralization, but it may also contain a marrow 

space and trabeculae [3]. The protuberance in 

macaques is thus similar to the torus in humans 

morphologically, even though it is found on the 

lateral side of the mandible in macaques and the 

medial side in humans.

We have suggested that the protuberance in 

macaques does not appear until the M2s are 

erupted completely. Igarashi et al. [4] showed 

that the mandibular torus in humans developed 

in correlation with the degree of dental attrition, 

the number of teeth and age. They suggested that 

mandibular tori were promoted by bony response 

to masticatory stress in normal chewing and oth-

er factors correlated with age. Their results are 

similar to ours for the macaque’s protuberance, 

and they parallel the findings of Eggen and Natvig 

[5], who showed that the incidence of mandibular 

tori in humans was correlated with the number of 

teeth – to the point of actually decreasing as the 

number of teeth decreased with age.

Obviously, the documentation of actual stress-

es and strains in mastication is not easy to do. 

Work with nonhuman primates has shown that 

thickening of the mandibular corpus in the mo-

lar region is an effective adaptation to increased 

torsion about the long axis of the working-side 

mandibular corpus during unilateral mastication 

Fig. 3. Three types of the protuberances were shown (Three dimensional images, frontal view). 

a Palpable protuberance, bilateral (KUPRI #1511, female). b Palpable (right side) and perceptible 

(left side, arrow) protuberance (KUPRI #1358, male). c Well-developed protuberance, bilateral 

(KUPRI #6689, female).
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[6]. However, an alternative cause of mandibular 

thickening might be that large local stress con-

centrations on the post-canine teeth could cause 

direct shear of the corpus that in turn might 

stimulate cortical bone growth.

Of course, stress-strain interactions like these 

do not occur in a biological vacuum. Thus, for in-

stance, since mandibular tori appeared in a fairly 

large number of Aleuts, Morrees et al. [7] sug-

gested that there was a genetic basis for mandib-

ular tori in humans. Johnson et al. [8] reiterated 

this in a study of differences in the familial in-

cidence of the trait. More recently, Jainkittivong 

and Langlais [9] showed that the etiology of exo-

stoses (including mandibular tori) involved the 

complex, multifactorial interplay of genetic and 

environmental factors. Given the potential com-

plexity of the growth and development of the 

lateral mandibular protuberance, and our small 

sample sizes, this is probably the best explana-

tion, for now, of the results of this study on the 

Taiwan macaque (M. cyclopis).
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In his introduction to the published volume that 

resulted from the first International Symposium 

on Dental Morphology that took place at 

Fredensborg, Denmark, in September 1965, 

Albert Dahlberg wrote that material pertinent 

to modern mammalian dentitions was scattered 

in journals and texts of many disciplines and in 

many languages. This circumstance, he noted, 

had led to some difficulty in communication and 

synthesis between ideas and workers. Following 

the success of the two meetings organised by The 

Society for The Study of Human Biology, espe-

cially the one in London in 1962, which had re-

sulted in Dental Anthropology the edited volume 

by Don Brothwell in 1963, Dahlberg, Pedersen 

and Alexandersen formulated a plan to bring to-

gether scientists at a 3-day international meeting 

with a wide scope. The plan was to spend a day 

discussing phylogenetic aspects of the dentition, 

a day on ontogenetic issues and a day on dental 

morphology and genetics. At this first meeting 

65 participants including palaeontologists, em-

bryologists, anatomists, zoologists, geneticists 

and odontologists first circulated reports and 

previously published material on aspects of the 

dentition ahead of the meeting. These were then 

formally presented and discussed. Twenty-five 

original papers that resulted from this meet-

ing were then published in the Journal of Dental 

Research, volume 46, number 5, 1967. Even to-

day, this volume remains an impressive interdis-

ciplinary collection of research papers that is well 

worth revisiting.

The same spirit of synthesis and commu-

nication across diverse areas of dental biolo-

gy underpins the success of these meetings. At 

the most recent International Symposium on 

Dental Morphology, the 14th held in Greifswald, 

Germany, during August 2008, the number of 

sessions that each now define an area of den-

tal morphology had risen to 6, one more than 

at the previous 13th meeting in Łodź, Poland, 

in August 2005. How, one might ask, has ‘den-

tal tissues’ come to win a place of its own in this 

latest symposium on dental morphology? Quite 

simply, each of the papers published in this sec-

tion do more than just describe dental tissues; 

they each aim to inform or explain some aspect of 

adult dento-alveolar morphology. Adult forms do 

not evolve or transform into other adult forms. 

Embryonic, developmental and growth processes 

constantly and randomly generate variable adult 

morphologies and pathologies through a very 

complex sequence of events. Dental tissues are 

special in that they preserve a record of their own 

development that can explain adult morphologies 

by revealing some of the processes that underlie 

them. This becomes increasingly powerful when 
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genetics and molecular biology can be linked to 

adult morphologies and pathologies. The degree 

to which tooth tissues and bone are modular or 

independent in their development and growth is 

also an important issue for dental morphologists. 

Studies at the tissue level can reveal either gradu-

al transitions of tissue types or unlikely associa-

tions between the many components of teeth and 

jaws that are explained through an understand-

ing of gene expression.

In the first paper of this section, Dean uses 

incremental markings in enamel and dentine to 

show how variation in growth rates might ex-

plain how tooth crowns can grow either taller 

or shorter in the same period of time. Initial fast 

rates of differentiation along the enamel dentine 

junction contribute most to tall crowns, but slow-

er rates of growth over a longer period of time in 

the lateral and cervical regions can prolong total 

crown formation times in shorter crowns. Root 

growth rates along the cement dentine junction 

also vary and this study demonstrates some of 

the differences that existed in root growth rates 

among fossil hominin teeth that can still be re-

trieved using incremental lines in dentine.

Diekwisch and coworkers make an important 

link between the morphology of mature enamel 

and the molecular composition and structure of 

enamel proteins. Enamelin is the predominant 

enamel protein in shark enameloid, whereas in 

reptiles, amphibians and mammals amelogenins 

predominate. Amelogenins control the rate and 

direction of growth of the hydoxyapatite crystals 

in enamel. They make up 90% of all mammalian 

enamel proteins. Aprismatic enamel predomi-

nates in the majority of squamates and amphib-

ians but the characteristically complex prismatic 

enamel microstructure of mammals might de-

pend upon the physico-chemical properties of 

the amelogenin molecule and in turn upon cer-

tain unique amino acid sequences found only in 

mammalian amelogenins. Diekwisch and co-

workers identified four new amelogenin amino 

acid sequences from three amphibian species 

and compared these non-mammalian amelogen-

ins with those known for mammals. The authors 

report that amphibian amelogenin proteins are 

shorter, contain less proline and glutamine and 

most significantly, have shorter polyproline-tri-

peptide repeat stretches than their mammalian 

counterparts. The next step is to clinch the link 

between increased rigidity of mammalian amelo-

genins and the orderly growth of longer parallel 

apatite crystals typical of mammalian prismatic 

enamel.

Kieser’s group describe the dento-alveolar mi-

croanatomy of Sphenodon, the Tuatara, known 

only today from islands off the coast of New 

Zealand. Both SEM and light microscopy reveal 

that well-differentiated tissues exist in their teeth 

and jaws, contrary to some previous reports. A 

thin layer of prismless enamel covers the crown. 

Dentine in these teeth grades from tubular in the 

cuspal region, with many secondary branches, to 

a more sclerosed tissue cervically that increasing-

ly contains cell inclusions towards the basal bone 

of attachment. The basal dentary bone contains 

waves of cell inclusions that might represent al-

ternating fast and slow bouts of bone deposition. 

The continuous microanatomical gradient from 

dentine to bone raises interesting questions about 

the developmental origins and definition of tis-

sue types. Equally interesting is the evidence of 

remodelling within the lamella-like bone of at-

tachment to which the tooth is ankylosed.

Smith and Reid present evidence that the ridg-

es often visible on tooth root surfaces (periradic-

ular bands) are associated with the long-period 

incremental markings within the root dentine. 

This study provides yet more evidence that hu-

man, and other primate teeth, express a period-

ic slowing down and speeding up of enamel and 

dentine formation that is greater than a day. In 

this study, the counts of incremental markings 

within the dentine and of periradicular bands 

were the same between defined markings. The 

fact that in both enamel and dentine these long-

period rhythms are visible on the tooth surface 
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provides an important accessible temporal re-

cord of tooth growth that can be used to calcu-

late rates of crown, and in this case root growth, 

as well as tooth root formation times. The next 

challenge will be to reconcile this new evidence 

with other data that suggest enamel perikymata 

may not always express the same periodicity as 

periradicular bands on tooth roots of the same 

individual.

Lesot and coworkers describe the effects of a 

mutation of the Eda gene on developing teeth and 

bone. This gene encodes for ectodysplasin-A1. 

The mutation expresses itself as a severe X-linked 

hypohydrotic ectodermal dysplasia (XLHED), 

which is often associated with oligodontia. The 

effects of the mutation were investigated using 

medical CT scans and bone densitometric pro-

files in patients being assessed for treatment. 

Changes to the structure and morphology of the 

bone, which included a marked increase in bone 

density, appear not to be secondary to the dental 

pathology, but rather, are a direct consequence of 

the gene mutation acting on bone-forming cells. 

Furthermore, these patients showed an altered 

pattern of skeletal growth and there is some sug-

gestion that bones formed in membrane may be 

affected to a greater degree than those preformed 

in cartilage. This study illustrates the diverse skel-

etodental pathology that a single gene mutation 

can bring about but importantly, how many of 

these can be explained by a knowledge of which 

cell types normally express Eda.

M. Christopher Dean, PhD

Department of Cell and Developmental Biology, University College London

Gower Street
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Abstract
The aim of this study was to describe similarities and 

differences in the way modern and fossil hominin teeth 

grow in height. Measurements from longitudinal ground 

sections of 7 modern human canines and 19 first perma-

nent molars were used to calculate extension rates in the 

crowns and roots and to plot distance curves for growth 

in tooth height. These were compared with identical 

data for 3 fossil hominin teeth attributed respectively 

to Paranthropus robustus, Homo erectus and Homo nean-
derthalensis. Enamel extension rates in each of the three 

fossil taxa fell within the range of modern humans. Root 

extension rates in the fossil taxa also fell within modern 

human ranges but differed in their pattern with either 

an early or late marked increase in root length. Extension 

rates in the canine crowns were higher in cuspal enamel 

than in lateral enamel. Combinations of high or low cus-

pal enamel extension rates, with either longer or shorter 

times taken to form lateral enamel, explain how crown 

formation times may vary independently of completed 

crown heights.

Copyright © 2009 S. Karger AG, Basel

Longitudinal records of tooth growth exist that 

are embedded within the incremental structure 

of enamel and dentine. These can be retrieved, 

even from fossil teeth, to reconstruct growth that 

occurred in tooth germs. To date, more stud-

ies have used incremental markings in enamel 

and dentine to determine the timing of crown 

and root formation than have used them to re-

construct the growth processes and/or different 

patterns of growth that occurred during odon-

togenesis. In this study, three questions are ad-

dressed. First, do rates of extension (i.e. the rates 

of terminal differentiation of odontoblasts and 

ameloblasts as defined by Shellis [1]) along the 

crowns of modern human and fossil teeth differ 

from one another? The second question is wheth-

er differences in extension rates can explain how 

some long teeth take a short time to form their 

crowns and how some short teeth take a long 

time to form their crowns? To answer this ques-

tion, the extension rates in a comparatively short 

(10.7 mm) robust australopith fossil canine crown 

with a short crown formation time (3.2 years) was 

compared with a sample of modern human ca-

nines of widely varying heights and crown for-

mation times. The last question addressed here is 

whether the crown and root extension rates of two 

fossil hominins available for study (a Neanderthal 

first permanent molar and a Homo erectus first 

permanent molar) fall within or beyond those of 

modern humans and do any obvious differences 

exist between these fossil molars?
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Materials and Methods

Ground sections of 7 modern human canines and 19 
first permanent molars of diverse geographical origin 
were chosen that showed both clearly visible daily cross 
striations expressed close to the EDJ in the crown, as 
well as clearly visible accentuated or regular long-peri-
od markings expressed along the CDJ as far along the 
root as possible. For each section, counts of the num-
ber of daily cross striations were made within a 200-μm 
distance from the EDJ in the mid-occlusal, mid-later-
al and mid-cervical regions of the crown. Across the 
whole modern human sample this cross striation count 
varied between 68 and 92 days with a mean value of 
80. However, within an individual tooth section, the 
number was consistent in all regions to within 5 days. 
Therefore, for each section the average number of days 
to form 200 μm of enamel from the EDJ was estimated 
on this basis. Following methods described previous-
ly [1–4], repeated calculations of length in micrometers 
along the EDJ, and of the number of days taken to form 
that length, were cumulated for each 200-μm formation 
period. The first calculation was at the dentine horn and 
the last at the enamel cervix. In each case the number 
of days formation defined by the methods was always 
200, except for the last fraction along the EDJ remain-
ing at the cervix.

A similar approach was used to that previously de-
scribed [5–7] to calculate the same variables in the tooth 
roots. This was done by beginning at the enamel cervix 
along the CDJ and continuing as far into the tooth root 
as possible. A range of daily dentine formation rates just 
deep to the granular layer of Tomes (GLT) was calculated 
in the following way. Ten calculations of root extension 
rates were first made from previously published data [8] 
where the time in days between tetracycline labels had 
been calibrated using daily enamel cross-striations. For 
two human tooth roots in this sample (across lines 14–23 
in Dean et al. [8]) an average of 10 calculations were made 
of extension rates at different positions along each tooth 
root. While the extension rates differed at different points 
along the root, the back-calculation of the daily rates of 
dentine formation were consistent in each tooth root. For 
a 200-μm length along a dentine tubule beginning just 
deep to the GLT, average daily rates of dentine formation 
varied between 2.0 μm/day in a lower central incisor and 
2.5 μm/day in a lower first permanent molar.

Previously [5–7], a rate of 2.5 μm/day has been used 
to calculate root extension rates in modern humans but 
Smith et al. [9] have argued daily rates closer to 2.0 μm/
day are more appropriate for some teeth based on data 
collected for Pan. For Pan this does indeed seem rea-
sonable. While this potential small difference between 
Pan and Homo and between different modern human 

tooth types remains unresolved, the slower rate of 2.0 
μm/day determined here for the lower central incisor 
was used for all the modern human teeth in this study, 
such that a 200-μm distance along a dentine tubule 
just deep to the GLT was estimated to take 100 days to 
form. Again, following previously described methods 
[1, 2, 4] repeated calculations of length in microme-
ters along the CDJ and of the number of days taken to 
form that length were cumulated for each correspond-
ing 200-μm formation period along a dentine tubule. 
The initial calculation was at the enamel cervix and 
the last was as far along the CDJ as possible to a point 
where accentuated or long-period markings became 
indistinct.

Data previously collected and published from three 
ground sections of fossil hominin teeth were then com-
pared with the data collected for modern humans. SK-
63 is a lower canine from the site of Swartkrans, South 
Africa and attributed to Paranthropus robustus [10]. S7–
37 is an upper first permanent molar attributed to Homo 
erectus from Sangiran, Java [11] and BD-J4-C9 is a lower 
left first permanent molar attributed to a Neanderthal 
from Abri Bourgeois-Delaunay at the site of La Chaise-
de-Vouthon, Charente, France [7]. For each of these fos-
sils the number of enamel cross striations over a 200-μm 
prism length had previously been counted directly (SK-
63 = 62 days; BD-J4-C9 = 66 days and S7–37 = 60 days). 
In one of the fossils (S7–37) daily incremental lines in 
the dentine could also be seen at various points along 
the root. Therefore, in this specimen these direct obser-
vations were used to calculate a formation rate, which 
was 2.5 μm/day for a 200-μm length along a dentine tu-
bule just deep to the GLT. One fossil tooth (SK-63) had 
little or no root dentine formed and so no data for root 
growth could be presented. In the case of BD-J4-C9 no 
daily increments were visible in dentine so values of both 
2.0 and 2.5 μm/day were used and plotted separately for 
comparison.

Results

Figure 1 shows the increase in length along the 

EDJ in the crown of SK-63 (solid circles) against 

time. These data are set against the modern hu-

man data for canine enamel extension rates 

along the EDJ, which were then continued along 

the CDJ as root extension rates. The data for the 

Paranthropus robustus canine fall comfortably 

within the range for the modern human teeth 

and give no hint that rates of extension along 
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the EDJ are faster than in modern humans for 

this tooth type, especially so towards the cervix. 

Figure 2 shows the extension rate data for mod-

ern human first permanent molars together with 

those for the H, erectus and H. neanderthalensis 

first permanent molars. Again, the extension 

rate along the EDJ in the fossil specimens falls 

comfortably within the modern human range. 

Similarly, in the roots, neither fossil falls outside 

the range of the human data although there is an 
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Fig. 1. Human canines and SK-

63. Distance curve of tooth height 

(μm) along the EDJ against time 

(years). The data for modern human 

canines depict crown growth in 

bold open circles and root growth 

in faint open circles. The data for 

growth along the EDJ in SK-63 ap-

pear as filled-in grey circles.
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Fig. 2. H. sapiens, H. erectus and 

Neanderthal M1. Distance curve of 

tooth height (μm) along the EDJ 

against time (years). The data for 

modern human first permanent 

molars depict crown growth in 

bold open circles and root growth 

in faint open circles. The crown data 

for the H. erectus molar are shown 

with small in-filled light-grey circles 

and the root data as small in-filled 

dark-grey circles. The crown and 

root data for the Neanderthal mo-

lar are both depicted as large in-

filled grey circles. Two plots for the 

Neanderthal root are shown, one 

using 2.0 μm/day and the other us-

ing 2.5 μm/day for daily rates of 

root dentine formation.
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earlier rise, or spurt, in height along the CDJ in 

the root of the H. erectus root, but a later rise, or 

spurt, in height along the CDJ of the Neanderthal 

molar root. The two plots for the Neanderthal 

molar root demonstrate the degree of difference 

that results from using either 2.0 or 2.5 μm/day 

in these calculations. In no sense does this appear 

to alter the picture that distinguishes the pattern 

of Neanderthal root growth from that in modern 

humans or H. erectus.

Figure 3 shows the range of maximum crown 

heights and the range of times taken to form ca-

nine crowns in the modern human sample to-

gether with the Paranthropus robustus canine 

crown data. In this plot, the data along the X-axis 

have been reversed to imply growth of the crown 

begins at the cervix and ends at the dentine horn. 

This pulls longer and shorter crown formation 

times apart in a way that is more easily visualised 

than if the data were plotted from cusp to cer-

vix. None of the extension rate estimates along 

the EDJ fall outside those of the modern human 

sample.

Discussion

Many studies have used surface perikymata on 

enamel to estimate the time taken to form enamel 

in modern human and fossil teeth [12–15]. This is 

justified when the periodicity (the number of days 

between adjacent long-period incremental mark-

ings and perikymata) and the time taken to form 

cuspal enamel can be estimated with some con-

fidence. However, the results of this study sug-

gest it may be misleading to go further than this 

and use the spacing of perikymata on the surface 

of a tooth to estimate changing rates of exten-

sion in the crown. In the first place, anterior teeth 

only express ~50% of the EDJ length in the form 

long-period striae of Retzius that project towards 

and crop out on the tooth surface as perikyma-

ta. Posterior teeth with thick cuspal enamel ex-

press much less than 50% of EDJ length on the 

enamel surface. In the second place, the distribu-

tion of enamel thickness within the crown and 

the contour of the crown shape itself underlie dif-

ferences in perikymata spacing [16]. The periky-

mata spacings on the P. robustus (SK-63) enamel 

surface remain wide, even towards the cervix, 
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compared with the majority of modern human 

teeth where they become more tightly packed to-

gether. However, the extension rates calculated in 

this study do not reflect this pattern, indeed they 

are comparatively low in both cuspal and later-

al enamel. The implication is that widely spaced 

perikymata at the cervix of some fossil teeth may 

result from faster-formed daily increments of 
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cent cervical perikymata rather than from faster 

cervical extension rates. This hypothesis, howev-

er, is yet to be tested but might also explain the 

range of variation in perikymata packing pat-

terns among geographically diverse populations 

of modern humans today and even perhaps some 

of the variation that existed among Neanderthals 

and their contemporary Upper Palaeolithic hu-

man neighbours [13–15].

Reconstructing growth in length along the 

EDJ and the CDJ reveals how fossil teeth grew 

their crowns and roots in a similar way to mod-

ern human teeth, but it also highlights how the H. 

erectus and Neanderthal molar tooth roots fall at 

opposite extremes of the modern human range 

(fig. 2). How this might relate to the process of 

and the timing of tooth eruption is both intrigu-

ing and interesting – and a topic for future re-

search [5, 6].

The data for enamel extension rates in the 

modern human canine sample and the robust 

australopith fossil canine presented in this study 

(fig. 3) also explain how longer or shorter teeth 

can grow their crowns either fast or slowly. They 

show why tooth crown height is not directly relat-

ed to crown formation time. Fast extension rates 

in the cusp, combined with short periods of time 

spent forming lateral and cervical enamel along 

the EDJ, would result in tall canines taking the 

least amount of time to form their crowns. Slower 

extension rates in the cusp combined with longer 

periods of time spent growing lateral and cervi-

cal enamel would result in shorter canines taking 

the longest time to form their crowns. Clearly, all 

combinations are possible. The Paranthropus ro-

bustus canine, SK-63, is short and only 10.7 mm 

long with a comparatively short crown formation 

time in human terms of 3.2 years [10]. It achieved 

this height with relatively slow values for exten-

sion rates in the cusp combined with a relatively 

short period of lateral enamel formation.
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Abstract
Amelogenins are the major proteins involved in tooth 

enamel formation. In the present study, we have cloned 

and sequenced four novel amelogenins from three am-

phibian species in order to analyze similarities and dif-

ferences between mammalian and non-mammalian 

amelogenins. The newly sequenced amphibian amelo-

genin sequences were from a red-eyed tree frog (Litoria 
chloris) and a Mexican axolotl (Ambystoma mexicanum). 
We identified two amelogenin isoforms in the Eastern 

red-backed salamander (Plethodon cinereus). Sequence 

comparisons confirmed that non-mammalian amelo-

genins are overall shorter than their mammalian coun-

terparts, contain less proline and less glutamine, and 

feature shorter polyproline tripeptide repeat stretches 

than mammalian amelogenins. We propose that unique 

sequence parameters of mammalian amelogenins might 

be a pre-requisite for complex mammalian enamel prism 

architecture.

Copyright © 2009 S. Karger AG, Basel

Amelogenin is the major protein component 

(90%) of the mammalian enamel protein matrix 

[1, 2]. A series of genetic, antisense, knockout, and 

crystal growth studies of the recent decade have 

established amelogenin’s pivotal role in the con-

trol of enamel crystal growth and enamel forma-

tion [3–6]. While amelogenins are not the only 

proteins in the developing enamel matrix, they 

have nevertheless been attributed a major role in 

the growth of elongated enamel crystals [3–6]. 

In previous studies from our laboratory, we have 

characterized the structure of the amelogenin-

rich enamel protein matrix [4, 7, 8] and its func-

tional changes related to enamel crystal growth 

[4]. Our studies have established a functional rel-

evance for the structured amelogenin matrix to 

control enamel crystal growth [4] and a close re-

lationship between crystal nucleation and chang-

es in matrix configuration during initial crystal 

formation [8].

In recent years, our knowledge of the enamel 

protein composition and function of non-mam-

malian vertebrates has seen significant progress. 

Amelogenin sequences from reptilian and am-

phibian teeth have been published [9, 10], and 

biochemical and immunohistochemical studies 

have enhanced our knowledge of enamel protein 

homologies between different vertebrate species 

[12–16]. Immunohistochemical findings have 

confirmed earlier reports on a predominance 

of enamelins in shark enameloid, compared to 

a predominance of amelogenins in reptilian and 

mammalian enamel [16]. Based on molecular 
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phylogenetic studies, the amelogenin signal pep-

tide in exon 2 has been linked to a similar region 

of the SPARC, and suggesting that exon 2 was du-

plicated to amelogenin approximately 630 mya 

[11]. According to homology analyses, interme-

diaries in the molecular evolution of amelogen-

ins from SPARC were SPARCL1, enamelin, and 

ameloblastin [17].

In the present study, we have generated se-

quence data for four novel amphibian amelo-

genins to analyze and compare key parameters 

of mammalian and non-mammalian amelogen-

ins. In addition, we have documented prismatic 

mammalian enamel with non-prismatic reptil-

ian and amphibian microarchitecture.

Materials and Methods

Source and Isolation of the Genomic DNA
For the present analysis, three amphibian species were 
chosen: a red-eyed tree frog (Litoria chloris), a Mexican 
axolotl (Ambystoma mexicanum) and an Eastern red-
backed salamander (Plethodon cinereus). Amphibians 
were euthanized according to approved guidelines by 
the UIC animal care committee. The genomic DNA was 
isolated using GenEluteTM Mammalian Genomic DNA 
Miniprep (Sigma-Aldrich Co., St. Louis, Mo., USA) fol-
lowing the manufacturer’s instruction. The isolated ge-
nomic DNA was kept at –80ºC for future use.

RNA Isolation
RNA isolation was performed as previously reported [10]. 
Briefly, amphibian jaws were removed and immediately 
frozen in liquid nitrogen and homogenized. The homog-
enized teeth tissue in TRI AGENT® reagent (Sigma) was 
mixed with 0.2 ml of chloroform and shaken vigorously 
for 30 s. The mixture was centrifuged at 12,000 g for 20 
min at 4°C after 10 min incubation at room temperature. 
The aqueous phase was mixed with equal volume of iso-
propanol, and then centrifuged at 12,000 g for 20 min at 
4°C. The pellet was washed with 70% ethanol and dis-
solved in DEPC-treated H2O. The isolated RNA was kept 
at –80°C for future use.

cDNA Synthesis, Cloning and Sequencing
The sequencing strategy was as described by Wang et al. 
[10, 18]. Briefly, primers were selected based on sequence 
analysis of amelogenin genes from selected species with 
the aid of Lasergene software (DNASTAR Inc., Madison, 

Wisc., USA). The consensus sequences among different 
species were chosen as primers for amplification of nov-
el amelogenin genes. Reverse transcriptase reaction was 
performed using SuperSriptTM II Reverse Transcriptase 
(Invitrogen, Carlsbad, Calif., USA). The PCR prod-
ucts were purified with QIAquick® Gel Extraction Kit 
(Qiagen Inc., Valencia, Calif., USA), ligated to pGEM®-T 
Easy vector, and transformed into JM109 competent cells 
(Promega, Madison, Wisc., USA). Transformants were 
picked up, and cultivated in LB medium containing am-
picillin at a final concentration of 50 μg/ml. Recombinant 
plasmids were isolated with Wizard® Plus SV Minipreps 
DNA Purification System (Promega), identified by en-
zyme digestion with EcoRI, and sequenced using the ABI 
377 sequencer (Northwoods DNA Inc., Becida, Minn., 
USA). Three colonies were selected and sequenced 2 times 
from both orientations with either T7 or SP6 primers.

Sequence Analysis
The four newly discovered amelogenin amino acid se-
quences were deduced from the nucleotide sequence, 
and sequence analyses were performed to identify its 
features. Sequences were manually aligned to represent 
optimum interspecies homology.

Scanning Electron Microscopy
For scanning electron microscopy, frog, squamate, and 
mammalian teeth from the du Brul collection at the 
University of Illinois were longitudinally sectioned and 
etched using EDTA (ethylenediaminetetraacetic acid). 
Etched enamel surfaces were then analyzed using a Joel 
JSM-6320F at the UIC RRC laboratory.

Results

Higher Complexity of Tooth Enamel 

Microstructure in Mammals versus Amphibians/

Reptilians

Scanning electron micrographs illustrated pris-

matic organization of enamel microstructure in 

all mammals investigated (human, Homo sapi-

ens; pig, Sus scrofa; steer, Bos Taurus; Virginia 

opossum, Didelphis virginiana; and La Plata riv-

er dolphin, Pontoporia blainvillei), while there 

was no prismatic enamel structure in most 

squamates and amphibians (e.g. green iguana, 

Iguana iguana; leopard frog, Rana pipiens). The 

spiny-tailed lizard (Uromastyx maliensis) was 
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unique among squamates as its enamel is pris-

matic (fig. 1).

Four Novel Amphibian Amelogenin Genes 

Confirm Conserved Elements of Tetrapod 

Amelogenins

For this study, RNA was isolated from the tooth-

bearing elements of three amphibian species, a 

red-eyed tree frog, Litoria chloris; a Mexican axo-

lotl Ambystoma mexicanum; and an Eastern red-

backed salamander Plethodon cinereus. Based on 

RNA extracts, four novel amphibian amelogenin 

cDNAs were cloned, sequenced, and deposited 

in Genbank (red-eyed tree frog, Litoria chloris, 

accession number DQ069788; Mexican axo-

lotl Ambystoma mexicanum, accession number 

DQ069791; and two amelogenin isoforms from 

the Eastern red-backed salamander Plethodon 

cinereus, accession numbers DQ069789 and 

DQ069789). Translated amino acid sequences are 

listed and aligned in figure 2. In this alignment, 

sequence elements encoded by exons 2, 3 and 5 

were highly conserved, while portions of the exon 

6 encoded domain were highly variable among 

species (fig. 2). Nevertheless, also in the exon 6 

encoded regions, unique polyproline tripeptide 

repeats were fairly conserved (fig. 2).

Mammalian amelogenins are longer, contain 

more proline and glutamine, and have more pro-

line-tripeptide repeats that their amphibian/rep-

tilian counterparts.

In order to determine differences between 

mammalian and non-mammalian amelogenin 

proteins, a number of key parameters such as 

length, amino acid composition, and the num-

ber of proline repeats were analyzed based on 

amelogenin sequences presented in figure 2. 

Comparing mammalian and non-mammalian 

amelogenins, the overall amelogenin length in-

creased by 9%, the proline content increased by 

21.5%, the glutamine content increased by 31.3%, 

and the number of proline-tripeptide repeats in-

creased by 72.8% (fig. 3).

Homo sapiens Sus scrofa

Bos taurus Didelphis virginiana

Pontoporia blainvillei Uromastyx maliensis

Iguana iguana Rana pipiens

Fig. 1. Enamel prisms and the non-mammalian/mam-

malian transition. Scanning electron micrographs re-

solve long and parallel enamel prisms in omnivores 

(human, Homo sapiens, and pig, Sus scrofa). Note the 

pronounced plywood structure in ruminants (steer, Bos 
taurus) and marsupials (Virginia opossum, Didelphis vir-
giniana). The enamel layer of dolphins (La Plata river dol-

phin, Pontoporia blainvillei) is fairly thin for eutherians 

and consists mostly of radial enamel. The spiny-tailed 

lizard (Uromastyx maliensis) is unique among squamates 

as its enamel is prismatic. In most squamates (e.g. green 

iguana, Iguana iguana) and amphibians (e.g. leopard 

frog, Rana pipiens) the enamel is devoid of prisms.
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Discussion

Already studies by Bonass et al. [19] pointed to-

ward a functional significance of the amelo-

genin center domain as an evolutionary ‘hotspot’ 

by identifying seven tandem repeats of a sec-

tion of nucleotides with the consensus sequence 

CTGCAGCCC. Further support for the impor-

tance of the central amelogenin domain for enam-

el crystal growth has been provided by transgenic 

studies documenting that LRAP (a small amel-

ogenin-derived peptide containing most of the 

A- and B-domains) fails to rescue an amelogenin 

null phenotype [20]. Recent studies have linked 

the emergence of genes with new functions to 

gene duplication and alternative splicing [21, 22] 

providing theoretical support for a novel evolu-

tionary mechanism by which mammalian amel-

ogenin may have evolved through tandem exon 

duplication and substitution alternative splic-

ing. According to evolutionary studies, the rap-

id evolution of the central amelogenin domain is 

primarily accomplished by insertions of PXX or 

PXQ tripeptide motifs [19], with both proline and 

glutamine causing structural rigidity of the new-

ly added tripeptide complexes [23]. These studies 

suggest that amelogenin evolution is associated 

with significant alterations in the physicochemi-

cal properties of the amelogenin molecule.

Here we have confirmed that amphibian 

amelogenins are overall shorter than their mam-

malian counterparts [9], contain less proline and 

less glutamine, and most significantly, feature 

shorter polyproline tripeptide repeat stretches 

than mammalian amelogenins. Moreover, there 

is ample evidence for a simple, prismless enamel 

microarchitecture in most amphibians and rep-

tilians, while mammalian enamel is often orga-

nized into prisms that frequently form a plywood 

structure [24]. While direct evidence for a rela-

tionship between amelogenin gene structure and 

enamel prism architecture has not yet been estab-

lished, we suggest that the increased length and 

changed composition of mammalian amelogen-

ins provides a basis for an organized protein ma-

trix that might promote increased enamel crystal 

length and prismatic architecture. Especially the 

presence of polyproline repeat motifs would pro-

vide a potential explanation for the increased 

rigidity of mammalian amelogenin protein as-

semblies and thus a mechanism for an orderly 

growth of long and parallel apatite crystals in 

complex prism patterns. In addition, the dolphin 

with its thin and radial enamel and its short poly-

proline amelogenin repeat motifs might provide 

one example of a ‘link’ species, in which the lack 

of typical mammalian amelogenin characteris-

tics are associated with a reduction in mamma-

lian enamel features.
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Fig. 3. Differences between mammalian and non-mam-

malian amelogenin sequence parameters (% increases). 

A numerical comparison of key parameters of the trans-

lated amelogenin protein sequence between mammali-

an and non-mammalian species revealed that the overall 

amelogenin length was increased by 9%, the proline 

content increased by 21.5%, the glutamine content in-

creased by 31.3%, and the number of proline-tripeptide 

repeats increased by 72.8%.
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Abstract
The Tuatara, Sphenodon, is a small reptile currently restrict-

ed to islands off the coast of New Zealand where it feeds 

mainly on arthropods. A widely held misconception is 

that ‘Sphenodon  does not have real teeth’ and instead pos-

sesses ‘serrations on the jaw bone’. One hatchling and one 

adult dentary were examined under SEM. Two longitudinal 

ground sections 100-μm thick were prepared through a low-

er canine tooth and its supporting tissues. There was clear 

evidence of aprismatic enamel (primless enamel) contain-

ing dentine tubules crossing the EDJ, dentine, cementum 

and a basal-bone attachment. Enamel increments averaged 

~3 μm/day and extension rates were ~30 μm/day. The base 

of the tooth consisted of basal attachment bone that grad-

ed from few cell inclusions to lamella or even Haversian-

like bone with evidence of remodeling. A string of sclerosed 

pulp-stone like structures filled the pulp chamber and were 

continuous with the bone of attachment. Bone beneath the 

large central nutrient mandibular (Meckel’s) canal was quite 

unlike lamella bone and appeared to be fast growing and 

to contain wide alternating cell-rich and cell-free zones. 

Bone cells were rounded (never fusiform) and had few, if 

any, canaliculi. The dentine close to the EDJ formed at about 

the same rate as enamel but also contained longer period 

increments ~100 μm apart. These were spaced appropriate-

ly for monthly lunar growth bands, which would explain the 

basis of the banding pattern observed in the fast growing 

basal bone beneath the Meckel’s canal.

Copyright © 2009 S. Karger AG, Basel

The tuatara Sphenodon punctatus, often referred 

to as a living fossil, is the sole extant member of 

the order Rhynchocephalia [1, 2], the sister taxon 

of Squamata (lizards, snakes, amphisbaenians, 

and mosasaurs). Both groups originated around 

240–250 mya, but it was the Rhynchocephalia that 

were most prevalent during the Early Mesozoic 

when they attained a global distribution [2] and 

radiated into a number of distinct groups [3]. In 

stark contrast, the surviving tuatara is threatened 

and restricted to wildlife sanctuaries and about 

35 islands off New Zealand [4–6].

The dentition of the tuatara is characterised 

by the presence of two fixed parallel rows of 

teeth on each side of the upper jaw, i.e. the max-

illary and the palatine rows, hence making it the 

only extant amniote with an enlarged palatine 

tooth row [2, 7]. The teeth of the lower jaw or 

dentary occlude within the space between the 

upper tooth rows and shear forwards after jaw 

closure [8]. All known fossil taxa possess this 

additional palatine tooth row, but there is varia-

tion in both the shape of the teeth and type of 

jaw movement employed during food process-

ing [3].
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A persistent myth that may stem from re-

marks made by Colenso [9], is that Sphenodon 

has no teeth, but instead possess serrations on the 

jaw bone [4]. Teeth in fact are present but fixed to 

the crest of the jaw bone (acrodonty) so that the 

boundary between the tooth and jaw bone is al-

most indistinct [7, 10]. This is compounded by the 

fact that enamel is quickly worn away such that 

teeth often comprise only dentine, which further 

blurs the tooth-jaw boundary. Previous work on 

tuatara enamel described it as being prismless 

and columnar [11–14] but there is certainly scope 

for further studies.

The teeth of tuatara are not replaced, but af-

ter hatching, new teeth are added to the poste-

rior end of the tooth-row as it increases in length 

[10, 16]. One exception to this is the large ante-

rior caniniform teeth that replace some of the 

hatchling dentition during the juvenile period 

[10]. This system of tooth growth and implanta-

tion seems to have been acquired early on in the 

group’s history and may have been required for 

their initial radiation [16–20]. However, the ex-

act nature of the tooth tissues that exist as well as 

the tissues involved in tooth growth and replace-

ment has remained unclear. For example, addi-

tional hard tissues deposited around the tooth 

bases during life have been referred to both as 

secondary bone [21, 22] and secondary dentine 

[18]. Detailed histological comparisons with ac-

rodont lizards (e.g. Uromastyx, [23]) also remain 

largely unexplored.

Materials and Methods

Two specimens were examined: a hatchling, approxi-
mately 12–15 months of age and an adult female whose 
age was unknown. Specimens were obtained from 
Victoria University with the necessary permission as 
well as Maori consultation.

Scanning Electron Microscopy (SEM)
The external surfaces of premaxillary, maxillary and 
dentary tooth rows from both specimens were scanned 
whole, after preparation as described by Boyde [24]. 

Specimens were also cut longitudinally and coronally to 
permit imaging of internal surfaces.

Light Microscopy (LM)
Undermineralised ground sections were prepared as fol-
lows; a sample from both an adult and a hatchling was 
dehydrated and embedded in self-polymerising meth-
yl-methacrylate resin at 55°C and 36 psi for 10 min in a 
pressure container. The embedded specimens were then 
sectioned using an R330 diamond wheel on a Struers 
Accutom-50 precision cut-off saw, glued to plastic slides 
using cyanoacrylate glue, ground and polished using the 
Struers TegraPol-21/TegraForce 5 system to a final grit 
size of 4,000 and specimen thickness of 100 μm. Slides 
were surface-stained with one part MacNeal’s tetrach-
rome (methylene blue, azure II and methyl violet) fol-
lowed by two parts toluidine blue. Two additional ground 
sections were prepared from a canine tooth and exam-
ined in transmitted polarised light.

Results

The SEM images clearly showed two different 

structures forming the coronal part of the tooth. 

A thin outer layer covered the entire tooth struc-

ture and appeared to have a different density to the 

thin layer of tissue covering it. The pulp cavity of 

the tooth (fig. 1) and the neurovascular canal con-

necting adjacent teeth (Meckel’s canal) were clear-

ly visible. At higher magnifications we were able to 

identify the bulk of the tooth as dentine, which was 

covered with an enamel cap. The tooth base was 

surrounded by a bone of attachment of the type 

previously described by Smith and Hall [25] and 

compared by them with cementum. It shows the 

presence of peri-odontoblastic space with small 

cross-bridges and branched tubules (fig. 1, inset).

Light-microscopic observations on the teeth 

allowed us to describe other details about the 

various hard tissues. The enamel was aprismatic 

(prismless sensu Sander [14]) and had a layered 

appearance with increments that measured 2.5–

3.5 μm apart and these rates matched those in 

dentine at the EDJ very closely. The enamel con-

tained dentine tubules that changed their orien-

tation at the EDJ but which were restricted to the 
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inner enamel. On the assumption that the incre-

ments were daily it was possible to calculate the 

rate at which ameloblasts would have covered the 

dentine cap during development (the so-called 

extension rate). The shallow angle of inclination 

of the layers to the EDJ and the fact that 20–25 

increments could be counted along a 700–740 μm 

length of the EDJ suggests an extension rate of 

the order of 30 μm/day, which is similar to that 

observed in, for example, ungulates and may, 

therefore, represent a typical rate for fast-forming 

teeth. The dentine was characteristically tubular 

with ‘S-shaped’ tubule paths and with many sec-

ondary branching tubules in the cervical regions. 

However, gradually, there was loss of tubules and 

increased sclerosis towards the basal bone of at-

tachment (fig. 2, 3). Seven accentuated markings 

existed within a ~700-μm thickness of coronal 

dentine, which at a daily rate of formation of 3.0 

μm/day would suggest a near-monthly rhythm in 

dentine formation.

Closer towards the bone of attachment there 

were increasing numbers of cell inclusions. The 

cementum layer overlying the dentine apical to the 

CEJ appeared to contain fewer cells than the sur-

rounding bone. Some (maybe older) pulp cham-

bers were filled with a string of ‘bead-like’ pulp 

stones. These contained no cells or tubules but 

consisted only of a swirl of concentric mineralised 

fibres. They appeared to coalesce with the lamella 

bone and occasional Haversian-like system at the 

base of the tooth attachment. All bone (and ‘den-

tine’) cell lacunae were always rounded with few if 

any cell processes and never really fusiform.

The bone of attachment immediately beneath 

the tooth was lamellar in structure and showed 

5 μm

250 μm

Fig. 1. Scanning electron micrograph of an immature tuatara tooth in coronal section showing 

a central pulp cavity surrounded by dentine capped thinly by enamel. Inset: Higher power view 

of branched tubular dentine.
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evidence of Howship’s lacunae along the margin 

beneath the tooth. This suggests remodeling of 

basal attachment bone had taken place, perhaps at 

the time tooth formation was completed and the 

tooth became ankylosed into a resorbed and cir-

cumscribed region of the crestal bone of the jaw.

The bone of the dentary beneath the neuro-

vascular canal (Meckel’s canal) appeared quite 

different to the lamella-like bone of attachment im-

mediately beneath the tooth. Widely spaced, and 

presumably fast-growing increments of bone that 

may again be near-monthly, could be seen sweep-

ing out towards each side of the jaw. There were 

well-defined and wide alternating zones of cell-rich 

and cell-free tissue with clear shifts in fibre orien-

tation between these zones in some places. Where 

they were concentrated, the bone cell lacunae were 

rounded and none showed any sign of canaliculi 

and, therefore, of any cell-to-cell contact.

Discussion

This study demonstrates that typical and well-

recognised dental tissues exist in the teeth of tu-

atara and that the nature of tooth implantation 

D

E

B

C

Fig. 2. Light microscope image 

of an adult tuatara tooth showing 

cementum C, enamel E, dentine D 

and bone B.

Fig. 3. Light microscope section of an adult tuatara 

tooth showing cell-free dentine (right), cells within den-

tine at the base of the tooth (middle) and basal cellular 

bone (left). Scale bar = 0.2 mm.
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on the dentary is via a crestal bone of attachment 

(acrodonty). Each of the dental tissues, enamel, 

dentine and cementum, show obvious resem-

blances to those known from other animals 

[12–15]. This is important for two reasons. First 

it clarifies the confusion as to whether the teeth 

in tuatara were composed of bone or tooth tissue 

but second, and more importantly, it confirms 

that the dental tissues were capable of respond-

ing dynamically to tooth wear and to function 

through the usual processes of secondary den-

tine formation and perhaps pulp-stone forma-

tion. The presence of dentine tubules in enamel 

raises the possibility that enamel, as well as den-

tine, was capable of reacting to temperature and, 

when exposed through to the tubules in the in-

ner enamel, to changes in osmotic pressure in the 

same way dentine does.

The nature of the various kinds of bone in 

the dentary of tuatara make an interesting com-

parison with that known from other reptiles and 

that known in mammals [12–15]. Small round-

ed cells with few if any cell processes are typi-

cal of all bone in the tuatara dentaries examined 

here. Therefore the hard tissues around the teeth 

is more correctly referred to as ‘secondary bone’. 

Continued growth of the dentary must take place 

at a symphysis or growth centre and the evi-

dence from this study is that the nature of the 

bone at these sites and at the continually grow-

ing region of the dentary beneath Meckel’s ca-

nal is quite different to that immediately beneath 

the tooth. Fast-growing bone in the basal dentary 

with zones of cell inclusions appears to be dis-

tinct from the lamella bone that shows evidence 

of remodeling to accommodate the implantation 

of fully grown teeth.

Interestingly, Sphenodon is often thought of 

as a slow animal because of its metabolism and 

general movements [4]. This study is the first evi-

dence for hard tissue turnover in tuatara and pro-

vides a platform for assessing tooth implantation 

in the tuatara’s fossil relatives, particularly those 

taxa that are not fully acrodont [2, 17, 19, 20].
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Abstract
Periradicular bands, or fine circumferential lines on 

tooth roots, have received attention recently due to their 

prominence on hominin fossils and their potential utility 

for informing studies of root formation. In 1938, Komai 

and Miyauti [Dtsch Zahn Mund Kieferheilkd 1938;5:791–

795] demonstrated that periradicular bands are related 

to dentine growth rather than cementum, suggesting 

that they were equal to accentuated lines in dentine 

(‘dentine lamellae’ or ‘contour lines’). More recent indi-

rect evidence from band spacing on primate roots sug-

gests that they are temporally equal to other long-period 

lines in enamel (Retzius lines, perikymata) and dentine 

(Andresen lines). One of the main complications in un-

derstanding the relationship between Andresen lines 

and periradicular bands is the layer of cementum found 

on erupted teeth, which often obscures bands. Here we 

present both direct and indirect evidence that periradic-

ular bands are temporally equivalent to internal long-pe-

riod lines in the enamel and dentine. A sample of modern 

human teeth showing periradicular bands and accentu-

ated rings was externally notched, molded, and sec-

tioned; in one instance it was possible to show an equal 

number of long-period lines (internal Andresen lines and 

external periradicular bands) between isochrons (inter-

nal accentuated lines and external accentuated rings), 

confirming the temporal equivalence of these features. 

Furthermore, counts of long-period lines on crown and 

root surfaces of a Neanderthal anterior dentition showed 

approximately equal numbers of lines (113 ± 1) between 

matching hypoplasias and accentuated rings across 

teeth. Despite their potential for studies of primate root 

growth, the etiology of these lines in mammalian roots 

requires further study.

Copyright © 2009 S. Karger AG, Basel

Dental histologists have recognized the existence 

of incremental lines on tooth crown surfaces and 

within enamel and dentine for hundreds of years 

[1]. The structure of enamel is more often studied 

than dentine, due to anthropological interest in pri-

mate enamel thickness, taxonomy, phylogeny, and 

life history [1, 2]. It is well known that incremental 

features exist within dental hard tissues that range 

from sub-daily to annual rhythms [1–4]. Enamel 

shows long-period markings known as Retzius 

lines that run from the enamel-dentine junction to 

the tooth surface, terminating as circumferential 

ridges on the crown termed perikymata. The di-

rect correspondence between internal and external 

long-period enamel lines has been demonstrated 

in the teeth of several primate taxa [5–7]. Dentine 

also shows long-period lines termed Andresen 

lines, which are temporally equal to Retzius lines 

in enamel [1]. In contrast to Retzius lines, it is less 

clear if Andresen lines terminate on the surface of 

the dentine, although regularly spaced circumfer-

ential features known as periradicular bands are 

present on mammalian root surfaces (fig. 1).
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Fig. 1. Fine periradicular bands encircling developing tooth roots in a reindeer molar (a), Neanderthal premolar 

(b), and chimpanzee canine (c). Particularly marked accentuated rings (parallel to regular periradicular bands) are 

likely caused by an unknown physiological stressor [12, 13]. Scale bars = 2 mm.
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Komai and Miyauti [8] note that Fujita sug-

gested that these external root lines be termed 

‘striae periradicales’, which translates as ‘depres-

sions or furrows around the root’. (Here we refer 

to these features by the contemporary convention 

‘periradicular bands’ [1, 9–11].) Additional irreg-

ular rings also encircle tooth roots that represent 

non-specific stress markers [12], which are sim-

ilar to hypoplasias on crowns [13], here termed 

‘accentuated rings’. This study aims to present 

data on the relationship between long-period 

lines (Retzius lines, perikymata, Andresen lines) 

and periradicular bands, permitting more accu-

rate assessment of root formation.

Materials and Methods

Approximately 100 clinically extracted teeth were obtained 
from European dentists; the sample was primarily com-
prised of developing and fully formed premolars. Notes 
were made on the presence of accentuated rings and per-
iradicular bands observed under low magnification stere-
omicroscopy. Accentuated rings were distinguished from 
periradicular bands as the former were typically more 
widely spaced, slightly discolored, and/or slightly raised 
or depressed relative to the root surface. Impressions of 
five roots were made with Struers Repliset impression ma-
terial, followed by photography and histological section-
ing along the long axis of the root (detailed in Reid et al. 
[14]). Roots were notched with a razor above and below 
distinct areas of periradicular bands prior to molding and 
sectioning. Impressions and thin sections were imaged 

with stereomicroscopy and polarized light microscopy, re-
spectively, to compare periradicular bands on the external 
aspect of teeth with internal Andresen lines in the corre-
sponding region. Root regions were registering by match-
ing external accentuated rings (and notches) with internal 
accentuated lines (and profiles of notches).

Results

Periradicular bands are rare on clinically ex-

tracted teeth, particularly fully formed teeth with 

residual connective tissue or thick cementum. 

Approximately 15% of the teeth examined were 

found to show some banding; only ~5% showed 

bands for more than 3/4 of the root length. Roots 

with broad accentuated rings were most likely 

to show adjacent fine periradicular bands, most 

often in the middle of the root. Histological sec-

tions revealed that, even in those few teeth that 

expressed clear periradicular bands, Andresen 

lines were rare in dentine below the cervix, par-

ticularly in the lower 2/3 of the root. Roots that 

showed clear external accentuated rings often 

showed a corresponding internal accentuated line 

in the dentine.

In one tooth it was possible to relate periradic-

ular bands on the root surface with an equal 

number of long-period Andresen lines in the cor-

responding dentine (fig. 2), demonstrating tem-

poral equivalence. The tooth had been extracted 

Fig. 2. a Human lower premolar root with evenly spaced periradicular bands encircling the tooth root (blue arrows). 

Scale bar = 2 mm. b Impression of root surface after notching with a razor blade (green arrows). Notches are oriented 

slightly oblique to the direction of periradicular bands. Scale bar = 1 mm. c Tooth after sectioning showing the paired 

notches (green arrows), with an area of clear periradicular bands running perpendicular to the cut surface (diago-

nal through the image). Scale bar = 0.5 mm. d Histological section showing the perpendicular orientation of figures 

2b and 2c. Notches (green arrows) are equal to the lower pair in figure 2b (and 2c). Several horizontal accentuated 

lines may be seen, as well as regularly spaced Andresen lines (blue arrows). Scale bar = 0.5 mm. e Magnified image 

of the negative impression shown in figure 2b. The same pair of notches are indicated with green arrows, followed 

by three horizontal accentuated lines (light blue, red, and yellow). The distances between accentuated lines and the 

number of periradicular bands in the two intervals are indicated to the right of the brackets. Numbers represent the 

average of several counts taken on the original tooth and negative impression. Scale bar = 0.5 mm. f Magnified po-

larized image of the histological section in figure 2d, showing the same pair of notches (green arrows), as well as the 

three corresponding accentuated lines. The distances between accentuated lines and the number of Andresen lines 

in the two intervals are indicated to the right of the brackets. The number of periradicular bands and Andresen lines 

between the accentuated lines is equal, confirming the temporal equivalence of these features. Scale bar = 0.5 mm. 

Image reproduced courtesy of Proceedings of the National Academy of Sciences USA.
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prior to extensive cellular cementum deposition, 

which was only apparent histologically in the 

most apical aspect of the root. The long-period 

line periodicity in this individual (determined 

from enamel) was 9 days. The average extension 

rate in the lower third of the root (fig. 2b–f) was 

~3.8 μm/day, and the dentine daily section rate 

ranged from ~1.5–2.0 μm/day in the first 300 μm 

deep to the root surface.

Discussion

History of Study

Komai and Miyauti [8] report that Hanazawa 

and Masaki first described periradicular bands 

in an experiment published in 1931, regarding 

them as regular cementum growth lines equiva-

lent to perikymata. Komai and Miyauti [8] illus-

trate these bands in numerous mammalian taxa, 

noting variation in band thickness and spacing, 

and their more frequent appearance near the cer-

vix (relative to root apices). They show that per-

iradicular bands are difficult to see in root areas 

covered with thick cementum, which they state is 

due to the fact that periradicular bands are den-

tine surface configuration lines, commonly over-

laid (and obscured) by cementum. These authors 

conclude that periradicular bands represent the 

termination of ‘contour lines’ related to the la-

mellar structure of dentine. From their illustra-

tions it appears that they are referring to irregular 

accentuated lines sometimes called contour lines 

of Owen (see Dean [1]). We advocate that two 

classes of root surface lines be distinguished: 

long-period incremental lines commonly termed 

periradicular bands, and irregular accentuat-

ed rings (misleadingly termed root hypoplasias 

[12]).

Observations of regular concentric lines on 

mammalian root surfaces have also been made 

on seal canines [15] and beaver incisors [11]. In 

the former case they were interpreted to repre-

sent annual dentine growth lines formed during 

the winter, while in the later case they were used 

to calculate dentine growth rates, which were re-

lated to environmental conditions. Rinaldi and 

Cole [11] review Rinaldi’s experimental work that 

demonstrated circadian periradicular bands in 

marmots and laboratory rats, stating ‘periradic-

ular bands are the external manifestation of von 

Ebner lines’ [p. 290]. However, one difficulty in 

identifying dentine incremental features is the 

parallel nature of Andresen and von Ebner’s lines 

(see images in [2, 3]), and it is unclear if these in-

crements are distinguishable (or of separate eti-

ology) in an organism with a circadian Andresen 

line periodicity.

Newman and Poole [9, 10] were some of the 

first to suggest that periradicular bands are 

equivalent to perikymata in primate enamel. 

Dean [1] provided indirect evidence by docu-

menting the spacing and number of periradicu-

lar bands on a Homo habilis juvenile’s roots (OH 

16). He observed that periradicular band spac-

ing did not vary greatly from cervix to apex, but 

anterior teeth showed more widely spaced bands 

than posterior teeth. Using a range of likely peri-

odicities and total periradicular band numbers, 

Dean estimated formation times and extension 

rates that would result if periradicular bands 

represented long-period lines, finding a pattern 

akin to modern great apes. In a similar approach, 

Berkovitz et al. [16] measured the spacing of 

periradicular bands in a modern  human child, 

which were similar to extension rates derived 

from radiographic studies.

Most recently, Smith et al. [17–19] observed 

and counted these fine lines on several Middle 

Paleolithic fossil hominin teeth, making predic-

tions of root formation duration and age at death 

by assuming periradicular bands were equiva-

lent to other long-period lines. In their study of 

the Scladina Neanderthal’s dentition, Smith et al. 

[17] found equal numbers of perikymata and per-

iradicular bands (113 ± 1 line) between a pair of 

hypoplasias/accentuated rings on tooth crowns/

roots in 5 of 6 anterior teeth (see Smith et al. [17]: 
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fig. 1, p. 20222). This strongly suggests that these 

features represent equivalent periods of time, giv-

en that varying proportions of crowns and roots 

yielded essentially equal counts. 

Appearance and Etiology

Dean [20] suggested that periradicular bands are 

difficult to see due to overlying cementum, as well 

as their more tightly packed and less prominent 

appearance relative to perikymata. However, a 

number of unresolved issues remain concerning 

cement formation [21]. During cementogenesis 

and prior to tooth eruption, acellular cemen-

tum is deposited on a thin layer of unmineral-

ized predentine [22]. It is likely that the clarity 

of periradicular bands in developing teeth is due 

to the fact that a significant amount of cellular 

cementum has yet to be deposited. Given the ap-

pearance of periradicular bands on high-resolu-

tion developing root impressions, it appears that 

the dentine surface is not initially blanketed and 

flattened by cementum. A thin layer of initial 

acellular cementum may adhere to the dentine 

surface in a manner that preserves the underly-

ing dentine topography. Periradicular bands are 

less evident in fully erupted and root complete 

teeth, which tend to possess more cementum, al-

though they may be seen where the cementum 

has been removed [8].

In addition to the difficulties associated with 

resolving periradicular bands, section obliquity 

may influence the appearance of Andresen lines 

in histological sections of tooth roots (also not-

ed by Dean [1]), which may explain the direct 

correlation of Andresen lines and periradicular 

bands in only a single tooth in this study. Dean 

[20] also suggested that Andresen lines may be 

difficult to resolve below the dentine surface due 

to dentine microanatomy and subsurface mantle 

dentine formation. However, there is some debate 

over whether mantle dentine is found along the 

cementum-dentine junction, or if it is only found 

near the enamel-dentine junction [22]. In roots 

the outermost layer of dentine, the hyaline layer, 

mineralizes after the bulk of radicular dentine. 

It is unknown how this layer relates to the un-

derlying dentine, although dentine tubules can 

be identified that are continuous with the deeper 

dentine [23]. We concur with Dean’s [20] state-

ment that the subsurface dentine revealed in 

histological sections does not typically display 

incremental features, although we note that it is 

possible in some instances (e.g. fig. 2f).

In closing, we have demonstrated that per-

iradicular bands on tooth root surfaces are 

equivalent to long-period Andresen lines in root 

dentine. Given Dean’s [1] demonstration that in-

ternal long-period lines in enamel and dentine 

are equivalent, we suggest that the periodicity 

of long-period lines on the external surfaces of 

primate tooth crowns and roots, and within the 

enamel and dentine, is also equivalent. The same 

long-period rhythm has also recently been iden-

tified in bone [24]. Incremental features on tooth 

roots may compliment information derived from 

tooth crowns; however, additional research is 

needed to understand the diversity of mamma-

lian incremental features, the formation of the in-

terface between dentine and cementum, and the 

etiology of long-period lines.
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Abstract
Mutations of the Eda gene, which encodes for ectodys-

plasin-A1, result in X-linked hypohydrotic ectodermal 

dysplasia (XLHED). This pathology may lead to severe oli-

godontia, subsequently requiring implant therapy. Since 

Eda is suspected to participate in bone development, the 

jaw bone status was investigated in XLHED patients in 

order to adjust the surgical protocol. Using computed 

tomography, densitometric profiles and 3D reconstruc-

tions, the bone structure was analyzed and compared to 

that of control individuals; our results showed that the 

morphological changes comprised mandibular bone 

flattening. Craniofacial CT scans showed medullary bone 

hyperdensity, including in the mandibular symphysis 

area, where implants must be placed. These alterations 

in bone structure were also observed in locations where 

the presence/absence of teeth cannot interfere. If the 

changes in jaw bone morphology can be a consequence 

of oligodontia, the changes in bone structure seem to 

be tooth-independent and suggest a direct effect of the 

mutation on bone formation and/or remodeling.

Copyright © 2009 S. Karger AG, Basel

The Eda gene encodes for ectodysplasin-A1, a type 

II transmembrane protein with a short intracellu-

lar domain, a transmembrane domain, a collagen 

motif, and a tumor necrosis factor (TNF) ligand 

motif [1]. Mutations in this gene result in X-linked 

hypohydrotic ectodermal dysplasia (XLHED, 

OMIM 305100). Among several other phenotyp-

ic alterations, XLHED patients often show severe 

oligodontia, which then requires dental implant 

therapy [2, 3]. Since oligodontia in these patients 

is systematically more severe in the lower jaw, 

the mandibular bone status was investigated to 

adjust the surgical protocol, as bone quality and 

quantity are determining factors in the success 

of implant therapy [4]. Previous investigations 

have also shown that Eda is expressed by secret-

ing osteoblasts during embryonic skeletal devel-

opment [5, 6] and may thus interfere with bone 

formation. In this study, computed tomography, 

densitometric profiles and 3D reconstructions 

were used to investigate jaw bone morphology 

and structure and to compare them to those in 

controls. The main results showed mandibular 

bone flattening and medullary bone hyperden-

sity, mainly in the mandibular symphysis area, 

where implants must be placed. However, altera-

tions in bone structure were also observed in lo-

cations where teeth cannot interfere, suggesting 

a direct effect of the mutation on bone formation 

and/or remodeling. Conversely, the morphologi-

cal changes observed in the jaw bone appear to be 

a consequence of oligodontia.
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Fig. 1. Mandibular bone morphology in XLHED patients. Three-dimensional reconstructions of 

an XLHED patient’s craniofacial complex (a, b). Axial (c) and sagittal CT mandibular sections (d, 

e) in a control patient. Axial (f) and sagittal (g, h) sections in an XLHED patient. The lines in c and 

f indicate the positions of the sections shown in d, e, g and h, respectively. The superposition 

(right in i) of median sagittal sections in the symphysis of XLHED (center in i) and control (left in 

i, which corresponds to e) patients (i) illustrates the change in jaw bone morphology. Upper (j) 

and lateral (k) views of an XLHED patient’s mandibular 3D reconstruction show the presence of 

a crest on the upper part of the mandible.
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Material and Methods

Recruitment of Patients
Male XLHED patients genotyped for an Eda mutation 
(n = 26) were recruited in the Reference Center for Dental 
Manifestations of Rare Diseases (University Hospital, 
Strasbourg) and through multi-disciplinary consulta-
tion in the French Reference Center for Genodermatosis 
(Necker Children’s Hospital, Paris). The age of the pa-
tients used for this study ranged from 8 to 33 years.

Bone Phenotype Analysis
Bone phenotype analysis was performed using com-
puted-tomography images of the maxilla and the man-
dible. Bone density was evaluated on craniofacial CT 
sections by measurements of Hounsfield Units (HU) 
and based on the Lekholm and Zarb bone density clas-
sification [7]. D1 density corresponded to a high bone 
density (above 850 HU) and D4 to a low bone density 
(below 500 HU) [4]. Computer-assisted bone densito-
metric profiles allowed the comparison of the density 
of XLHED and control bones. These analyzes were per-
formed using SimplantTM (Columbia Scientific, Inc., 
Columbia, S.C., USA) interactive software specifically 
designed for the assessment of implant surgery. Bone 
hyperdensity was visualized on 3D reconstructions, 
generated from the original CT scan images, using 
Amira software (version 2.3, TGS, Chelmsford, Mass., 
USA). Since XLHED is a rare disease, statistical tests 
could not be performed. However, the parameters in-
vestigated in this study in male XLHED patients were 
compared to those of control male individuals of the 
same or similar age.

Results

Morphological Changes in the Jaw Bone

In addition to oligodontia, XLHED patients 

showed a morphologically altered mandibular 

jaw bone characterized by a flattened shape (fig. 

1a, b, g, h). A crest sometimes remained on the 

upper part of the mandible (fig. 1b, h, i, j; fig. 3d), 

regardless of the age of the patient (8 years old: fig. 

1j, or 33 years old: fig. 1h). Sagittal sections in the 

CT scans were made in the anterior part of the 

mouth in XLHED patients (fig. 1g, h) and com-

pared to those of controls (fig. 1d, e). The decrease 

in jaw bone height was obvious in XLHED pa-

tients (fig. 1g, i), and the crest that remained might 

correspond to the upper part of the jaw bone in 

controls (compare fig. 1h and fig. 1e; superposi-

tion in fig. 1i). Further bone alterations included 

maxillary hypoplasia and an increased length of 

the mandibular body (fig. 1b and cephalometric 

data not shown), suggesting an altered pattern of 

skeletal growth.

Structural Bone Alterations

Compared to the same anatomical area in con-

trol patients, the symphyseal mandibular bone 

of XLHED patients showed structural defects, 

including an increased density of the medul-

lary bone (compare fig. 2i, j and d, e) and hy-

percorticalization (fig. 1h). Computer-aided 3D 

reconstructions in XLHED patients showed the 

existence of hyperdense structures in the medul-

lary bone in the symphyseal area (fig. 3e), com-

pared to controls (fig. 3c). These structures were 

also observed more anteriorly, and were more 

abundant in XLHED patients (fig. 3f) than in 

controls (fig. 3b). Furthermore, local variations 

were observed when comparing the bone den-

sity of XLHED patients in the symphyseal area 

(fig. 2f, i, j) or in the posterior mandibular area 

(fig. 2f, g, h). Such variations were not observed in 

control patients (fig. 2a–e). The medullary bone 

density from the symphyseal area exhibited local 

variations as observed in axial CT sections (fig. 

3a), which ranged from 742 to 1,406 HU.

Axial sections in the CT scans showed an in-

creased density of the cortex of the basal bone 

in the mandible of XLHED patients (fig. 3g), 

reaching as high as 1,812 HU, while control val-

ues ranged between 1,300 and 1,560 HU. This 

hypercorticalization was also documented in 

XLHED patients from CT sagittal slices in the 

mandibular posterior area (fig. 2g), as compared 

to the results seen in control CT slices (fig. 2b). 

In XLHED patients, the densitometric profiles 

exhibited larger peaks (fig. 2h) than those in con-

trols (fig. 2c), thus suggesting a relative thicken-

ing of the cortex.
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Relationship between Structural Bone 

Modifications and Tooth Abnormalities

The decrease in the height of the mandibular 

body is a consequence of tooth agenesis (compare 

fig. 1g, h in an XLHED patient with fig. 1d, e in a 

control), while structural defects might be inde-

pendent of the dental phenotype. To investigate 

this possibility, measurements were performed in 

the upper jaw, where teeth were present (fig. 3h, 

i). There, the density of the cortex increased not 

only in the alveolar bone, where teeth were pres-

ent (fig. 3i), but also in the basal bone (fig. 3h), un-

derlying but distant from any teeth (fig. 1d). For 

the alveolar bone, the density ranged between 991 
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Fig. 2. Mandibular bone density in control (a–e) and XLHED (f–j) patients. Axial CT sections of a control subject (a) 

and an XLHED patient (f). Cross-sectional slices in the mandibular symphyseal area in the control (d) and the XLHED 

patient (I) and the corresponding densitometric profiles (e, j). Cross-sectional slices in the mandibular posterior 

area in a control subject (b) and XLHED (g) patient with the corresponding densitometric profiles (c, h).
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and 1542 HU in XLHED patients, compared to 

values ranging between 810 and 940 HU in con-

trols [7]. The values for basal bone density ranged 

from 1,011 to 1,739 HU in XLHED patients and 

between 835 and 1,113 HU in controls [7].

Discussion

Mutations in the Eda-A1 gene lead to X-linked 

hypohydrotic ectodermal dysplasia in humans, 

which, among other abnormalities, has major 

consequences for tooth development [8]. XLHED 

patients show variations in the degree of tooth 

agenesis and in the location of missing teeth [9]. 

These variations in the dental phenotype may 

be caused by epigenetic factors [10, 11], but also 

by differences in the penetrance of the mutation 

[12]. Implant therapy is required in about 80% of 

XLHED patients. Since bone quality and quanti-

ty are prognosis factors for the success of implant 

therapy, the bone phenotype was investigated in a 

group of XLHED patients.

The XLHED patients included in this study 

showed both morphological and structural 

modifications. Mandibular bone hypoplasia 

a

b

c

d

fe

g h i

Fig. 3. Bone structure (a–f) and density (g–i) in control and XLHED patients. Symphyseal mandibular area of an 

XLHED patient (a). Three-dimensional reconstructions of control (b, c) and XLHED patients (d–f) show the presence 

of hyperdense structures in the mandibular bone. Bone density analysis of the mandibular cortical bone in an XLHED 

patient (g) revealed a value of 1,812 HU compared to a range of 1,300–1,560 HU in controls. Bone density analysis of 

the maxillary basal bone (h) yielded a value of 1,739 HU compared to 835–1,113 HU in controls. Bone density analysis 

of the maxillary alveolar bone (i) resulted in a value of 1,507 HU compared to 810–940 HU in controls.
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was observed in association with tooth agen-

esis. Similar observations have been made in 

the Tabby mutant mouse model [13]. Analyzing 

Tabby mice with a unilateral missing incisor in 

the lower jaw, it was suggested that the change in 

alveolar morphology was directly related to the 

absence of the tooth. However, XLHED patients 

also exhibited craniofacial dysmorphies, inde-

pendently of dental abnormalities [3]. Indeed, 

they showed mandibular pronathism, frontal 

prominence and growth modification of the cra-

nial base [14, for review see 3 and refs therein]. 

For this reason, the bone status of these patients 

was investigated further, revealing changes in 

bone structure including areas of local increases 

in medullary bone density and hypercorticaliza-

tion. Mutations in the Eda-A1 gene have much 

more dramatic effects on the lower dentition. 

Attempts were thus made to compare the effects 

on the bone structure of each jaw individually, in 

order to determine whether structure alterations 

might be a direct consequence of the mutation. 

Human cortical and trabecular bones are hetero-

geneously mineralized due to local variations in 

the kinetics of both mineralization and remod-

eling [15]. Our results showed that in both jaws, 

there was an increase in basal bone mineraliza-

tion, independent of the presence or absence of 

teeth. Bone modifications independent of tooth 

status were confirmed by comparing the den-

sity of the alveolar bone, in contact with teeth, 

with that of the basal bone, which is distant from 

teeth. In both cases, the bone density was higher 

in XLHED patients than in controls, document-

ing again a direct effect of the mutation on bone 

structure. Indeed, in humans, Eda is expressed 

by osteoblasts, suggesting that EDA-A1 may have 

direct effects on bone formation [5]. Moreover, 

chondrocytes and hypertrophic chondrocytes do 

not express Eda, suggesting that the correspond-

ing protein may have more specific functions in 

membrane ossification than in enchondral ossi-

fication processes [5].

Besides the possible role of osteoblasts, osteo-

clast activity might be altered in XLHED patients 

and lead to an increase in jaw bone density. The 

level of parathyroid hormone (PTH), involved 

in osteoclast differentiation, was found to be de-

creased in XLHED patients [16]. Further, EDA/

EDAR activates the NF-κB intracellular path-

way, which is implicated in osteoclastic differ-

entiation and bone remodeling control [17, 18]. 

Adapter molecules such as TAB2, TAK1 and 

TRAF6 participate in the transduction of the 

signal between the complex EDA-ectodysplasin 

receptor (EDAR) and NF-κB [19]. TRAF6 is in-

volved in ectodermal morphogenesis and later in 

osteoclastic differentiation and bone remodeling 

through EDA. Indeed, an osteopetrotic pheno-

type has been observed in the knock-out mouse 

model TRAF6–/–, with increased bone radio-

opacity and altered teeth eruption, characteris-

tic of osteopetrosis [20]. Molecular alterations of 

the NF-κB pathway are associated with metabolic 

and structural bone defects as in syndromic ec-

todermal dysplasia with osteopetrosis linked to 

NF-κB essential modulator (NEMO) mutation 

[21]. The skeletal phenotype associated with this 

mutation confirms the involvement of the EDA-

NF-κB pathway in bone metabolism. To contin-

ue with this study and to evaluate the respective 

roles of osteoblasts and osteoclasts, in vitro cul-

tures will have to be studied using the Tabby 

mouse model. However, the present observations 

illustrate the necessity of adjusting the surgical 

implantation protocol in light of the morphologi-

cal change and increased density of the jaw bone 

in XLHED patients.
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Abstract
Background: Vitamin D plays an important role in bone 

mineralization. Enamel and dentin are two mineralized 

tissues of different origins that are part of the tooth struc-

ture, but the mechanism by which vitamin D regulates 

the mineralization of these tissues remains unclear. We 

examined the mineral deposition pattern of enamel and 

dentin in continuously erupting incisors in a vitamin D 

receptor (VDR) deficient mouse model to determine the 

effect of vitamin D receptor pathway on enamel and 

dentin mineralization. Methods: VDR wild-type mice 

(VDR+/+) and VDR-deficient (VDR–/–) littermates were 

sacrificed at 70.5 days of age, and their mandibles were 

dissected. Immunostaining of biglycan and decorin was 

used to evaluate the dentin maturation. Micro-comput-

erized tomography (micro-CT) was used to compare the 

mineral density (MD) of enamel and dentin of the two 

groups at different regions along the axis of the man-

dibular incisors. Scanning electronic microscopy (SEM) 

was employed to examine the ultrastructure of enamel 

and dentin at the levels corresponding to those exam-

ined in the micro-CT studies. Furthermore, an acceler-

ated eruption procedure was performed to exclude the 

effect of delayed eruption on enamel and dentin miner-

alization. Results: Different mineral deposition patterns 

of enamel and dentin were observed at different levels 

of the incisors in the VDR+/+ and VDR–/– groups. Early 

enamel maturation and mineralization, and dentin hy-

pomineralization were observed in the VDR–/– group. 

Conclusion: Vitamin D affects enamel and dentin min-

eralization through different mechanisms. It may affect 

the mineralization of dentin systemically while enamel 

mineralization may be regulated locally.

Copyright © 2009 S. Karger AG, Basel

The vitamin D pathway is known to systemically 

manage mineral homeostasis through actions on 

intestinal absorption and renal re-absorption of 

calcium and phosphorus, as well as through ac-

tions on trapping and mobilizing calcium from 

mineralized tissues [1, 2]. Timely access to ade-

quate quantities of vitamin D is a vital compo-

nent of bone mineralization and is necessary for 

longitudinal maintenance of mineralized tissue 

in humans and animals. Existing evidence sug-

gests that the stimulation of intestinal absorption 

of calcium and the inhibition of PTH-induced 

bone resorption are major factors in the vitamin 

D pathway affecting osteogenesis [2]. In addition, 

vitamin D is also reported to function locally by 

binding to the vitamin D receptors (VDRs) and 

influencing proliferation of osteoblasts and os-

teoclasts [3, 4].

Numerous studies utilizing both animal mod-

els and human trials have shown that disrup-

tion of vitamin D pathway leads to inadequate 
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levels of calcium and phosphorous in circulat-

ing plasma. This results in decreased mineral-

ization of skeletal bones, and also has a negative 

impact on tooth mineralization [5–8]. There is 

little evidence, however, to show that the same 

mechanisms are responsible for both altered min-

eralization of skeletal bone and disrupted miner-

alization of enamel and dentin. We hypothesized 

that vitamin D affects bone, enamel, and dentin 

mineralization through different mechanisms. 

Thus, if the vitamin D pathway is disturbed, dif-

ferent patterns of mineralization will be observed 

in these tissues.

Distribution Patterns of Mineral Deposition 

in Bone, Enamel and Dentin

In order to determine different regulation of vi-

tamin D pathways on bone, dentin and enamel 

mineralization, we examined the mineral depo-

sition patterns in the continually erupting low-

er incisors of a VDR knockout mouse model. In 

this model, a VDR fragment spanning exons 3–5, 

which encodes the second zinc finger of DNA-

binding domain was deleted [9]. Human vita-

min D-resistant rickets-like phenotypes were 

observed in this model, including 1,25(OH)2D3 

resistance, hypocalcemia and secondary hyper-

parathyroidism. Using micro-CT, we observed 

reduced bone mineral density and osteoporosis-

like bone phenotype (fig. 1a). The dentin showed 

lower mineral density. Multiple radiolucent spots 

of different sizes were scattered in dentin of the 

deficient mouse. Large pulp chambers and thin-

ner pulp walls were also observed (fig. 1a). The 

calcein apposition lines in VDR–/– dentin were 

diffuse, thus dentin apposition rate could not be 

determined (fig. 1b). Dentin maturation was de-

layed and disorganized; dentin and predentin 

layers were much wider (fig. 1c). In these layers 

immunostaining showed diffuse expression of 

biglycan and decorin, which is degraded in ma-

ture dentin (fig. 1d). These observations strongly 

indicate that dentin mineralization and matu-

ration is compromised by VDR deficiency in a 

manner similar to skeletal bone.

Theoretically, if they shared the same mecha-

nism under the same physical and chemical cir-

cumstances, the same patterns of incisal enamel 

and dentin mineralization should develop [10]. 

Our next objective was to determine whether 

enamel follows the same hypomineralization pat-

tern as dentin in VDR-deficient mice. As mouse 

incisors erupt continuously, multiple mineraliza-

tion stages of enamel and dentin mineralization 

are present in a single incisor. We used micro-CT 

scanning at specified planes along the axis of both 

VDR+/+ and VDR–/– mouse mandibular inci-

sors to measure the mineral deposition of enamel 

and dentin at each plane. In the VDR–/– mouse 

we observed hypermineralization of enamel in 

the apical region of the incisors (fig. 2a), con-

versely, at the same observation plane, the dentin 

showed much less mineral density. SEM observa-

tion confirmed early enamel maturation in the 

corresponding region (fig. 2a). Different distri-

bution patterns of mineral deposition in enamel 

and dentin were observed between the VDR+/+ 

and VDR–/– groups (fig. 2b). The distribution 

pattern of enamel and dentin mineral deposition 

in VDR–/– mouse model differed significantly 

from the VDR+/+ group, indicating that VDR 

deficiency affects enamel and dentin mineraliza-

tion differently.

Since vitamin D deficiency delays the erup-

tion rate of the incisors [10–12], we believed that 

delayed eruption may lead to early enamel hy-

permineralization, and with delayed eruption, 

the existing enamel would migrate posteriorly. 

Thus, the level marking the full maturation of the 

enamel moves under the gingival margin of the 

incisor and later approaches the apical region of 

the tooth. To exclude the possible influence that 

delayed eruption has on enamel mineralization, 

a published procedure [11, 12] to accelerate the 

eruption of the lower incisors was performed in 

both groups. The incisor in one side of each mouse 
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Fig. 1. Dentin hypomineraliza-

tion observed in 70.5-day-old VDR 

knockout mice (vdr–/–). a Micro-CT 

revealed translucent spots scat-

tered in the dentin of vdr–/– mice 

(arrowheads). The pulp chamber 

was larger, and the dentin wall was 

thinner. The high porosity was also 

observed in the tibia bone of vdr–/– 

mice. b Determination of dentin 

apposition rate in the vdr+/+ and 

vdr–/– mice. Calcein was double in-

jected at 1-week intervals, and then 

observed in the following week. At 

the first molar level of the incisor, 

double deposition lines were dis-

tinct in the vdr+/+ mice, but they 

were diffuse in the vdr–/– mice. c 

SEM showed that highly disorga-

nized predentin layer in the vdr–/– 

mice. Reduced dentin tubules were 

also observed. d Immunostaining 

revealed diffuse expression of big-

lycan and decorin in the erupted 

region of the VDR deficient mouse 

incisors. E = Enamel; D = dentin; PD 

= predentin.
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Fig. 2. Mineral deposition pattern 

of enamel and dentin observed in 

VDR wild-type (vdr+/+) and VDR 

knockout mice (vdr–/–). a Micro-CT 

images revealed that early enamel 

hypermineralization was observed 

apically to the second molar level 

in the vdr–/– mice. b Different dis-

tribution pattern of mineral depo-

sition of enamel and dentin along 

the axis of incisor in vdr+/+ and 

vdr–/– mice. A much divergent pat-

tern between enamel and dentin 

was observed in vdr–/– group. c 

SEM image of enamel in different 

levels of vdr+/+ and vdr–/– mouse 

incisor. Early enamel maturation 

was observed in the apical regions 

of vdr–/– group.
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mandible was disoccluded; the contralateral side 

was used as control. The incisor was shortened 

to the gingival margin every 2 days for 10 days, 

and then examined the following week. In our 

study, the maturation zone of the enamel was ob-

served to move anteriorly in both VDR–/– and 

VDR+/+ groups. The VDR +/+ group showed 

typical enamel hypomineralization in the disoc-

cluded incisor as reported previously [11, 12]. In 

contrast, we observed an acceleration of enam-

el mineralization in the disoccluded incisor of 

VDR–/– group (fig. 3). While delayed eruption 
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Fig. 3. Micro-CT images at different levels of the incisors of VDR wild-type (vdr+/+) and VDR 

knockout mice (vdr–/–) with accelerated eruption and normal eruption The maturation zone of 

the enamel was observed to move anteriorly in both VDR–/– and VDR+/+ groups. The VDR+/+ 

group showed typical enamel hypomineralization in the disoccluded incisor. In contrast, enam-

el mineralization was observed much faster in the disoccluded incisor of VDR–/– group than was 

seen in VDR+/+ group. a Erupted region. b Embedded mature region. c Region underlying the 

medial first molar. d Region underlying the distal first molar. e Region underlying the second 

molar. c Region underlying the third molar. g Apical region. h Ramus region.
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may influence enamel mineralization as reported 

earlier [11–12], this was not observed in our stud-

ies. We conclude that the VDR deficiency may be 

a more important factor than delayed eruption to 

early mineralization.

Possible Explanations

Bone defects in VDR-deficient mice can be pre-

vented by bypassing active calcium absorption 

with a diet containing high levels of lactose and 

calcium [13]. It has also been reported that no 

skeletal defect was observed in the osteoblast-

specific conditional VDRKO mouse model [13]. 

These observations indicate that the principle 

action of the VDR in skeletal growth, matura-

tion, and remodeling, is related to intestinal cal-

cium absorption [2]. The skeletal consequence 

of VDR deficiency is a result of impaired intes-

tinal calcium absorption and/or the resultant 

secondary hyperparathyroidism. Thus, vitamin 

D regulates bone mineralization primarily as an 

endocrine factor [14]. Osteoporosis in part devel-

ops as the major bone defect when vitamin D is 

deficient. Three main mechanisms underlie the 

pathogenesis of osteoporosis: insufficient mass 

during growth; excessive bone resorption; and 

inadequate new bone formation [15]. Recent re-

search has found that mice containing a deleted 

VDR gene cannot produce RANKL in response 

to 1,25(OH)2D3 and cannot support osteoclas-

togenesis [16]. Therefore, the osteoporosis-like 

phenotype in VDR deficient mice may not result 

from the bone remodeling and bone resorption, 

but most likely results from insufficient mineral 

deposition.

Enamel, dentin, and bone are mineralized 

tissues that develop through matrix-mediated 

mineralization process; however, the origin, com-

position and remodeling of these tissues are dif-

ferent [17]. Multiple studies in mice have reported 

dentin hypomineralization when vitamin D path-

way disturbances exist [6–8]. Since dentin shares 

similar mechanism of mineralization to bone 

[18], the assumption is to attribute the dentin hy-

pomineralization to inadequate levels of calcium 

and phosphorus in plasma. Additional research 

has revealed that the effects of 1,25(OH)2D3 on 

bone mineralization not only maintains miner-

al homeostasis but also stimulates the formation 

of osteoclasts and promotes production of calci-

um binding proteins such as osteocalcin and os-

teopontin by osteoblasts. The synthesis of these 

proteins is positively associated with new bone 

formation and mineralization [2].

Although the mechanisms are unclear, VDR 

deficiency influences odontoblasts. VDR is ex-

pressed in odontoblasts, and odontoblasts and 

ameloblasts are the target cells for vitamin D 

function [19]. Recent investigations suggested 

that 1,25(OH)2D3 functions to upregulate VDR, 

which in turn induces structural gene products, 

including calcium-binding proteins and sever-

al extracellular matrix proteins, such as dentin 

sialoglycoproteins and dentin phosphoproteins 

which are important for dentin formation [7, 20]. 

Therefore, the dentin hypomineralization, espe-

cially the translucent areas observed by micro-

CT in our studies, may be caused by the abnormal 

structure and function of these extracellular ma-

trix proteins in dentinogenesis. While it is clear 

that the dentin hypomineralization follows the 

trend of hypocalcemia, we believe that the cal-

cium levels in plasma play major roles in dentin 

mineralization.

As the early enamel hypermineralization is 

independent of extracellular hypocalcemia, we 

propose that vitamin D deficiency mainly func-

tions on enamel mineralization locally. The 

direct action of vitamin D on the target cells usu-

ally functions through genomic and nongenom-

ic pathways and the early enamel mineralization 

which we have observed may be secondary to 

the absence of hormone-dependent VDR ac-

tions in ameloblasts. The genomic actions of vi-

tamin D occur by binding the ligand to the VDR, 

which then heterodimerizes with the retinoid 
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Abstract
Aims: This study is part of a larger investigation of genetic 

and environmental influences on primary tooth emergence 

in Australian twins. Our aims were to describe patterns of 

emergence asymmetry, including directional and fluctu-

ating components (DA, FA), and to test for a genetic ba-

sis to observed asymmetry. Methods: The study sample 

consisted of 131 twin pairs. Using one randomly-selected 

twin from each pair, dental asymmetry was examined by 

analysing the number of days between emergence of an-

timeres (Δ), with dates of emergence provided through pa-

rental recording. Scatterplots were used for assessment of 

DA and FA, followed by paired t-tests to detect significant 

differences in mean Δ from zero (evidence of DA). FA was 

assessed by calculating means and variances of the abso-

lute value of Δ. A range of intervals (0, 7, 14, 21, 28 days) 

was used to define symmetrical emergence of antimeres. 

 Results: Although a trend in left-side advancement for 

tooth emergence was detected, this was not statistically 

significant. Relatively low levels of FA were noted through-

out the primary dentition, with maxillary and mandibu-

lar lateral inisors displaying the highest values, but no 

evidence of a genetic influence on FA was noted. Around 

50% of all antimeric pairs of primary teeth were found to 

emerge within 14 days of each other, although time dif-

ferences of more than 50 days were noted in some cases. 

Conclusion: Studies of dental asymmetry provide insights 

into the biological basis of lateralisation in humans and the 

results can also assist clinicians to discriminate between 

normal and abnormal developmental patterns.

Copyright © 2009 S. Karger AG, Basel

As part of a larger study of genetic and environ-

mental influences on primary tooth emergence in 

Australian twins, this analysis was conducted to 

identify whether patterns of asymmetry for tooth 

emergence exist within the primary dentition and 

to also determine whether the nature and extent 

of asymmetry differs between sexes or zygosity 

groups. Although there have been many studies 

of asymmetry in tooth size, there have been rela-

tively few that have focussed on tooth emergence, 

particularly in the primary dentition.

Asymmetry is said to be directional (DA) when 

one side regularly displays greater and/or earlier 

development than the other, reflecting an under-

lying biological mechanism designed to serve a 

particular functional purpose. Random, non-di-

rectional differences between sides, termed fluc-

tuating asymmetry (FA), are thought to indicate 

the inability of an individual to buffer against de-

velopmental disturbances.

DA in primary teeth has been identified for 

crown size [1] and left-advanced emergence of pri-

mary teeth has also been reported [2]. Various pat-

terns of FA have been reported in relation to arch and 

tooth groups [3–6]. Previous studies of the primary 

dentition have shown no association of asymmetry 

All authors are associated with the International Collaborating Centre in Oro-facial Genetics and Development. 
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with gender [1, 2, 4] and significantly less asymme-

try compared with the secondary dentition [7].

A recent study has shown strong genetic con-

trol for emergence timing of the primary incisors 

[8]. What remains less clear is the degree of genet-

ic and/or environmental influence on emergence 

asymmetry and the nature of the biological basis 

to body lateralisation. Are DA and FA in dental 

structures genetically determined? Results have 

varied from less asymmetry in twins compared 

with singletons [9], to no significant difference 

between the two groups [1, 10]. Furthermore, al-

though examples of mirror-imaging have been 

observed in the dentitions of twins [11], there have 

been no detailed analyses of the frequency of this 

phenomenon in different zygosity groups.

If patterns of asymmetry within the dentition 

can be understood in relation to underlying bio-

logical mechanisms, our understanding of early 

human development, and dental development in 

particular, will be increased.

Hence, the aims of this study were to:

• Describe patterns of asymmetry in primary 

tooth emergence

• Determine the presence and extent of DA 

and FA

• Test for associations of asymmetry with 

gender and between MZ and DZ co-twins

• Describe the trends in asymmetry when 

different time intervals for emergence 

between antimeres were defined

Materials and Methods

The study sample consisted of 131 twin pairs includ-
ing 59 pairs of monozygotic (MZ), 40 pairs of dizygotic 
same-sex (DZss) and 32 pairs of dizygotic opposite-sex 
(DZos) twins.

Using one randomly selected twin from each pair, 
dental asymmetry was examined by analysing the 
number of days between emergence of antimeres (Δ). 
Scatterplots of emergence times of antimeric pairs pro-
vided an initial assessment of the presence of DA and FA, 
followed by more formal testing. Firstly, DA was quan-
tified by testing whether the mean Δ differed from zero 

(paired t tests, alpha = 0.05). The presence and extent of 
FA was then quantified by calculating means and vari-
ances of the absolute differences in emergence times of 
antimeres IΔI. Comparisons of IΔI values were made be-
tween males and females to determine the influence of 
gender on FA. Twin comparisons were also conducted to 
examine whether there were associations between MZ 
and DZ co-twins for asymmetry. Several time intervals 
(0, 7, 14, 21, 28 days) were used to define symmetrical ver-
sus asymmetrical antimeric emergence and comparisons 
were made between different tooth types, e.g. incisors, 
canines and molars. For example, when using a 14-day 
interval, antimeres were considered to emerge sym-
metrically if they emerged within 14 days of each other. 
However, if they emerged more than 14 days apart, they 
were categorised as displaying asymmetrical emergence 
with either left- or right-side advancement.

Results

Scatterplots (not presented) demonstrated a 

strong correlation between antimeres for tim-

ing of emergence (0.95<r<1.0) and, relative to the 

hypothetical line of symmetry, a small degree of 

FA for all primary teeth. The mandibular later-

al incisors, followed by the maxillary lateral in-

cisors, exhibited most scatter, reflecting greater 

FA compared with other tooth groups. However, 

there was no evidence of DA and this was con-

firmed using paired t-tests. Furthermore, there 

was no evidence of difference in asymmetry be-

tween the sexes.

The presence (IΔI) and extent (s2) of FA is 

shown in table 1. The second molars have been 

excluded due to small sample sizes. The ab-

solute means IΔI in number of days between 

emergence of both antimeres for maxillary and 

mandibular lateral incisors were almost double 

those for other antimeric pairs, while the vari-

ances (s2) were more than triple. The difference 

in emergence times between lateral incisors was 

24–28 days whereas all other antimeric pairs av-

eraged 10–17 days. This finding indicates that 

lateral incisors, particularly mandibular, exhibit 

relatively greater FA compared with other pri-

mary teeth.
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Scatterplots comparing the degree of correla-

tion between MZ and DZ twin pairs were used 

to ascertain whether observed FA was genetically 

linked. Correlations greater than zero and rela-

tively higher between MZ co-twins than DZ co-

twins would indicate a genetic influence. However, 

there was no evidence of a genetic basis to FA as 

points were randomly distributed (fig. 1).

When emergence of antimeres was exam-

ined for evidence of patterning over increasing 

intervals of time, no significant trend could be 

detected between tooth types (fig. 2). However, 

despite the lack of a statistically significant find-

ing for DA, left-side advancement was observed 

for the maxillary canine and first molar and the 

mandibular central incisor, canine and first mo-

lar when increasing intervals of time were used 

to define symmetrical emergence between anti-

meres (fig. 2). With the exception of maxillary ca-

nines, few antimeres emerged on the same day. 

Once symmetrical emergence was defined by a 

longer time period (7, 14, 21 and 28 days), as ex-

pected, increasingly more antimeric pairs were 

considered to emerge symmetrically. For exam-

ple, 50% of all antimeres emerged symmetrically 

when a 14-day time period was applied. The lat-

eral incisors were exceptions, being consistently 

more likely to emerge asymmetrically for all time 

intervals (fig. 2).

Discussion

Low levels of FA for tooth emergence were 

demonstrated within the primary dentition of 

Australian twins, with increased FA for the lat-

eral incisors. While DA was not statistically con-

firmed, some left-side dominance was shown 

when teeth were examined at increasing intervals 

of time, a trend consistent with earlier studies for 

both the primary [2] and secondary [12, 13] den-

titions. Where DA was demonstrated in an ear-

lier study of the primary dentition, the majority 

of teeth in males showed directionality but only 

the mandibular second primary molars demon-

strated significance in females [2]. Our study did 

not find any significant sex difference for either 

DA or FA, consistent with other studies report-

ing a lack of significant sex effect on asymmetry 

in emergence for both primary [1, 4, 14] and sec-

ondary [15] teeth.

Heikkinen et al. [12, 13] found a difference in 

emergence timing of 1–6 months to be normal 

for permanent antimeres but our results indi-

cate a smaller degree of FA in the primary denti-

tion with most antimeres emerging within 2–3 

weeks of each other. Similar trends of smaller FA 

in the primary dentition compared with the sec-

ondary dentition have been reported in relation 

to tooth size [16]. It has been suggested that the 

controlled intra-uterine environment in which 

primary tooth crowns develop may provide a 

greater buffering effect against developmental 

disturbances compared to that of the permanent 

dentition [16, 17]. The relatively short period of 

Table 1. Magnitude of FA in the primary dentition of 

Australian twins

Antimeric pairs Mean I∆I s2

Maxilla di1 12  288

di2 24 1,831

dc 12  436

dm1 10  300

Mandible di1 13  544

di2 28 1,664

dc 13  429

dm1 17  616

I∆I denotes the absolute mean difference in emergence 

of antimeres (in days).

s2 denotes the variance of difference in emergence of 

antimeres (in days2).
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r = correlation coefficient
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Fig. 1. Scatterplots showing differences in antimeric tooth emergence of primary mandibular 

lateral incisors between monozygotic and dizygotic twin pairs. r = correlation coefficient.
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time for development of the primary teeth may 

also be a factor.
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gence, with heritability estimates ranging from 
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Conclusion

Our study has shown evidence of FA in prima-
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sors, and a tendency for left-side advancement for 

some teeth. Half of all primary antimeric pairs 

emerged within 2 weeks of each other, a find-

ing that should assist clinicians to discriminate 

between normal and abnormal developmental 

patterns. No evidence was found for a genetic 

contribution to FA in tooth emergence.
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Abstract
The aim of this study was to document rates of enamel 

formation in deciduous teeth. Little is known about rates 

of deciduous enamel formation compared to permanent 

enamel. In permanent teeth, rates vary between 2.5 μm 

per day at the EDJ to 6.5 μm per day at the enamel sur-

face. Longitudinal ground sections of twenty mandibu-

lar deciduous teeth (4 of each tooth type) made through 

the crown in the buccolingual plane were selected that 

showed clearly visible daily enamel cross striations us-

ing transmitted polarised light microscopy. Ten average 

measurements, each one made across five daily incre-

ments, were recorded within 100-μm thick zones de-

fined between the EDJ and the enamel surface on each 

tooth section. This procedure was repeated in occlusal, 

lateral and cervical regions of each tooth. Overall, daily 

rates varied less than in permanent teeth and did not 

show the very low rates at the EDJ or the very high rates 

often found in the outer enamel of permanent teeth. In 

deciduous enamel, rates varied between 2.5 and 4.5 μm 

throughout, but often showed a marked reduction in the 

zone immediately following the neonatal line or other 

accentuated markings usually associated with stressful 

events. A catch-up phase usually followed these events 

during which rates recovered. These data provide clear 

evidence of enamel hypoplasia associated with both the 

birth process and other events that cause stress in peri-

natal life.

Copyright © 2009 S. Karger AG, Basel

Cross-striations, or alternating varicosities and 

constrictions, along enamel prisms have long 

been accepted to be daily incremental markings 

in both permanent teeth and deciduous teeth [1–

7]. It follows that measurements of the spacing of 

enamel cross striations can be used to estimate 

the daily linear secretion rates of enamel matrix 

by ameloblasts. However, very few histological 

studies of human deciduous teeth exist where 

rates of enamel formation have been estimated 

systematically. However, rates of enamel forma-

tion in human permanent teeth are much bet-

ter documented and range from 2.5 to 6.5 μm/

day [8, 9]. The aim of this study was to document 

rates of enamel formation in deciduous teeth in 

three regions of different deciduous tooth types. 

All deciduous teeth begin their formation be-

fore birth and contain a neonatal line (NNL) that 

divides enamel formed prenatally from enamel 

formed postnatally. A further aim of this study 

was to record rates of enamel formation across 

the boundary from prenatal to postnatal in the 

cuspal, lateral and cervical regions of the crowns 

of each deciduous tooth type and describe any 

changes.
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Materials and Methods

Ground sections were made in the true longitudinal buc-
colingual axial plane of deciduous mandibular teeth. 
From a large sample, 20 ground sections were chosen 
that showed clearly visible daily enamel cross striations 
in transmitted polarised light that could be seen along 
prism paths running between the EDJ and the enamel 
surface. Four ground sections of each tooth type were 
chosen. Photomontages were constructed of the lingual 

and buccal aspects of each section. Each aspect of the 
crown was divided into occlusal, lateral and cervical re-
gions (fig. 1). Digital calipers accurate to 0.01 μm were 
used to make all measurements on the montages. A mag-
nification factor and a scale for the montages were cal-
culated from images of a 1-mm graticule scored with 
10-μm increments made using the same ×25 microscope 
objective lens. All measurements made on the montages 
were rounded up to the nearest 0.1 μm. Zones of enamel 
100 μm thick were measured along continuous groups of 

Occlusal

Lateral

Cervical

Fig. 1. Diagrams of longitudinal 

sections of a deciduous canine and 

molar showing how each section 

was divided into cervical, lateral 

and occlusal regions. The lateral 

boxed area of the canine section 

represents the region shown in 

figure 2a.

Enamel

Surface

Neonatal

line EDJ

Prism

axis

10 μm

100 μm

2b

100 μm zone150 μm zonea b

10 μm

Fig. 2. a The lateral region of the labial aspect of a deciduous canine. The enamel-dentine junc-

tion (EDJ), neonatal line, enamel surface and prism path axis are indicated. The distance along the 

prism path axis from the EDJ was divided into 100-μm zones parallel to the EDJ. b Higher power 

portion of a. An example of 5 days of enamel growth marked by 6 arrows at cross-striations is 

shown.
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Fig. 3. Graphs of deciduous enamel formation rates in four deciduous mandibular teeth. Plots for a second decidu-

ous incisor and canine appear on the top and those for a first and second molar beneath. Cervical, lateral and occlusal 

regions are denoted by different shades of grey background. The vertical black dashed line indicates the position 

of the NNL with respect to the EDJ. Its distance from the EDJ is indicated on the plots for each tooth type. Note that 

cervical or occlusal enamel in some teeth may not contain a NNL. Individual box plots for prenatal enamel are filled 

dark-grey and for postnatal enamel filled white. Each box plot is for ten groups of six cross-striations in every 100-

μm zone of enamel measured from the EDJ. The horizontal lines show the 25th, 50th and 75th centiles, the whiskers 

indicate the 10th and 90th centiles. The distance from the EDJ has also been included.
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prisms selected for clarity in each region of each aspect 
of each crown (fig. 2). If the enamel stopped significantly 
short of a 100 μm measurement at the surface, a 50-μm 
zone was included. In each 100-μm zone, the distance 
between a consecutive series of six cross striations (that 
represented 5 days continuous enamel growth) was mea-
sured and an average calculated. This procedure was re-
peated ten times at different locations throughout each 
100 μm thick zone (fig. 3). This was repeated in each 
zone throughout the thickness of the enamel. The data 
for the ten average values in each zone were presented 
as box plots for each region of each aspect of each tooth 
type.

Results

In general, there was an increase in the rate of 

enamel formation from the EDJ to the surface 

enamel; the rate of formation was slightly slow-

er in the cervical enamel compared to the cuspal 

enamel. Daily increments ranged between a min-

imum value of 2.5 μm at the EDJ and a maximum 

of 4.5 μm at the enamel surface occlusally and be-

tween 2.5 μm and 3.5 μm cervically.

Superimposed upon this pattern there was 

an almost universal sharp decrease in the rate of 

enamel formation in the 100-μm zone following 

either the NNL or certain other accentuated in-

cremental markings. Generally, this decrease was 

of the order of up to 0.5 μm/day. Within the sub-

sequent 100 μm zone, there was a catch-up phase 

where rates of enamel formation generally re-

turned to their previous values. This reduction 

in enamel matrix secretion is clear evidence of 

enamel hypoplasia associated with a stress line in 

enamel. The hypoplastic phase and the catch-up 

phase generally occured within a single 100-μm 

zone of enamel thickness.

Discussion

Many people have studied the nature and po-

sition of the NNL in modern human teeth 

[10–14]. However, few have documented the 

rate of deciduous enamel formation [6, 7, 15, 

16]. This, together with that of Macchiarelli et 

al. [16] is the first methodical study to dem-

onstrate a hypoplastic reaction to a stress line 

(NNL) in deciduous teeth followed by a catch-

up phase immediately afterwards. Despite the 

fact that teeth and brains are usually consid-

ered the most resilient to environmental stress, 

this study shows that at least deciduous enamel 

responds in the same way to stressful events as 

other tissues, for example, bone, cartilage, mus-

cle and fat. It is well known that the physiologi-

cal changes at birth are associated with loss of 

weight, autophagy, acidosis, etc. [17, 18]. Besides 

the physical appearance of the NNL in decidu-

ous teeth, it is now clear that true enamel hyp-

oplasia, either associated with or without a line 

[8], is an equally good measure of stress during 

deciduous crown formation as well as in perma-

nent crown formation [8].

Conclusions

Deciduous tooth enamel forms at a more constant 

rate than permanent tooth enamel but gradients 

in secretion rates between the EDJ and surface 

and between cuspal and cervical regions still ex-

ist. Rates of enamel formation immediately after 

the NNL often drop by an average of 0.5 μm/day 

but then catch up within a 100-μm (roughly 1 

month) zone.
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Abstract
Background/Aims: Root length is strongly related to 

tooth stability but demonstrates considerable intraspe-

cific variation. Previous studies have demonstrated an in-

traspecific relationship between root length and facial 

length in diverse mammalian taxa. These findings are 

indicative of plasticity in root length but with no clear 

developmental mechanism. This study aims to further 

these findings by identifying patterns of covariance be-

tween postcanine tooth root length and the whole in-

tegrated craniofacial skeleton in order to allow more 

refined hypotheses of the underlying developmental 

mechanisms to be proposed. Methods: 2D landmark 

coordinates were obtained from lateral radiographs of 

27 adult Pan troglodytes skulls. The landmark configura-

tions were divided into two blocks, one of craniofacial 

landmarks and another of landmarks related to mandib-

ular tooth roots. Covariation of the two blocks was deter-

mined using partial least squares analysis. Results: The 

correlation coefficient between the first pair of singular 

warps is 0.76, highly significant (p < 0.02) and not sex re-

lated. Visualisation of this correlation shows a clear pat-

tern of increasing root length variation along the tooth 

row with increasing facial height but not length. Con-

clusions: The findings support previous conclusions 

that tooth roots demonstrate plasticity during their de-

velopment. A correlation between root length variation 

along the tooth row and facial height rather than length 

can be interpreted in the context of previous findings of 

maxillary and mandibular rotation and compensatory re-

modeling during development. It is therefore proposed 

that the observed root length plasticity is due to varia-

tion in the eruptive distance associated with compensa-

tory jaw rotation during development.

Copyright © 2009 S. Karger AG, Basel

While considerable effort has been expended on 

understanding the relationship between cranio-

dental morphology and diet, the adaptive signif-

icance of root length has received relatively little 

attention. Despite this a limited number of stud-

ies demonstrate that tooth root surface area, and 

in turn length, undoubtedly reflect the ability of 

a tooth to resist occlusal loads experienced dur-

ing food processing [1, 2]. Comparative studies 

on platyrrhine species have demonstrated that 

taxa with diets which require higher occlusal 

forces have tooth roots with significantly larger 

relative surface areas [2]. There is also evidence 

to suggest that variation in the magnitude of oc-

clusal forces that can be generated at different 

bite points in the mouth of a single species is 

also reflected in tooth root form [3]. Although 
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tooth root length is closely related to tooth sta-

bility, root length demonstrates considerable in-

traspecific variation [4, 5]. Indeed, preliminary 

observations in Pan troglodytes show a high de-

gree of variation not just in root length of the 

same teeth between individuals but also in the 

pattern of root length variation between tooth 

types (fig. 1).

Previous studies have noted the high de-

gree of variation in the pattern of root length 

around the mouth in a number of species and 

have sought to investigate its developmental ba-

sis. Studies on rats and baboons with experimen-

tally shortened faces [6, 7] and comparisons of 

long and short faced dog breeds [8] have dem-

onstrated the plasticity of root length during 

development and a relationship between facial 

morphology and root length. While root length 

was not measured directly in the study [8] (root 

length was inferred from crown measurements 

and whole tooth weights), a gradient in root size 

reduction was found from the first to third mo-

lar, thus demonstrating a pattern of variation in 

root length of tooth types. These experimental 

studies demonstrate both a degree of plasticity in 

tooth root length during development and that 

the facial skeleton and tooth roots are develop-

mentally integrated. However, the exact nature 

Fig. 1. Variation in root length 

along the tooth row in female 

P. troglodytes. The dotted lines 

denote the length of the roots.
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of this covariation and the process by which this 

integrated variation is modulated during devel-

opment remains unclear.

This paper forms part of an ongoing series of 

studies into the coordinated development and 

evolution of the masticatory system. The aim of 

this study is to test the hypothesis that variation in 

root length is correlated with facial length with-

in P. troglodytes. The study assesses covariation 

between root length and the whole craniofacial 

skeleton. If the hypothesis is falsified, covaria-

tion between root length and alternative regions 

of the craniofacial skeleton will be explored.

Materials and Methods

The sample used in this study consists of lateral radiographs 
of male and female adult crania of P. troglodytes [9]. Crania 
were only selected that possess crowns without heavy wear, 
to avoid the effects of apical cementum deposition, and 
closed root apices, to ensure root growth was complete. 
The sex of the specimens was assessed based upon canine 
dimorphism observed on the lateral radiographs. The sub-
specific designation is not known for all specimens but it is 
clear that the sample contains more than one subspecies.

Twenty-three 2D landmarks (table 1) were digitised 
from each lateral radiograph using tpsDIG2 software 
[10]. Geometric morphometrics [11] were employed 
in this study to investigate morphological covariation. 
Generalised Procrustes Analysis (GPA) [12–15] was 

Table 1. Landmark definitions

Craniofacial block landmarks

Superior most point on orbital margin

Inferior most point on orbital margin

Rhinion

Superior limit of premaxilla

Alveolare

Inferior point of incisive canal

Most posterior superior point of premaxilla

Staphilion

Maxillary tuberosity

Most superior midline point of pterygomaxillary fissure

Superior limit of foramen caecum

Sella turcica

Opisthocranion

Point of intersection between endocranial surface and root of orbit

Point of greatest curvature on superior endocranial surface

Opisthion

Basion

Root Block Landmarks

Mesial point of cervix of P4

Mesial point of cervix of M2

Distal point of cervix of M3

Apex of mesial root of P4

Apex of mesial root of M2

Apex of distal root of M3
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carried out using CoordGen6f software [16]. Subsequent 
to GPA, the landmarks were assigned to one of two blocks: 
one block of craniofacial landmarks, and one block of 
landmarks for the postcanine mandibular tooth roots. 
The analysis was restricted to the postcanine mandibu-
lar tooth roots because on lateral radiographs these roots 
are clearly visible and minimally distorted. The pattern 
of covariation between the landmarks in each of these 
blocks was assessed using partial least-squares analysis 
(PLS). PLS extracts vectors which maximize the covari-
ance of shape variation within the blocks and between 
the blocks [14, 17]. Permutations (n = 999) were calculat-
ed to assess the statistical significance of the correlations 
between singular axes scores. The shape covariation on 
the vectors was visualised using Cartesian transforma-
tion grids calculated from thin plate splines [14]. All 
PLS analyses and visualizations were performed using 
tpsPLS software [18].

Results

The PLS analysis gives a strong and highly sig-

nificant correlation coefficient for the first sin-

gular warps (r = 0.76; p < 0.02) which account for 

64.7% of the total variation and show no relation-

ship with sex. The correlation coefficients for all 

other singular warps are low and not statistically 

significant.

The shape variation associated with the sta-

tistically significant covariance identified on 

the first singular warp is shown in figure 2. A 

clear pattern of root length variation in the post-

canine mandibular dentition can be seen in the 

root block on the first singular warp. At one ex-

treme of the pattern, root length is close to equal 

in all tooth types examined, with a slight de-

crease in length in the roots of the more distal 

teeth. At the other extreme, there is a high degree 

of variation in root length along the tooth row, 

with the greatest length in the roots of the more 

mesial teeth, decreasing distally. The main shape 

variation in the craniofacial block along the first 

singular warp is in the relative height, particu-

larly posteriorly, of the maxillary component of 

the facial skeleton. In addition there is correlat-

ed variation in the projection of the supraorbital 

region and the midface, nasoalveolar clivus of 

the premaxilla and cranial base angulation.

The covariation between the two blocks is such 

that a relative increase in posterior facial height, 

supraorbital projection and midfacial projection, 

a relative decrease in the length of the nasoalveo-

alr clivus, and a more flexed cranial base angle 

is correlated with variation in the relative length 

of the more mesial postcanine mandibular tooth 

roots.

Discussion

Previous comparative and experimental studies 

have demonstrated a correlation between tooth 

root length and facial length [6–8]. The present 

study used geometric morphometrics and PLS 

analysis to test this hypothesis on a sample of lat-

eral cephalograms of P. troglodytes. The results of 

this study do not support the hypothesis that root 

length is correlated with facial length in this sam-

ple. The variation in root length along the tooth 

row is, however, correlated with facial height and 

a number of other craniofacial features.

By analyzing the roots of the tooth row of 

P4-M3 together in each specimen in this study, 

the findings demonstrate a previously unreport-

ed pattern of variation in root length along the 

postcanine tooth row. The observed variation 

ranged from a tooth row with relatively equal 

root lengths, to a tooth row with relatively long 

root lengths in the mesial teeth and root length 

decreasing distally to the shortest root length in 

the M3.

The model supported by Riesenfeld and Siegel 

[6–8], whereby root length is related to facial 

protrusion, has no proposed mechanism to ex-

plain the developmental basis of this relation-

ship. It was suggested that increased root length 

was found in teeth close to sites of growth such 

as sutures; however, such a model cannot apply 

directly to a structure without sutures, such as 

the mandible. So how is the covariance between 
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mandibular root length and facial morphology 

observed in the present study modulated? Three 

hypotheses are discussed below:

(1) Given the strong relationship between 

tooth stability during food preparation and root 

length, the possibility that the differences in root 

lengths correlate with the forces that can be gen-

erated at each tooth should be considered. Muscle 

force production along the tooth row in humans, 

estimated using electromyographic data corre-

sponds well to the mean pattern of root length 

variation along the tooth row [3] but there is no 

available data on variation in the pattern of force 

production along the tooth row that would allow 

this hypothesis to be tested in light of the patterns 

of variation in root length found in the present 

study. Spencer [3] proposed that root length and 

its associated stability, as sensed by the mecha-

noreceptors in the periodontal ligament, limit 

the magnitude of force that is generated at each 

tooth. This hypothesis does not provide an ex-

planation of the covariation of root length in dif-

ferent tooth types and craniofacial morphology 

observed in this study.

(2) Rather than the muscle activity adapting 

to accommodate the ability of a root to resist the 

force generated at that position in the tooth row, 

the developing root of each tooth adapts plasti-

cally to the force it experiences in the period be-

tween coming into occlusion and closure of the 

root apex. 

(3) A final hypothesis is that root length varia-

tion is a consequence of variation in the eruptive 

distance of each tooth. While the relationship 

Root block

a c

b d

Craniofacial block

Fig. 2. Thin plate spline transformations of the shape covariation along the first singular warp. 

a, c The morphological covariation from one extreme of the vector and b, d from the other ex-

treme. a, b The root block. c, d The craniofacial block.
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between root length and eruptive distance re-

mains to be tested in a longitudinal cephalomet-

ric implant study, previous studies in Macaca 

mulatta have demonstrated that during develop-

ment the inferior border of the mandibular cor-

pus undergoes minimal remodeling whereas bone 

deposition occurs along the occlusal surface in a 

gradient that increases posteriorly. The overall ef-

fect of this remodeling pattern is a rotation of the 

mandibular occlusal surface [19, 20]. The alveolar 

remodeling rotation is intimated to be a compen-

satory process to maintain the position of the oc-

clusal plane as the entire maxillary complex and 

mandible undergo a rotational displacement rela-

tive to the cranial base due to growth increases in 

the posterior facial height [20–22]. Therefore, if 

individuals undergo a relatively large increase in 

posterior facial height during growth, as demon-

strated by the individuals at one extreme in the 

present study (fig. 2c), this model predicts that 

the compensatory remodeling of the mandibular 

alveolus would be greater than in an individual 

with a less pronounced ontogenetic increase in 

posterior facial height (fig. 2a, c). The degree of 

remodeling rotation on the occlusal surface of 

the mandible in M. mulatta decreases between 

M1 and M2 eruption [19] and so, due to the rela-

tive timing of molar development, the eruptive 

distance and the respective root length is predict-

ed to be greatest in M1 and decrease for each suc-

cessive molar. This predicted pattern is indeed 

observed in this study in the individuals with a 

relatively greater posterior facial height (fig. 2a, 

c). The corollary that individuals with relatively 

short posterior facial heights will have little varia-

tion in root length along the tooth row is also ob-

served (fig. 2b, d).

The findings of this study have demonstrated 

the pattern of variation in root length along the 

tooth row and how this covaries with posterior 

facial height. Three alternative, but not necessar-

ily mutually exclusive, working hypotheses have 

been proposed that could account for the ob-

served covariation but these remain to be tested 

in future studies.
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Abstract
While there is gradually accumulating knowledge about 

molar crown formation and the timing of molar erup-

tion in extant great apes, very little is known about root 

formation during the eruption process. We measured 

mandibular first and second molar root lengths in extant 

great ape osteological specimens that died while either 

the first or second molars were in the process of erupting. 

For most specimens, teeth were removed so that root 

lengths could be measured directly. When this was not 

possible, roots were measured radiographically. We were 

particularly interested in the variation in the lengths of 

first molar roots near the point of gingival emergence, 

so specimens were divided into early, middle and late 

phases of eruption based on the number of cusps that 

showed protein staining, with one or two cusps stained 

equated with immediate post-gingival emergence. For 

first molars at this stage, Gorilla has the longest roots, 

followed by Pongo and Pan. Variation in first molar me-

sial root lengths at this stage in Gorilla and Pan, which 

comprise the largest samples, is relatively low and repre-

sents no more than a few months of growth in both taxa. 

Knowledge of root length at first molar emergence per-

mits an assessment of the contribution of root growth 

toward differences between great apes and humans in 

the age at first molar emergence. Root growth makes 

up a greater percentage of the time between birth and 

first molar emergence in humans than it does in any of 

the great apes.

Copyright © 2009 S. Karger AG, Basel

Dental development provides useful information 

for exploring a host of biological questions in hu-

mans, great apes and other primates. The timing 

of tooth eruption in particular is linked to mat-

ters as diverse as foraging ability and life history. 

While tooth eruption has received considerable 

attention, particularly in humans [1, 2], the pro-

gression of root development during the erup-

tive process is largely unexplored, particularly in 

apes. The first objective of this study, therefore, 

was to document the progression of root growth, 

and its variation, during molar eruption in great 

apes. However, there are reasons for this docu-

mentation beyond simply providing additional 

information on dental development in apes.

First molar (M1) eruption is particularly impor-

tant because of the correlations between age at M1 

gingival emergence and various life history attri-

butes among living primates [3]. Therefore, deter-

mining age at M1 emergence is the best means of 

inferring the pace of life history among fossil pri-

mates. Because the M1 begins to form just prior to 

birth in higher primates [4, 5], for individuals that 

died during M1 eruption, age at M1 emergence 

equals age at death and can be determined by add-

ing crown and root formation times calculated 
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from the growth lines in the enamel and dentin 

of the M1 [6]. However, such individuals are rare, 

so there is a need to know how much root to in-

clude in these calculations using M1s that are past 

emergence and therefore have more fully formed 

roots. Thus, our second objective was to deter-

mine if the variation in the amount of root present 

at M1 emergence is sufficiently low that the range 

of root length to be used in the calculations, when 

added to crown formation times, would produce 

acceptably narrow ranges for the estimates of age 

at M1 emergence relative to the absolute mean 

ages of M1 emergence in great apes.

Knowing the progression of root formation 

also allows us to explore the developmental fac-

tors underlying the differences in age at M1 emer-

gence among great apes and humans. This involves 

three components: crown formation time, root 

extension rates and the amount of root present 

at emergence. Crown formation times and root 

extension rates have been documented to vary-

ing degrees in great apes and humans [7–9]. The 

third component, the amount of root present at 

emergence and its variation, has not been system-

atically investigated for any species. In fact, age at 

M1 emergence is itself well documented only for 

humans [1, 2]. It is only very recently that we have 

begun to acquire reliable data for free-living great 

apes [6, 10, 11], so it is only now that we can begin 

to look at all the elements comprising the chronol-

ogy of tooth eruption among apes and humans 

in a comparative fashion, and in the context of 

accurate M1 emergence ages. The final objective 

of this study, therefore, is to use the data on the 

amount of root present at emergence to evaluate 

the relative contributions of crown and root for-

mation to differences in the age at M1 emergence 

among great apes and humans.

Materials and Methods

Great ape specimens with erupting first (M1) or second 
(M2) molars were examined in the osteology collections 
at several institutions (see ‘Acknowledgments’). When 

possible, teeth were removed from the mandibles so that 
root lengths could be directly measured. Otherwise, 
root lengths were measured radiographically (periapi-
cal). The study was restricted to mandibular molars be-
cause of the difficulty of extracting maxillary molars for 
measurement, or of measuring root lengths on maxillary 
molars radiographically. In a number of specimens, the 
roots were measured both directly and radiographically 
to test the accuracy of the radiographic measurements. 
In fact, an additional aim of this study was to determine 
the accuracy of radiographic measurements in light of 
potential sources of error such as apical burnout and par-
allax, although the latter of these two sources of potential 
error was minimized by affixing the X-ray film direct-
ly to the lingual surface of the mandible. A paired t test 
with Bonferroni adjustment for 14 specimens in which 
roots were measured both directly and radiographically 
showed no significant difference. Therefore, direct and 
radiographic measurements were pooled, with prefer-
ence given to the direct measurements for those speci-
mens in which both types of measurements were made.

Three root length measurements were taken, mesi-
al, distal and mesiobuccal, all recorded as the linear dis-
tance from the crown cervix to the apex of the developing 
root cone. Mesiobuccal root length was measured only 
on teeth that were removed from the mandible because of 
the difficulty in defining the mesiobuccal tooth cervix in 
radiographs. For measurements taken directly from the 
teeth, mesial and distal root lengths were measured at the 
buccolingual midpoint of the tooth. Measurements from 
x-rays were made directly from the film using digital cal-
ipers. For specimens that preserved left and right anti-
meres, both teeth were included in the data base. While 
data from antimeres cannot be considered completely in-
dependent, we observed that antimeres are sometimes at 
different stages of eruption. We assumed that root length 
is correlated with stage of eruption, or perhaps mandibu-
lar corpus depth, rather than being under some type of 
systemic control that is unrelated to these factors. For 
this reason, and to increase sample sizes, we treated an-
timeres as independent.

We limited the analysis to teeth in which the cusp tips 
were at or above the alveolar margin of the mandible but 
not fully rotated into the occlusal plane of the deciduous 
premolars, as this interval brackets the period of gingi-
val emergence. Since it is not possible with osteological 
specimens to recognize teeth that were precisely at gingi-
val emergence, teeth were divided into three stages, ear-
ly, middle and late, based upon the presence and extent 
of protein stains on the cusps. In the absence of gingi-
val tissue, the presence of protein stains is the only way 
to know that a tooth had emerged through the gingiva. 
Our observations revealed that such staining begins al-
most immediately upon gingival emergence, since stains 
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are sometimes present only at the very tips of cusps and 
demarcated by a clear gingival line. The eruption stages 
based on tooth staining were defined as follows:

Early (stage E) 0 cusps stained
Middle (stage M) 1–2 cusps stained
Late (stage L) 3–5 cusps stained
Thus, stage E includes teeth that were pre-emer-

gent, stage M includes teeth that were recently post-
emergent, and stage L includes teeth that were further 
past initial emergence but not yet fully in the occlus-
al plane. We defined stage M as the point of gingival 
emergence for determining root length at emergence. 
Since all teeth at this stage are slightly post-emergent, 
and since teeth classified as E that may have been on 
the verge of emergence are excluded, this scheme re-
sults in values for root lengths at emergence that are 
somewhat overestimated, but by an unknown amount. 
However, this error is likely to be relatively small given 
known root extension rates compared to the initial rate 
of retreat of the gingiva from the cusp tips after initial 
penetration.

Results

The progression of root development in the M1 

mesial and distal roots of Gorilla, Pan and Pongo 

is shown in figure 1a, b. The data are most com-

plete for Pan and show that, for this genus, about 

3 mm of root on average are added during erup-

tion from the alveolar margin to near the occlusal 

plane.

M1 and M2 mesial, distal and mesiobuccal 

root lengths at stage M, which includes teeth just 

past initial gingival emergence, are shown in ta-

ble 1 and figure 1c, d. M1 Root lengths are great-

est in Gorilla and fairly similar in Pan and Pongo, 

although sample sizes are quite small for Pongo. 

The results are less consistent for M2, but sample 

sizes are uniformly small. In Pan and Pongo, M2 

roots are uniformly longer than those of M1 at 

Table 1. Root lengths in mm at stage M (immediate postgingival emergence) in M1 and M2

Gorilla Pan Pongo

mesial distal mesiobuccal mesial distal mesiobuccal mesial distal mesiobuccal 

M1

n 12 13 8 8 8 7 4 4 4

Mean  6.86  4.73 5.11 4.83 3.83 3.76 5.15 3.88 3.62

Minimum  4.9  3.0 3.5 4.2 2.9 3.4 4.3 2.6 2.1

Maximum  7.9  7.2 6.7 5.3 4.9 4.2 6.1 5.9 5.4

SD  1.00  1.16 1.14 0.35 0.65 0.26 0.89 1.55 1.61

M2

n  4  4 4 7 6 4 4 3 3

Mean  7.38  4.28 4.52 7.04 6.13 6.29 6.58 4.40 4.35

Minimum  6.5  3.6 4.0 5.6 4.7 5.4 5.6 3.8 3.2

Maximum  8.0  5.0 5.5 8.2 7.6 7.1 8.5 5.6 6.3

SD  0.68  0.59 0.67 1.17 1.19 0.74 1.33 1.04 1.70
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stage M. In Gorilla this is true for the mesial root 

but not for the distal or mesiobuccal roots, but, as 

before, sample sizes are small.

For both M1 and M2 in all species, the me-

sial root is longer than the distal or mesiobuc-

cal roots at gingival emergence (stage M) (fig. 

1c, d). Interestingly, in all species, the distal root 

and the mesiobuccal root are close to the same 

length at this stage. In fact, this relationship holds 

throughout the period of tooth eruption (fig. 2a) 

and is sufficiently strong (Pearson correlation 

coefficient = 0.913, p < 0.01) that distal root 

length can be used to estimate the length of the 

mesiobuccal root when the latter cannot be deter-

mined in radiographs.

Discussion

One of the questions posed in the Introduction 

was, is the variation in the amount of root pres-

ent around gingival emergence sufficiently low 
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Fig. 1 a, b. Progression of root extension (mm) in the M1 mesial (a) and distal (b) roots of extant great apes. For each 

taxon stage E is on the left, stage M is in the middle and stage L is on the right. c, d Root lengths at stage M (immedi-

ately after emergence) in M1 (c) and M2 (d). For each taxon the mesial root is on the left, the distal root is in the middle 

and the mesiobuccal root is on the right.
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that any molar tooth can be used to estimate 

age at M1 emergence histologically by adding 

crown formation time to the time to form the 

amount of root that would have been present at 

emergence? The ranges defined by the lower and 

upper 95% confidence limits for the length of 

the mesial root at stage M in Pan and Gorilla 

are, respectively, 0.57 and 1.28 mm. When di-

vided by the average root extension rates over 

the approximate interval for stage M (Pan: 4th 

to 5th mm of root, 8.9 μm/day [7]; Gorilla: 6th 

to 8th mm or root, 13.0 μm/day [9, 11]) these 

ranges equal just over two and three months of 

root formation, respectively. These time brack-

ets would produce reasonably narrow ranges of 

the estimated age at emergence relative to the 

likely average age of M1 emergence of between 

3.5 and 4 years of age in wild chimpanzees and 

gorillas [10, 11].

As noted in the Introduction, it is now pos-

sible to present a preliminary assessment of the 

factors underlying the differences in age at M1 

emergence in great apes (Pan and Gorilla: ~3.5–

4.0 years; Pongo: ~4.5–5.0 years; humans: ~5.6–

6.0 years). Figure 2b demonstrates that the delay 

in humans relative to the great apes is due at least 

in part to a relatively longer period of root for-

mation, resulting from both a lower average root 

extension rate (~7 μm/day) as well as greater root 

length at emergence in humans (~8 mm) [9] com-

pared to great apes, as demonstrated by the re-

sults presented here.
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In this section of this volume, we have a series 

of refereed research papers which relate both to 

clinical setting and to dental morphology. These 

papers not only reflect existing knowledge but 

also point to exciting future developments.

First, Townsend’s group examines how studies 

of twins can inform our understanding of dental 

morphology. Two metaphors are considered. The 

first views teeth as being twins related to antim-

eres and isomers. The other metaphor represents 

decision making by cells during dental develop-

ment as ‘an epigenetic landscape’, in which the 

decision making is like a ball rolling in an undu-

lating landscape of interconnecting hills and val-

leys. In this way, dental phenotypic differences 

may arise within and between monozygotic co-

twins from relatively minor temporo-spatial ef-

fects during development.

Differences in dental crown size between 

antimeric pairs of monozygotic co-twins have 

been demonstrated using manual methods and 

2D and 3D imaging systems. Future studies will 

exploit the new imaging techniques, providing 

further detail of tooth morphology, and mul-

tivariate analysis to examine the causes of the 

similarities and differences within and between 

the dentitions of twins using the two metaphors. 

Epigenetic, as well as genetic and environmental, 

sources of variation will be explored.

Second, Smith and coworkers look at apply-

ing a novel superimposition technique to tooth 

morphology data derived from 3D measurement 

of the dental study models of monozygotic co-

twins. The 3D measurement is providing new 

variables and shape information and differences 

between twins can be highlighted by accurate su-

perimposition of corresponding teeth. This study 

aims to develop a ‘non-best fit’ (Synetic) method 

of superimposition to identify differences in the 

teeth of co-twins. The initial results suggest that 

the new method was more reliable than a conven-

tional best fit approach for superimposing tooth 

crowns.

Third, Horrocks and coworkers report a 3D 

comparison of the modifying effects of the fa-

milial genetic contribution in Turner (XO) syn-

drome. Comparison of individuals affected 

by chromosomal anomalies with controls has 

shown the differential action of X and Y chromo-

somes during dental development. Individuals 

with Turner syndrome have smaller teeth than 

controls. This pilot study used a 3D system to 
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measure the dentition of 10 individuals with 

Turner syndrome and 10 unrelated female con-

trols. The reliability of the method was high and 

it was effective in measuring differences between 

the two groups quantitatively. The main study in-

volving 35 individuals with Turner syndrome, 35 

first-degree unaffected female relatives and 35 fe-

male controls is being completed. The aim is to 

measure surface morphology, volume and con-

tours of the dentition to quantify the influence of 

Turner syndrome on dental development and to 

assess any modifying effects of familial genetic 

contribution.

Fourth, Liversidge addresses a problem which 

has important clinical, sociological and pub-

lic health implications, that of age estimation 

based on permanent tooth formation. The aims 

of this study were to describe maturity data of 

permanent tooth formation from a large sample 

of dental patients in London and to adapt these 

for estimating age, comparing mean age dental 

formation stages between ethnic groups and sex-

es. Over 1,000 panoramic radiographs of simi-

lar numbers of healthy White and Bangladeshi 

dental patients aged between 2 and 22 years were 

scored. The results demonstrated an accurate 

method of estimating age from developing per-

manent mandibular teeth.

These papers demonstrate the value and ap-

plication of important new techniques and 

methodologies to important clinical and dental 

morphology research questions.
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Abstract
Two metaphors are presented to highlight concepts that 

could lead to a paradigm shift in dental studies of twins. 

The first, derived from the Song of Solomon in the Bible, 

refers to teeth as being twins. This viewpoint emphasis-

es that each tooth should be viewed as a paired struc-

ture, not only with its antimere (within the same arch) 

but also with its isomer (in the opposing arch). The other 

metaphor provided by Waddington in 1957 is visual and 

involves ‘an epigenetic landscape’ that represents the 

processes of decision-making by cells during develop-

ment. It likens the different stages of cellular decision-

making to a ball rolling down an undulating landscape 

of interconnecting hills and valleys. This viewpoint helps 

to explain how distinct differences in dental phenotypes 

may arise both within and between monozygotic (MZ) 

co-twins due to relatively minor temporospatial effects 

during development. Measurements of maximum me-

siodistal diameters of teeth in a pair of MZ twins, using 

calipers and also 2D and 3D imaging systems, have dem-

onstrated that differences in dental crown size occur be-

tween antimeric pairs and between corresponding teeth 

of MZ co-twins. By defining new dental phenotypes that 

provide more comprehensive descriptions of tooth size 

and shape, and by drawing on the metaphors described, 

we are confident of providing new insights into the rea-

sons for observed similarities and differences within, and 

between, the dentitions of twins. Our approaches will 

focus on multivariate analyses that take into account 

the paired arrangement of teeth and also explore epi-

genetic, as well as genetic and environmental, sources 

of variation.

Copyright © 2009 S. Karger AG, Basel

In preparing this paper, a Google search was per-

formed using the key words ‘teeth and twins’. A 

reference was found to the Song of Solomon or 

Song of Songs, one of the books in the Hebrew 

Bible. The fourth chapter of this song consists 

of a series of metaphors, including the following 

verse:

‘Thy teeth are like a flock of sheep that are even 

shorn, which came up from the washing; whereof 

every one bears twins, and none is barren among 

them.’

We believe that the metaphorical nature of 

this reference to teeth as twins is particular-

ly relevant. When considered together with the 

importance of metaphors in shaping scientific 

thought and discovery, including so-called ‘par-

adigm shifts’ [2, 3], the phrase opens up a new 

All authors are associated with the International Collaborating Centre in Oro-facial Genetics and Development. 
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perspective into how future studies of twins can 

inform our understanding of dental morphology. 

Rather than using the phrase ‘teeth and twins’, 

we suggest that our focus should be on the meta-

phor ‘teeth are twins’.

This viewpoint emphasises that each tooth 

should be viewed as a paired structure, not only 

with its antimere (within the same arch) but also 

with its isomer (in the opposing arch). We pro-

pose that future studies of dental morphology, 

based on data derived from twins, are likely to be 

most informative if they adopt a multivariate ap-

proach that explores how genetic, epigenetic and 

environmental factors influence both antimeric 

and isomeric covariation within the human den-

tition. The metaphor also reminds us that the 

dentitions of twins provide a unique model sys-

tem to explore the early determination of body 

symmetry in humans, including the phenome-

non of mirror-imaging.

We also wish to refer to a marvellous visual 

metaphor provided by Waddington [1] that helps 

to explain how distinct differences in dental phe-

notypes may arise within and between monozy-

gotic (MZ) co-twins. Waddington proposed the 

concept of ‘an epigenetic landscape’ to represent 

the processes of decision-making by cells during 

development. He likens the different stages of cel-

lular decision-making during development to a 

ball rolling down an undulating landscape of in-

terconnecting hills and valleys. At various stages 

on this ‘landscape’, the rolling ball (or cell) can 

take specific permitted trajectories leading to dif-

ferent outcomes or cellular fates. This metaphor 

seems remarkably appropriate to us when con-

sidering the developmental processes involved in 

odontogenesis, with minor temporo-spatial vari-

ations in cellular interactions apparently having 

the potential to lead to quite different phenotyp-

ic outcomes. Thus, minor differences in the ‘epi-

genetic landscape’ between right and left sides 

may lead to distinct phenotypic differences be-

tween antimeric teeth. Furthermore, differences 

in the ‘epigenetic landscape’ between MZ co-

twins may also lead to differences in their dental 

phenotypes.

The Classical Twin Model and Its Assumptions

MZ co-twins share the same genes whereas dizy-

gotic (DZ) co-twins share only half of their genes 

on average. By assuming that both types of twins 

are sampled from the same gene pool and that 

similar environmental factors affect them, one 

can estimate the relative contributions of genetic 

and environmental influences to observed varia-

tion in different traits. However, there are sev-

eral assumptions underlying the classical twin 

approach and these have not been tested fully 

in many studies. For example, the mean values 

for the trait under investigation should not dif-

fer between zygosity groups. Total variance with-

in zygosities should also be equal for the model 

to hold, as heterogeneity of total variance sug-

gests that environmental factors are not equal for 

MZ and DZ twins. Environmental covariances 

should also be equal, with heritability estimates 

being inflated if environmental covariance is 

greater in MZ twins than DZ twins. All of these 

assumptions should be tested statistically prior to 

calculating genetic and environmental contribu-

tions to phenotypic variance.

Other Twin Models

There are several other research methods, apart 

from the classical twin model, that can be used 

when studying twins [4]. One approach that over-

comes the problem of possible confounding ef-

fects due to common family environment is to 

study MZ twins who were separated shortly after 

birth and reared in separate homes. Assuming 

that their adoption placement is not influenced 

by trait-related environmental factors, the simi-

larity of reared-apart MZ co-twins can be attrib-

uted to shared genes alone [5].
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Another design is the MZ co-twin model 

which involves comparison of MZ twin pairs, 

where co-twins have been exposed to different 

environmental effects. The MZ co-twin mod-

el can also be used to make inferences about 

the relative contributions of genetic and envi-

ronmental factors to phenotypes for which the 

twins are discordant. Differences in the num-

ber and position of missing teeth between MZ 

co-twins who have been confirmed to be mo-

nozygotic based on DNA analyses, raise the 

likelihood that environmental and/or epigenet-

ic influences during development can lead to 

quite distinct differences in dental development 

[6, 7].

Special Features of the Twinning Process

One of the main assumptions of the classical 

twin model is that the findings from these stud-

ies can be extrapolated to the general population. 

However, there are some who question wheth-

er this is appropriate, even for dental variables 

[8, 9]. The twinning process is a special event, 

leading to the concurrent development of two 

individuals in utero. There are also special cir-

cumstances surrounding the birth of twins and 

their peri-natal development. Although some 

claim that the potentially harmful effects of twin 

gestation have been exaggerated [10], a large per-

centage of twins may not develop past 16 weeks 

post-conception, leading some researchers to re-

fer to a so-called ‘vanishing twin syndrome’ [11]. 

Another special phenomenon that can occur in 

MZ twin pairs is ‘mirror imaging’, where one 

twin ‘mirrors’ the other for one or more features. 

Given that there is some preliminary evidence 

that mirror-imaging may be related to the tim-

ing of the twinning process and therefore the 

type of placentation [12], information on cho-

rion type of MZ twins would be extremely valu-

able in any future study of mirror-imaging in 

twins.

Application of Imaging Approaches to 

Compare Tooth Size in a Pair of MZ Twins

We have shown previously that there can be 

large differences in dental phenotypic expres-

sion between MZ twin pairs [6, 7]. For example, 

the maximum mesiodistal crown diameters of 

permanent maxillary central incisor teeth were 

shown to differ by 0.5 mm or more in 5% of MZ 

twin pairs. This magnitude of difference is great-

er than can be attributed to measurement error 

when using hand callipers, indicating that ‘real’ 

differences in tooth size are discernible between 

individuals with the same genotype.

We present data for maximum mesiodistal 

crown diameters of the upper central incisors de-

rived from one pair of monozygotic twins (T50 

A and B). Measurements were obtained direct-

ly from dental casts using digital callipers with 

sharpened beaks and also by using the 2D and 

3D imaging systems developed by Brook, Smith 

and colleagues at the University of Liverpool [13, 

14].

Figure 1 shows labial views of maxillary 

dental models for the MZ co-twins. Maximum 

mesiodistal crown diameters for T50A, based 

on several separate recordings using callipers, 

were 8.0 mm for the upper right central inci-

sor and 7.8 mm for the upper left central in-

cisor. Corresponding measurements for the 

T50A based on scanned 2D images were 8.1 

and 7.6 mm. For T50B, the calliper measure-

ments were 8.5 mm for the upper right central 

incisor and 8.6 mm for the upper left central 

incisor. Corresponding measurements from 2D 

images were 8.5 mm for the right side and 8.9 

mm for the left. When 3D images were used 

to record the projected maximum mesiodistal 

crown diameters of the central incisors in both 

co-twins, the values obtained were as follows: 

for T50A, 8.0 mm for the upper right and 7.6 

mm for the upper left; and for T50B, 8.6 mm 

for the upper right and 8.6 mm for the upper 

left.
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Interpreting Our Findings and Linking the 

Two Metaphors

By taking advantage of the paired arrangement 

of teeth within the dental arches and also by ap-

plying different twin models, such as the MZ 

co-twin design, we believe that it will be pos-

sible to gain new insights into the roles of ge-

netic, epigenetic and environmental influences 

on human dental development. Furthermore, it 

is now possible to define new dental phenotypes 

that can be measured accurately and reliably. 

These new phenotypes, including perimeters, 

areas and volumes, have the potential to pro-

vide better insights into the factors contribut-

ing to variation in dental morphology than can 

be gained by using traditional crown diameters 

alone.

The example that we have provided of one 

pair of MZ twins highlights the fact that there 

can be quite distinct differences in the size of cor-

responding teeth between co-twins, even though 

they share the same genes. There is also evidence 

of asymmetry between antimeric teeth within in-

dividuals. Given the accuracy and reliability of 

the measuring systems used, differences of the 

order of 0.5 mm are unlikely to be due to mea-

surement errors.

Although molecular geneticists have tend-

ed to focus on methylation and acetylation of 

DNA when referring to epigenetics, there is 

growing recognition of the need for a broader 

Fig. 1. Labial view of the maxil-

lary dental models of a pair of mo-

nozygotic twins. The right and left 

central incisors were measured 

with hand-held callipers, and also 

using 2D and 3D imaging systems. 

Differences in the size of these anti-

meric teeth were noted within and 

between the co-twins that were 

larger than discrepancies expected 

due to measurement error.
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interpretation of the term [15, 16]. We use the 

term ‘epigenetics’ in the broad sense proposed 

originally by Waddington [1] to refer to processes 

by which genotype gives rise to phenotype. This 

broader view enables us to describe the interac-

tive processes that occur between cells at the local 

tissue level during dental development as epige-

netic events, in addition to those that may operate 

directly on DNA.

Conclusion

Although it has been established that there is a 

strong genetic contribution to variation in dental 

crown size and shape, we propose that epigenet-

ic and environmental factors can also contribute 

to observed variation. We are exploring the roles 

of these factors by using 2D and 3D imaging ap-

proaches in large samples of twins of known zy-

gosity. In doing so, we are defining new dental 

phenotypes that reflect underlying odontogenic 

processes and we will maintain a focus on teeth 

as paired structures. Recalling the metaphors 

raised in this paper, we will be constantly remind-

ing ourselves that ‘teeth are twins’ – a perspective 

that will hopefully lead to new insights into the 

how epigenetic influences, as well as genetic and 

environmental factors, lead to variations in hu-

man dental morphology.

Acknowledgements

We acknowledge the support of the following funding 
agencies: National Health and Medical Research Council 
of Australia; Australian Dental Research Foundation; 
Wellcome Trust, UK. We also wish to express our sin-
cere thanks to all of the twins and their families who have 
participated in our studies and to Sandy Pinkerton who 
managed the twin studies in Adelaide from their com-
mencement in the 1980s until her retirement in 2008.



Twins and Dental Morphology 141

14 Smith R, Zaitoun H, Coxon T, Karma 
M, Kaur G, Townsend G, Harris E, 
Brook A: Defining new dental pheno-
types using 3-D image analysis to 
enhance discrimination and insights 
into biological processes. Archs Oral 
Biol 2008;in press.

15 Van de Vijver G, Van Speybroeck L, de 
Waele D: Epigenetics: a challenge for 
genetics, evolution, and development? 
Ann NY Acad Sci 2002;981:1–6.

16 Goldberg AD, Allis CD, Bernstein E: 
Epigenetics: a landscape takes shape. 
Cell 2007;128:635–638.

Prof. Grant Townsend

School of Dentistry, The University of Adelaide

Adelaide SA 5005 (Australia)

Tel. +61 883035968, Fax +61 883033444, E-Mail grant.townsend@adelaide.edu.au



Clinical Aspects of Dental Morphology 

Koppe T, Meyer G, Alt KW (eds): Comparative Dental Morphology. 

Front Oral Biol. Basel, Karger, 2009, vol 13, pp 142–147

Synetic Superimposition of Dental 3D Data: 
Application in Twin Studies

Richard N. Smitha � Grant Townsenda,c � Ke Chenb � Alan Brooka

aSchool of Dental Sciences and bDivision of Applied Mathematics, University of Liverpool, Liverpool, UK; cSchool of Dentistry, 

University of Adelaide, Adelaide, South Australia

Abstract
Background: Three-dimensional measurement of den-

tal morphology is providing new variables and shape 

information not available previously, and the reliabil-

ity of these data has proved to be substantial. Accurate 

superimposition of 2D and 3D data-sets has several ap-

plications in dental research when making comparisons 

of similar structures. For example, two data-sets of the 

same object can be superimposed to highlight differ-

ences apparent in limited region(s) of the tooth crown. 

When significant regions represented by the two da-

ta-sets are identical, registration of the images can be 

achieved by standard superimposition methods. How-

ever, for comparisons of crown morphologies between 

monozygotic and dizygotic co-twins, the data sets are 

similar but not identical so a new approach to superim-

position has been developed. Aim: To develop a non 

‘best fit’ (Synetic) method for the 3D superimposition 

of non-similar objects that forms one comparable inter-

face providing enhanced methodology for the analysis 

of differences within the dentition of twins. Method: 

A minimised least-squares registration approach is fol-

lowed by diffusion based registration to provide glob-

al minimisation between points that is not based on a 

best fit algorithm. This process is linear and therefore the 

method ensures uniqueness of the superimposition. Re-

sults: Initial results indicate a reliable method produc-

ing only one output as opposed to best fit approaches 

that may generate a different output each time. Conclu-

sion: Diffusion-based registration offers a more reliable 

approach to superimposing non-identical objects, such 

as the tooth crowns of monozygotic co-twins, than con-

ventional best-fit methods.

Copyright © 2009 S. Karger AG, Basel

There are two main classifications for twins, 

these being monozygotic (MZ) and dizygotic 

(DZ). MZ twins have developed when a single egg 

is fertilized to form one zygote (MZ) which then 

divides into two separate embryos. They have 

in theory identical genotypes. DZ twins usual-

ly occur when two fertilized eggs are implanted 

in the uterine wall at the same time and share, 

on average, half their genes. Complex develop-

mental interactions controlled by multifactorial 

inheritance and influenced by epigenetic and en-

vironmental factors are responsible for the final 

morphology of dental features [1–3]. The devel-

opment of accurate and reliable mathematical-

ly based methods of comparing tooth surfaces 

should help unravel the contribution of genetic 

and environmental factors to phenotypic varia-

tion within the dentition.

The study of twins is a particularly valu-

able approach to quantify the degree of in-

volvement of each of the contributing factors to 
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observed variation, providing an opportunity 

to specifically explore epigenetic and environ-

mental influences [4]. This study demonstrates 

the advantages of the dentition as a model for 

reflecting general developmental processes. 

Detailed description and measurement of spe-

cific dental landmarks, such as cusp positions, 

tooth size and shape, in 3D, can provide impor-

tant new insights into the complex process of 

odontogenesis.

Comparing the similarity of dental morphol-

ogy between twin pairs is of great research inter-

est but it is also very demanding. To superimpose 

the dentitions and study the differences between 

MZ twin pairs in 3D would provide many new in-

dicators and measures of dental variation, as they 

share 100% of their genetic material. Epigenetic 

factors and environmental differences between 

MZ co-twins result in morphological differ-

ences, but locating where the differences occur 

and quantifying the differences is particularly 

challenging.

The usual approach to 3D superimposition as-

sumes that the subject matter (e.g. a tooth) is the 

same item that has undergone a process (e.g. ero-

sion or restoration) and has changed part of the 

surface only but, in the main, the tooth remains 

the same. In this case, it is reasonable to use a 

‘best fit’ mathematical approach which is suffi-

cient to produce the desired comparison. When 

making comparisons between twins, ‘best fit’ 

can produce reasonable results in some cases [5], 

but the approach is dependent upon ambiguous 

mathematics that does not provide uniqueness 

in the final superimposed objects. This may give 

weighting towards more similar areas to the det-

riment of other regions.

In this paper, we outline an adaptation of the 

image registration software to facilitate non-iden-

tical object twin comparisons. This novel appli-

cation has been named Synetic superimposition, 

derived from the Greek word ‘synectikos’ which 

means ‘bringing forth together’ or ‘ bringing dif-

ferent things into unified connection’.

Method

The procedure implements image diffusion based regis-
tration techniques and then demonstrates how to adapt 
the surface data, stored in the measurement software’s 
Cloud STL format, to a form suitable for using the imag-
ing technique. Then, the registered result is converted 
back to Cloud’s STL format for further displays and ma-
nipulations (Cloud Software, Robin Richards, MedPhys, 
London, UK).

Ideas and Formulation from Image Registration
Image registration is the process of spatially aligning two 
or more images of the same object obtained at different 
times or from different viewpoints or by different imag-
ing machineries as in multi-modality imaging [6–8].

For continuous variables,  be represented by com-
pactly supported functions R,T: � � R2→ V � R+

0. For 
each pixel x = (x1, x2)*, denote by w = w(x): � → � the 
unknown coordinate transformation that produces the 
alignment between the reference R and the transformed 
version of the template F = T(w(x)). We hope to achieve 
F ≈ R by minimizing the least-squares functional (with 
respect to w):

Unfortunately, directly minimising this functional is 
an inverse problem which does not have a unique solu-
tion, even when w is an affine (linear) transform [7].

One popular solution for solving an inverse problem 
is to add a regularization term. Using the so-called L2 
norm of the gradient of u(x) = x – w(x) the regularized 
functional is the following:

where α is a positive parameter which may be chosen by 
the L-curve method. Here once the transformation u(x) 
= (u1(x), u2(x)) is found, the registered image will be T 
(x–u(x)). In practice, when R and T are given as discrete 
matrices (images), interpolation must be used to work 
out T (x–u(x)) whenever u(x) is not an integer pair (vec-
tor). We remark that solving the above functional J[u] is 
equivalent to solving the Euler-Lagrange partial differ-
ential equations:
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which resemble the diffusion equations from fluid simu-
lation (hence the name diffusion registration). Full com-
putational details are available [7, 8].

Conversion of Surface Data into Image-Like Data
A pair of surfaces S1 and S2 from the molar crowns of a 
pair of MZ twins which are stored in STL format used 
by Cloud software. The following simple procedure has 
been employed for the data conversion:

(1) Extract the triple (xi, yi, zi), via GMESH format, of 
each of the two surfaces and their connectivity table E 
which are combined to form the 3D surfaces of teeth.

(2) Work out the smallest rectangular box Ω that con-
tains all (xi, yi) of both surfaces.

(3) Divide Ω into a fine resolution and uniform distri-
bution of pixels like coordinate points (Xj, Yj).

(4) Interpolate (xi, yi, zi) onto the new pixel positions 
to obtain all (Xi, Yi, Zi) which may be treated as an image  
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Fig. 1. Result for the upper 1st molar of one MZ co-twin, S1, and for the other co-twin, S2.

T1 surface derived from the registration process

–5

–5

–2

0

2

5

0
0

5
200 200

400
400

600
600

800

Difference from registration

800

1,000

–100

0
100
200

1,000

Difference of T1 and S1

diff2.div

Fig. 2. The T1 surface derived from the registration process along with the difference of T1 and S1.



Synetic Superimposition of Dental 3D Data 145

Zj in Ω. Denote by R, T the converted images of S1 and 
S2, respectively (fig. 1). Below we show the result of a pair 
of such images, first for the molar of one MZ co-twin, 
S1 (fig. 1) and then for the other, S2 (fig. 1). Here in both 
cases, plot (a) shows the locations of all (xi, yi) in domain 
Ω, (b) shows locations (Xj, Yj) we only show a coarse reso-
lution of these points to ensure visibility. Then (c) shows 
the surfaces as would be observed from Cloud in STL 
format and (d) shows the same surface as a converted 
image in Ω. Clearly no essential loss of information has 
occurred by comparing (c) and (d) visually.

Conversion of Image-Like Data Back to Surface Data 
after Registration
Once R and T have been obtained in Ω, we use diffusion-
based image registration to register T onto R and denote 
the registered result by T0. Then we use the following 
procedure to convert the image back to surface data:

(1) Load in the GMESH data (xi, yi, zi) and the con-
nectivity table E from molar S1.

(2) Load in the registered image data, denoted by (Xj, 
Yj, Wj).

(3) Interpolate (Xj, Yj, Wj) onto the new surface posi-
tions to obtain all (xi, yi, ti) with all surface data repre-
sented by ti. Use E and (xi, yi, ti) to build up the registered 
surface T1 in GMESH format, suitable for further explo-
ration in Cloud.

The 3D measurements included the mesio-distal, 
labio-lingual and inciso-gingival 2D variables (used for 
validation of the system against an established 2D system) 
and the same actual 3D version of those variables across 

the surface as opposed to between 2 points. In addition 
the actual surface area was measured. The teeth studied 
were the upper left centrals and upper right laterals.

Results

Table 1 demonstrates the high degree of Fleiss’ 

Intra-Class Correlation Coefficient (ICCC) [9] 

found for intra- and inter-operator reliability 

measurements for the 3D scanning apparatus 

(Optix 400S scanner, Realscan USB, 3D Digital 

Corporation, USA). Fleiss’ method may be used 

for inter- as well as intra-operator calculations 

with the addition of one extra ‘operator’ statis-

tical class. This method accounts for biological 

variance, and is less forgiving than other meth-

ods such as Pearson’s Correlation. All data show 

substantial or excellent reliability [10].

All significance values for both intra-operators 

were >0.05, the majority being >0.8. This implies 

no significant difference between measurements.

Figure 2 demonstrates the T1 surface obtained 

from this registration procedure along with the 

difference of T1 and S1.

Table 1. Intra-operator and inter-operator reliability, based on Intra-Class Correlation Coefficient values, using 3-D 

image analysis

3-D image analysis (Upper left central) variables

MD LL IG MDa LLa IGa SA

Intra-reliability 3D 0.887 0.907 0.985 0.921 0.95 0.976 0.996

Inter-reliability 3D 0.918 0.561 0.975 0.759 0.704 0.967 0.988

(Upper right lateral) variables

MD LL IG MDa LLa IGa SA

Intra-reliability 3D 0.982 0.925 0.974 0.90 0.883 0.958 0.991

Inter-reliability 3D 0.940 0.781 0.967 0.838 0.820 0.906 0.991

MD = Mesio-distal; LL = labio-lingual; IG = incisor-gingival; a = actual across surface measurement.
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Discussion

The 3D reliability data (table 1) demonstrate 

the method’s good application to this research. 

Practically all the ICCC reliability values are 

in the substantial or excellent categories and it 

should be noted that differences between these 

categories are statistically insignificant and as 

tabulated and expected we have slightly lower 

values for inter-examiner comparisons. However, 

the upper left central incisor measurement for the 

LL variable for inter-examiner ICCC data is 0.561 

(still moderate). It is clear when handling 3D im-

ages that certain variable measurements require 

greater skill than their 2D counterparts as these 

images are not fixed and orientation of the im-

ages creates its own error, multiplied for inter-ex-

aminers. The reader should also remember that, 

for example, labio-lingual in 2D (between front 

and rear of the tooth) demonstrating tooth depth 

is not the same variable in 3D where it includes 

the full height contour of the tooth.

This initial study has demonstrated an al-

ternate mathematical method for the superim-

position of non-identical objects, i.e. the molar 

crowns of MZ co-twins. The approach has prov-

en to be robust and provides a novel method for 

deriving a unique output from minimising the 

least-squares calculations for registration by 

converting surface data into full 3D voxel lin-

ear dataset. The approach is linear and ensures 

uniqueness, in contrast to the ‘best fit’ approach 

which is generally non-linear giving non-convex 

minimalisation and resulting in the possibility of 

more than one answer.

Figure 2 demonstrates the T1 surface obtained 

from this registration procedure along with the 

difference of T1 and S1: the right hand plot re-

veals some artefacts generated from the edges of 

the surfaces, when converting to images. Ideally, 

it would be useful to smooth out the image edg-

es or redefine the domain Ω. Nevertheless, the 

current experiments indicate that the central 

variations between the pairs of surfaces can be 

compared more accurately with this new Synetic 

method.

Conclusions

This paper outlines the development of a meth-

odology for enhanced comparison of the denti-

tions of twins. This will result in a greater degree 

of discrimination that should provide addition-

al information on the roles of genetic, epigenetic 

and environmental factors during dental devel-

opment. This method also should provide addi-

tional information from left /right asymmetry 

within individuals and how this compares to in-

ter MZ twin differences. The initial construction 

of the 3D data sets has proved reliable when as-

sessed using a wide array of dental variables.
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Abstract
Comparison of individuals affected by chromosomal 

aneuploidies with controls has already confirmed the 

differential action of X and Y chromosomes during den-

tal ontogeny. Permanent enamel and dentin structures 

are formed during the development of the dentition 

and these reflect the combined effects of both genetic 

and environmental factors during the prenatal and early 

postnatal period. It can provide key information on the 

effect of developmental assaults such as chromosomal 

aneuploidy as it is not subject to subsequent resorp-

tion or remodelling like other skeletal structures within 

the body. Dental features seen in Turner syndrome (TS) 

include significantly smaller teeth than controls and a 

narrow, deeply vaulted palate. Familial genetic contri-

bution is known to have a modifying effect on features 

such as palate width. During the last two decades imag-

ing and analysis techniques have undergone rapid evo-

lution. Each development offers new possibilities for 

describing and defining structures within the body. This 

pilot study used a novel 3D system to measure the den-

tition of 10 individuals with TS and 10 unrelated female 

controls. The reliability of the method and its effective-

ness in quantitatively describing differences between 

the two groups was verified. A larger study involving 

TS individuals, their first degree unaffected female rela-

tives and female controls (n = 35 each group) is under-

way which will use the new 3D system to describe the 

surface morphology, volume and contours of the denti-

tion in order to quantify the effect of TS on dental devel-

opment and to assess any modifying effects of familial 

genetic contribution.

Copyright © 2009 S. Karger AG, Basel

Advances in developmental biology have great-

ly enhanced our understanding of the physio-

logical and genetic processes involved in dental 

development [3]. The genes involved in dental 

development are highly conserved and therefore, 

inferences drawn from one species can be ap-

plied to another. It is relatively easy to manipulate 

the genetic makeup of study species such as the 

mouse and the effect on the resultant offspring 

can be examined to provide insight into the rela-

tive contribution of different factors to the overall 

development process. Conclusions drawn from 

such experiments can then form the basis for less 

invasive studies in humans who exhibit naturally 

occurring genetic anomalies. Permanent enam-

el and dentin structures are formed during the 

development of the dentition and these reflect 

the combined effects of both genetic and envi-

ronmental factors during the prenatal and early 

postnatal period. They are not subject to subse-

quent resorption or remodelling like other skel-

etal structures within the body and therefore 
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provide key information about the timing of de-

velopmental defects. The differential action of X 

and Y chromosomes on tooth crown size has al-

ready been confirmed in studies involving indi-

viduals with chromosome anomalies [1].

Alvesalo’s KVANTTI collection (Institute of 

Dentistry, Oulu University, Finland) contains a 

large number of dental casts from individuals 

with sex chromosome anomalies such as Turner 

syndrome (TS). Individuals with TS are females 

with only one fully functional X chromosome 

rather than the normal complement of two. There 

are several different karyotypes; the most com-

mon being 45X0 which affects approximately 

50% of TS subjects. A further 15% of TS have two 

X chromosomes of which one is structurally ab-

normal. The remainder of cases are mosaic forms 

in which only some body cells are affected and 

the rest are normal. Symptoms vary according 

to karyotype with the mosaic form least affect-

ed and 45X0 most severe [4]. The most common-

ly occurring symptoms are reduced height and 

gonadal dysgenesis. TS individuals have signifi-

cantly smaller teeth than controls and the palate 

is narrower and often deeply vaulted [5].

Variations in the number or structure of sex 

chromosomes are a relatively common type of 

chromosomal anomaly with a frequency of 1:500 

live births. The associated symptoms are more 

compatible with survival than autosomal disor-

ders because sex chromosomes contain a relatively 

high level of facultatively inactive heterochro-

matin and less transcriptively active genes than 

the other chromosomes [6]. Turner syndrome 

(TS) affects approximately 1:2,000 live female 

births although pre-natal incidence is estimat-

ed to be much higher as the majority of foetuses 

are lost during development [5]. Lyonisation [7] 

was thought to result in the inactivation of most 

genes on the second X chromosome in females 

but one which escapes inactivation is the SHOX 

gene [8] which is expressed in the limb buds and 

the first and second pharyngeal arches during 

development [9]. Although its full effects are not 

yet known the short stature associated with TS 

is thought to be caused, in part, by haploinsuffi-

ciency of SHOX. Individuals with a SHOX dele-

tion which is proximal to the junction between 

Xp22.2 and Xp22.3 are also classified as having 

TS [10]. The amelogenin gene is located at Xp22 

and haploinsufficiency leads to reduced enamel 

thickness in TS [11]. Palate width has been shown 

to increase with sex chromosome number [12] 

and the characteristic high arched narrow pal-

ate in TS may be associated with an increased 

incidence of cleft palate [13]. It is worth noting 

that although many TS patients receive treatment 

with growth hormones and oestrogen it has been 

shown that neither has a significant effect on 

dental development [14].

Rapid improvement in imaging and analy-

sis techniques during the last two decades of-

fers new possibilities for describing and defining 

structures within the body. Measurements with 

manual or 2D methods such as callipers or com-

puter analysis of photographs have provided sig-

nificant insights into the effect of chromosomal 

abnormalities on tooth size but are limited in the 

amount of descriptive information that they can 

supply. This study used 3D laser profilometry 

together with novel image analysis software to 

measure the dentition of 10 individuals with TS 

and 10 unrelated female controls. In comparison 

to earlier methods the new 3D system facilitates 

many additional measurements which represent 

the true surface contour of the dentition allow-

ing its morphology to be described in a more sen-

sitive manner than previously possible. The aim 

was to test the reliability of the method and its 

effectiveness in quantitatively describing differ-

ences between two groups in preparation for a 

larger study.

Materials and Methods

A pilot study consisting of the upper casts of ten 45X0 
Turner syndrome (TS) whose karyotype had been 
confirmed for medical reasons and ten unaffected 
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and unrelated female controls were selected from the 
KVANTTI collection. Copies of the original dental casts 
were taken using an impression machine with 2-mm 
EVA discs (Erkodent, Germany) and cast using hard 
dental stone (Kaffir D, British Gypsum). The study re-
ceived ethical approval from the University of Liverpool 
Research Ethics Committee (RETH000075).

The study models were digitized with an Optix 400S 
scanner (Realscan USB, 3D Digital Corporation, USA) at 
a resolution of 750 points ×1,000 lines per mm. A Realscan 
rotary table allowed automated 360° scans to be taken at 
pre-set intervals. The resultant files were imported into 
SLIM 3D software where the individual images were 
merged into a complete 3D model which was then trans-
ferred to CLOUD software for final processing and analy-
sis. In order to validate reliability of the 3D system with an 
established 2D method, digital vernier callipers (Draper 
Tools, UK model 52427) were used to obtain comparative 
mesial-distal (MD) and occlusal-gingival (OG) measure-
ments of four teeth: right central, left lateral, right 1st pre-
molar and left 1st molar. The 3D system was used to obtain 
projected (straight line) MD and OG measurements of the 
same teeth as these could be directly compared with stan-
dard 2D ones. In order to assess the ability of the 3D sys-
tem to describe differences between the groups, additional 
novel measurement variables (actual perimeter (P) and ac-
tual surface area (SA)) were obtained. Intra-operator reli-
ability was assessed by producing 10 duplicate scans and 
comparing the measurements taken.

For each variable, limits of agreement [15] were cal-
culated within which 95% of the measurement differ-
ences were expected to lie in order to assess whether any 
bias was present. Pearson’s correlation, a paired t test and 
Fleiss’ intra-class correlation coefficients (ICCC) were 
used to assess whether there was any significant differ-
ence between the two sets of measurements. The ability 
of the new 3D system to quantitatively describe differ-
ences in morphology between TS and controls was as-
sessed by comparing the TS and control group. A Levene 
test was applied to confirm whether variances were equal 
and an independent t test to assess whether the groups 
were significantly different. Average mean size for each 
variable was compared between the groups and the re-
sults compared with previously published TS literature.

Results

2D/3D Method Correlation

Bland Altman plots showed that no systematic 

bias was present. A paired t test showed no sig-

nificant difference between the two methods (p ≥ 

0.05) and Pearson’s product moment correlation 

co-efficient confirmed that correlation between 

measurements with digital callipers and the la-

ser scanning system was highly significant (r > 

0.99, p ≤ 0.01). Fleiss’ ICCC (>0.99) showed excel-

lent reliability according to the classification set 

down by Donner and Eliasziw [16].

Intra-Operator Reliability for 3D Method

Bland-Altman plots showed no systematic bias 

was present and Fleiss’ ICCC (>0.98) showed ex-

cellent agreement between measurements of re-

peated scans [16].

Comparison of 45X0 Turner Group and Controls

A Levene’s test performed on data from the 45X0 

and controls showed that variances were equal 

between groups and the data did not require 

transformation (p > 0.05). The independent-

measures t test confirmed that the groups were 

significantly different from each other (p < 0.05) 

and comparison of the means for each variable 

showed that tooth dimensions of controls were 

larger than the 45X0 in all cases. Table 1 shows 

descriptive statistics for the upper right central 

incisor.

Discussion

Measurements with the 3D laser scanning and 

analysis system showed excellent agreement with 

those from an established 2D method accord-

ing to Donner and Eliasziw’s [16] classification of 

Fleiss’ ICCC. Intra-operator reliability was also 

excellent. Comparison of groups showed that 

tooth dimensions of controls were significant-

ly larger than TS for all variables which agreed 

with previously published literature [17]. In addi-

tion to being a reliable and effective method for 

quantifying differences in morphological traits 

in dentition between TS and control groups the 

3D system provided scope for the creation of 

new variables which follow the actual surface 
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morphology of a tooth rather than a projected 

straight line value between two points. Accurate 

positioning of markers is facilitated by the ability 

to rotate the 360° images on screen during analy-

sis. Digital archiving of computerised 3D images 

of dental casts provides a safe and space efficient 

way of storing information which can then be 

accessed repeatedly to form the basis of future 

studies and allows electronically transfer of im-

ages between research institutes thus facilitating 

collaboration.

A correlation has already been shown between 

the final height of mothers and their offspring in 

the general population and a similar correlation 

is seen between parents and their offspring with 

TS [18]. This relationship has also been seen in 

some craniological features [19] and palate width 

[2]. In the majority of cases X chromosome mono-

somy results from non-disjunction during pater-

nal meiosis meaning that in 70–80% of TS cases 

the sole X chromosome is of maternal origin [20]. 

A larger study comprising of 105 casts (upper and 

lower) evenly split between 45X0, closely related 

46XX females and unrelated 46XX controls is 

underway which will use the 3D system to obtain 

a range of projected and actual measurements to 

quantitatively describe differences in the dental 

morphology present between groups and to as-

certain whether familial genetic contribution has 

a modifying effect on the features observed.

Conclusions

Limits of agreement, Fleiss, Pearsons and t tests 

validate the reliability and effectiveness of the 

3D laser profiler and computer analysis sys-

tem to quantify differences observed in dental 

morphology between groups. Results obtained 

with the 3D system show significantly reduced 

tooth size in TS compared to normal 46XX con-

trols. Novel 3D variables which follow the actu-

al surface of a tooth rather than a projected A-B 

straight line measurement offer the prospect of 

gaining increased insight into the effect of TS on 

dentition.

Table 1. Comparison of 45X0 Turner syndrome group (n = 10) and controls (n = 10) – descriptive 

statistics for UR1

Variable OG MD P SA

Mean difference (control – TS) 1.01 1.05 4.14 29.09

SE mean difference 0.38 0.17 0.73 4.82

Independent t test (p value) 0.02 0.01 0.01 0.01



152 Horrocks � Brook � Alvesalo � Smith

 6 Chadwick BP, Willard HF: Multiple 
spatially distinct types of facultative 
heterochromatin on the human inac-
tive X chromosome. Proc Natl Acad Sci 
2004;101:17450–17455.

 7 Lyon MF: Some milestones in the his-
tory of X-chromosome inactivation. 
Annu Rev Genet 1992;26:17–28.

 8 Rao E, Weiss B, Fukami M, Rump A, 
Niesler B, Mertz A, Muroya K, Binder 
G, Kirsch S, Winkleman M, Nordsiek 
G, Heinrich U, Breuning M, Ranke MB, 
Rosenthal A, Ogata T, Rappold GA: 
Pseudoautosomal deletions encompass-
ing a novel homebox gene cause growth 
failure in idiopathic short stature and 
Turner syndrome. Nat Genet 
1997;16:54–63.

 9 Clement-Jones M, Schiller S, Rao E, 
Blaschke RJ, Zuniga A, Zeller R, Rob-
son SC, Binder G, Glass I, Strachan T, 
Lindsay S, Rappold GA: The short stat-
ure homebox gene SHOX is involved in 
skeletal abnormalities in Turner syn-
drome. Hum Mol Genet 2000;9:695–
702.

10 Kosho T, Muroya K, Nagai T, Fujimoto 
M, Yokoya S, Sakamoto H, Hirano T, 
Terasaki H, Ohashi H, Nishimura G, 
Sato S, Matsuo N, Ogata T: Skeletal fea-
tures and growth patterns in 14 pa-
tients with haploinsufficiency of SHOX: 
implications for the development of 
Turner syndrome. J Clin Endocrinol 
Metab 1999;84:4613–4621. 

11 Lau EC, Mohandras TK, Shapiro LJ, 
Slavkin HC, Snead ML: Human and 
mouse amelogenin gene loci are on the 
sex chromosomes. Genomics 
1989;4:162–168.

12 Laine T, Alvesalo L: Palatal and man-
dibular arch morphology in 47XXY 
men and in other sex-chromosome 
anomalies. Arch Oral Biol 1993;38:101–
105.

13 Gorlin RJ, Cohen MM, Henneken RCM: 
Chromosomal syndromes: common 
and/or well known syndromes. Turner 
syndrome; in: Syndromes of the Head 
and Neck, ed 4. New York, Oxford Uni-
versity Press, 2001.

14 Hass AD, Simmons KE, Davenport ML, 
Proffitt WR: The effect of growth hor-
mone on craniofacial growth and den-
tal maturation in Turner syndrome. 
Angle Orthod 2001;71:50–59.

15 Bland J, Altman DJ: Statistical method 
for assessing agreement: two methods 
of clinical measurement. Lancet 
1986;i:307–310.

16 Donner A, Eliasziw M: Sample size re-
quirements for reliability studies. Stat 
Med 1987;6:441–448.

17 Townsend GC, Jensen BL, Alvesalo L: 
Reduced tooth size in 45X (Turner syn-
drome) females. Am J Phys Anthropol 
1984;65:367–372.

18 Brook CG, Gasser T, Werder EA, Prader 
A, Vanderschueren-Lodewykx MA: 
Height correlations between parents 
and mature offspring in normal sub-
jects and in subjects with Turner’s and 
Klinefelter’s and other syndromes. Ann 
Human Biol 1977;4:17–22.

19 Perkiomaki MR, Kyranides S, Niinimaa 
A, Alvesalo L: The relationship of dis-
tinct craniofacial features between 
Turner syndrome females and their 
parents. Eur J Orthodont 2005;27:48–
52.

20 Sagi L, Zuckerman-Levin N, Gawlik A, 
Ghizzoni L, Buyukgebiz A, Rakover Y, 
Bistritzer T, Admoni O, Vottero A, Ba-
ruch O, Fares F, Malecka-Tendera E, 
Hochberg Z: Clinical significance of the 
parental origin of the X chromosome in 
Turner syndrome. J Clin Endocrinol 
Metab 2007;92:846–852.

Linda Horrocks, BSc

International Collaborating Centre for Oro-facial Genetics and Development, School of Dental Sciences

Edwards Building, University of Liverpool

Liverpool, L69 3GN (UK)

Tel. +44 151 706 5665, Fax +44 151 706 5857, E-Mail L.R.Saunders@liverpool.ac.uk



Clinical Aspects of Dental Morphology 

Koppe T, Meyer G, Alt KW (eds): Comparative Dental Morphology. 

Front Oral Biol. Basel, Karger, 2009, vol 13, pp 153–157

Permanent Tooth Formation as a Method of 
Estimating Age

Helen M. Liversidge

Barts and The London School of Medicine and Dentistry, London, UK

Abstract
The aims of this study were to describe maturity data of 

permanent tooth formation from a large sample and to 

adapt these for estimating age, to compare mean age 

dental formation stages between ethnic groups and sex-

es. Methods: This was a retrospective, cross-sectional 

study of 1,050 panoramic radiographs of healthy dental 

patients in London aged 2 to 22. Similar numbers of each 

sex and ethnic group (White and Bangladeshi) were se-

lected for each year of age. Permanent mandibular teeth 

were scored using 14 stages described by Moorrees and 

co-workers in 1963 plus crypt stage. Mean age of each 

tooth stage (age when 50% of sample had reached/

passed each stage) was calculated using probit regres-

sion for males and females by ethnic group for each stage. 

Data were combined where no significant difference be-

tween mean age for groups was observed. Average age 

‘within a stage’ was also calculated for each tooth stage. 

Results: No ethnic difference was noted in mean age. 

Canine root stages and third molar apex stages were sig-

nificantly different between the sexes. The average age 

of most stages was considerably later than that given by 

Moorrees and co-workers. Accuracy of age estimation 

on a separate test sample of radiographs was consider-

ably more accurate using these new data. Conclusions: 

These results provide an accurate method to estimate 

age from developing permanent mandibular teeth. The 

lack of ethnic difference in dental maturity of individual 

teeth, suggest that these findings might be appropriate 

to accurately estimate age for other groups.

Copyright © 2009 S. Karger AG, Basel

Developing teeth are often used to estimate age, 

but few dental developmental standards encom-

pass the entire growth span. The aim of this study 

was to present timing of permanent tooth stages 

from a large, wide age range radiographic sam-

ple and present these data adapted for estimating 

age. In addition, mean age of attainment of per-

manent tooth formation times was compared be-

tween males and females and between two ethnic 

groups in London, UK.

Material and Methods

The sample studied was archived panoramic radio-
graphs of 1,050 healthy dental patients in London, made 
up of similar numbers of two ethnic groups (white and 
Bangladeshi local residents) for each year of age from 2 to 
22. Radiographs from 25 males and 25 females were se-
lected for each year of age with the exception of two year 
olds where the numbers were 29 male and 21 female. The 
same number of individuals per year of age was selected 
to improve accuracy (standard deviation) of estimating 
age for younger and older individuals.

All radiographs had been taken in the course of di-
agnosis and treatment. All permanent teeth were scored 
using 14 stages described by Moorrees et al. [1] plus crypt 
stage. These include cusp tip initiation, coalescence of 
cusp tips, cusp outline complete, crown fractions, crown 
complete, initial root, root cleft formation, root fractions, 
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Table 1. Mean age entering a formation stage, SD and adapted mean for age estimation

Stage I1 I2 C P1 P2 M1 M2 M3

Mean age and SD of entering a tooth formation stages (n = 1,050)

Cr 2.72 0.97 2.44 1.31 8.65 2.32

Ci 3.34 0.82 3.34 0.87 9.67 2.03

Cco 3.81 0.80 4.01 0.83 10.18 1.64

Coc 3.40 0.82 4.49 0.90 5.02 0.91 11.06 1.58

C1/2 3.88 0.76 5.06 0.94 5.51 1.00 11.60 1.41

C3/4 2.72 0.71 4.20 0.82 5.24 0.94 6.04 0.87 6.54 0.84 13.09 1.45

Cc 3.30 0.69 3.89 0.72 5.27 0.74 6.14 0.85 6.70 0.76 3.20 0.58 7.40 0.85 13.89 1.43

Ri 3.99 0.77 4.78 0.81 5.97 0.84 6.94 0.79 7.59 0.98 3.60 0.69 8.07 0.95 14.68 1.80

Rcl 4.00 0.78 8.59 0.90 14.88 1.43

R1/4 5.07 0.76 5.69 0.81 6.82 0.78 7.88 0.99 8.59 0.99 4.80 0.83 9.29 0.92 15.50 1.68

R1/2 6.24 0.83 6.67 0.67 8.14 0.96 8.92 0.93 9.44 1.10 5.77 0.91 10.47 1.14 16.69 1.93

R3/4 6.70 0.68 7.09 0.73 9.15 1.07 9.88 1.22 10.23 1.16 6.85 0.60 11.80 1.21 17.54 1.94

Rc 7.28 0.84 7.65 0.73 10.89 1.56 11.54 1.44 12.24 1.23 7.54 0.87 12.85 1.19 18.35 1.96

A1/2 7.55 0.76 8.08 0.99 11.61 1.47 12.06 1.38 12.76 1.08 8.45 1.17 13.63 1.22 19.13 2.10

Ac 8.04 0.90 8.69 1.07 12.23 1.42 12.70 1.25 13.26 1.21 9.38 1.23 14.52 1.21 20.23 2.33

Adapted mean for estimating age1

Cr 3.03 2.89 9.16

Ci 3.52 3.68 9.92

Cco 4.15 4.52 10.62

Coc 3.64 4.78 5.26 11.33

C1/2 4.56 5.55 6.02 12.34

C3/4 3.30 4.73 5.69 6.37 6.97 13.49

Cc 3.64 4.34 5.61 6.54 7.14 3.42 7.74 14.28

Ri 4.53 5.23 6.38 7.41 8.09 3.79 8.33 14.78

Rcl 4.38 8.94 15.19

R1/4 5.65 6.18 7.47 8.40 9.02 5.22 9.88 16.10

R1/2 6.47 6.88 8.63 9.40 9.84 6.26 11.14 17.12

R3/4 6.99 7.33 10.03 10.71 11.24 7.21 12.33 17.94

Rc 7.41 7.86 11.26 11.80 12.50 8.00 13.24 18.74

A1/2 7.80 8.38 11.92 12.38 13.01 8.92 14.08 19.68

1 Adapted by adding half the interval between stages.



Permanent Tooth Formation 155

root length complete, apex half closed and apex closed 
(radiographically). Some stage descriptions for molars 
and intra observer variation are detailed elsewhere [2]. 
Mean age of each dental maturational event (age when 
50% of sample had reached/passed each stage) of each 
tooth was calculated using probit regression for males, 
females and ethnic group using one year age groups. 
Mean age was adapted for estimating age by adding half 
the interval to the next stage [3], with the exception of 
‘apex closed’ stage as once a tooth apex matures, it can 
no longer be used to estimate age using this method. 
Average age ‘within a stage’ was also calculated.

Results

No ethnic differences in mean age were observed. 

The similarity between ethnic groups is illustrat-

ed in figure 1, where the proportion of children in 

some molar stages is plotted against age. This fig-

ure also shows the wide age range for these stages. 

The steep slope of the line for ‘crown complete’ of 

the first permanent molar (M1) reflects a small 

age range, while the range for ‘apex half closed’ 

for the third permanent molar is from 15 to 22 

years. Most comparisons (85 of 97) of mean age 

were not significantly different between males 

and females. Exceptions were the latter half of 

root stages of the canine, apex closure of the first 

molar and apical stages of the third molar. Of 

these, mean age in females was earlier than males 

except for third molar stages. Mean age and stan-

dard deviation for combined groups and adapt-

ed mean age for estimating age are presented in 

 table 1. Average age ‘within a stage’ (plus stan-

dard deviation and N) are shown in table 2.

Discussion

The mean ages of many teeth from the present 

study are considerably later than some previous 

standards [1, 4–6], although these early studies 

do not give details of standard error of mean age. 

Mean age in the present study was more than a 

year later in almost a third of comparison with 

Moorrees et al. [1]. Consequently, estimating age 

of London children using maturity data from 

Moorrees et al. [1] is likely to underestimate age 

considerably. This was tested using the test sam-

ple of Maber et al. [7] and accuracy (bias) using 

Moorrees et al. [1] was more than 1 year (under 
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Table 2. Mean age ‘within a stage’, SD and N

Stage I1 I2 C P1 P2 M1 M2 M3

Crypt 2.60 0.37 3.23 0.36 3.04 0.37 8.78 1.65

8 26 29 49

Ci 2.87 0.35 3.72 0.63 3.91 0.76 8.83 0.91

16 24 37 28

Cco 3.09 0.41 4.16 0.89 4.51 0.74 10.43 1.48

41 31 46 43

Coc 2.96 1.29 3.65 0.54 4.89 0.74 5.53 0.97 10.87 1.10

18 24 29 24 26

C1/2 2.76 0.67 2.79 0.32 4.00 0.69 4.70 0.86 5.44 0.72 2.67 0.26 5.76 0.71 12.28 1.55

7 34 87 67 51 22 52 75

C3/4 3.09 0.54 3.53 0.59 4.76 0.69 5.58 0.75 6.20 0.81 2.98 0.36 6.97 0.86 13.29 1.58

56 48 55 46 33 38 44 38

Cc 3.91 0.59 4.48 0.69 5.64 0.64 6.39 0.93 7.21 1.02 3.55 0.50 7.79 1.07 14.29 1.57

25 43 35 39 42 20 32 27

Ri 4.54 0.69 5.17 0.69 6.30 0.89 7.46 0.90 8.10 0.90 3.95 0.53 8.20 0.94 15.15 1.77

54 46 43 47 50 21 26 26

Rcl 4.51 0.74 8.92 0.81 15.48 1.40

39 36 24

R1/4 5.64 0.78 6.02 0.82 7.46 0.96 8.34 0.91 9.02 1.11 5.27 0.93 10.01 1.09 16.46 1.87

58 46 63 51 42 47 59 57

R1/2 6.19 0.73 6.75 0.58 8.73 1.08 9.68 1.05 10.02 1.08 6.10 0.74 11.20 1.25 17.11 2.00

22 23 51 48 40 56 66 41

R3/4 7.04 0.70 7.33 0.62 10.37 1.32 10.89 1.42 11.32 1.33 7.50 1.18 12.29 1.13 17.94 1.92

30 28 88 84 105 35 55 39

Rc 7.17 0.56 8.28 0.74 11.12 1.30 11.61 1.24 12.12 1.18 8.24 1.11 13.49 1.37 19.02 1.94

14 21 37 27 25 44 40 37

A1/2 7.95 0.67 8.52 0.89 11.88 1.47 12.16 1.14 13.32 1.23 8.94 1.14 13.90 1.33 19.67 1.62

25 30 31 33 23 46 45 50
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estimating age by 1.19 year) with median absolute 

difference of 1 year. Accuracy of Smith’s [3] adap-

tion fared considerably better with bias of 0.67 

years (underestimating age) and median absolute 

difference of 0.64 years. Accuracy of the adapt-

ed data from table 1 on the large test sample was 

considerably better at 5 weeks (0.10 years) with a 

median absolute difference of around 6 months 

(0.55 years). Table 2 was marginally more accu-

rate at 2 weeks (0.04 years) with a similar median 

absolute difference (0.53 years).

There are several reasons why results from the 

present study differ to previous dental maturity 

studies. The Fels/Forsyth collaboration [1, 4–6] 

was unique in that individuals were X-rayed from 

birth and remain the major studies reporting ear-

ly tooth formation from radiographs. It is no lon-

ger considered ethical to X-ray growing children 

without a diagnostic reason. The minimum age 

of the present study was 2 years from archived 

panoramic radiographs of children with caries. 

Another explanation is assessment or scoring 

of tooth stages; particularly fractions of crown 

height or root length. Secular trend in the timing 

of tooth formation is a possible explanation but 

seems unlikely as more detailed results become 

available from histological studies showing simi-

larities between the past and the present and be-

tween different world groups.

The variation in the timing of individual tooth 

maturation is large for most stages of tooth for-

mation and increases with age. Radiographic evi-

dence of M2 crypt was seen in the present study 

from age 2 to 4 while the M3 crypt could be as 

early as age four or as late as eleven. Standard de-

viation for most stages was from just less than a 

year to just over 2 years. This has implications 

when using dental maturity to estimate age as the 

95% CI for an individual is likely to be between 

3 and 4.5 years.

Conclusions

These finding present a new method to estimate 

age more accurately from individual developing 

mandibular permanent teeth. The lack of ethnic 

difference in average age of tooth formation stag-

es between whites and Bangladeshis in London 

suggests that this method of estimating age might 

be appropriate to other groups.
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The role of teeth as tools in reconstructing 

the nature and behavior of past populations is 

diverse and widely appreciated. This apprecia-

tion is shared by scientists and by the educated 

public who understand the significance of inter-

group differences in dental disease, tooth size, 

wear patterns, crown and root morphology, and 

incremental microstructures of dental tissues 

for deciphering the past. In the broadest sense, 

dental anthropologists employ phenotypic varia-

tion in the dentition as a research tool to evalu-

ate the dynamic and interactive impact of physi-

cal and cultural environments on human biology 

[1, 2]. The topical breadth of analytic problems 

embraced within this research paradigm are 

eclipsed only by the diverse methodologies 

adopted by investigators.

For the first time in its history, the International 

Symposium on Dental Morphology in Greifswald 

included a session dedicated to bioarchaeological 

perspectives derived from teeth. The diversity of 

podium and poster presentations illustrate well 

the wide range of research problems and meth-

ods in this research paradigm. A sample of this 

topical diversity is briefly presented in this intro-

duction to exemplify the diverse ways in which 

symposium participants illustrated the use of 

teeth as tools in reconstructing the past.

The session began with a sumary review of 

the value of teeth in reconstructing the past, with 

examples from Çatalhöyük, Turkey, by Simon 

Hilson. Appropriately, dental morphology was 

the most common theme in this session compris-

ing the subject of five presentations. Patterns of 

morphological variation in permanent or decidu-

ous teeth were used to assess population struc-

ture or inter-group biological affinity among the 

ancient Maya of Yucata (Cucina and Wrobel), Bell 

Beaker populations of Europe (Desideri), and 

modern Javanese Malay of Indonesia (Lukacs and 

Kuswandari). The frequency of C-shaped root 

morphology revealed continuity between mod-

ern and pre-Hispanic groups of Yucatan (Cucina 

and associates). Variation in tooth morphology 

was creatively combined with other indicators 

of individual identity derived from dental tissues 

(aDNA, stable isotope and elemental composi-

tion) to track migration patterns in prehistoric 

Thailand (Cox and colleagues) and to illustrate 

the importance of ‘dental fingerprinting’ in recon-

structing early population history (Krantzbühler 

and Alt). Dental pathology and tooth wear were 

each represented by three presentations. Caries 

diagnosis, etiology (Lukacs) and prevalence 

through periods of subsistence transition (Jackes; 

Tayles and colleagues) were discussed, yielding 
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important cautionary lessons for consideration as 

research on dental caries and subsistence contin-

ues. Contributions on tooth wear analyzed Inuit-

Neanderthal differences (Clement), the adaptive-

ness of edge-to-edge bite (Rossbach and Alt), and 

the relationship between tooth size and tooth 

wear (Vodanovi). Incremental markers of dental 

enamel and cementum were discussed in three 

papers; one focused on childhood growth in early 

London (Antoine and colleagues) and another on 

an ancient infant cemetery in Greece (FitzGerald 

and associates). A podium presentation on the 

cultural treatment of teeth focused on dental abla-

tion in sub-Saharan Africa and included a sig-

nificant ethnographic perspective, while direc-

tional and fluctuating asymmetry from different 

historical samples (Gawlikowska-Sroka and col-

leagues) comprised the subject of an informative 

poster presentation. Unfortunately this topical 

and methodological diversity could not be fully 

presented in this volume due to the publishers 

guidelines, which included strict page and chap-

ter limitations. Nevertheless, some feeling for the 

substance of the session ‘Teeth and the past’ can 

be derived from the five papers appearing in this 

section. Below I explain the intellectual founda-

tion for this section’s organization and structure, 

then summarily introduce each paper.

Symposium organizers asked session chairs 

to invite two speakers. Intrigued by continuing 

issues associated with reconstructing past dietary 

behavior from the dentition, I decided to focus 

invited speakers’ attention on problems such as 

accurate diagnosis, differences in prevalence and 

diverse etiologies of dental caries. Consequently, 

I selected two investigators well qualified to 

address the relationship between diet and dental 

pathology in prehistoric populations. A problem 

of longstanding is that the prevalence of dental 

caries in past populations is often employed as a 

direct indicator of the degree of reliance on agri-

culture. The decline in dental health with the rise 

of civilization and especially intensive agriculture 

has been appreciated for more than half a century 

[3]. More than two decades have passed since the 

increase in caries prevalence was directly asso-

ciated with the intensification of maize agri-

culture among Native North Americans [4]. 

Another decade or more has passed since initial 

reconstructions of prehistoric diet were initially 

inferred from dental caries prevalence in popu-

lations ‘on the margins’ of the Old World: Iberia 

and Southeast Asia.

The first two papers in this section focus on 

dental caries, and more narrowly on methodol-

ogy and subsistence concerns. Nancy Tayles and 

colleagues (University of Otago, Dunedin) ask if 

dental caries rates constitute sufficient evidence 

for farming in prehistoric Asia, while Mary Jackes 

(University of Waterloo) addresses methodologic, 

taphonomic, and demographic factors that com-

plicate the ability to accurately infer subsistence 

change from changes in caries rates in Portugal. 

The impact of rice cultivation on oral pathology 

in Southeast Asia was first addressed by Tayles 

and co-workers, yielding a relationship at vari-

ance with the data derived from Native North-

American maize cultivators [5]. Methodological 

issues of recognizing and precisely recording 

dental caries lesions in populations spanning 

the Mesolithic-Neolithic transition in Portugal 

were initially addressed by Jackes and colleagues 

(University of Waterloo) [6, 7]. The invited speak-

ers were requested to reassess their initial find-

ings on the relationship caries and diet in pre-

history in their respective study regions in light 

of recent developments in the field. These papers 

underscore just how inappropriate and mislead-

ing it can be to generalize pathology and subsis-

tence patterns derived from one region (say pre-

historic North America), people, environment 

and cultigen to another. They also highlight how 

important it is to have a rigorous and high level 

of ‘quality control’ in place (understanding of 

sample recovery, taphonomy, inter-, and intra-

observer variance and demography) before mak-

ing estimates or comparisons of dental caries 

prevalence.
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Regrettably, health issues prevented Dr. Tayles 

from attending the symposium, and in consulta-

tion with Dr. Koppe, I agreed to fill Dr. Tayles’ 

place in the program with a thematically relevant 

talk entitled ‘Fertility enhances the impact of agri-

culture on women’s caries rates’. An expanded ver-

sion of this lecture recently appeared in Current 

Anthropology [8]. It reported results of a recently 

completed a meta-analysis of sex differences in 

dental caries experience with age and parity in a 

living population, in an effort to better interpret 

changes in caries prevalence in past populations 

– especially at the onset of farming. The increase 

in fertility that accompanies the onset of seden-

tary agricultural is interpreted to contribute to 

the significant increase in women’s caries expe-

rience, compared with men’s, across this critical 

subsistence transition.

An analysis of dental caries prevalence in his-

torical lowland Polish skeletal samples by Kurek 

and colleagues provides new data for this region 

and completes the discussion of dental caries and 

the past. The possible influence of malnutrition 

on caries rates in the Kujawy sample is raised and 

recent research on the diminished anti-microbial 

capacity of saliva in malnourished children pro-

vides a potential mechanism [9].

Two chapters focus on inferences about the 

past that can be derived from the analysis of 

dental microstructures of enamel and cemen-

tum. In the first of these, FitzGerald and Hillson 

provide a preliminary report of progress on the 

histological analysis of deciduous tooth growth 

in a large sample of infants from the Greek cem-

etery of Kylindra in the Dodecanese Archipelago. 

This study extends Fitzgerald’s meticulous anal-

ysis of dental development, age assessment and 

health of infants to a new area and promises to 

ultimately yield new growth standards for long 

bone, skull and tooth development [10, 11]. By 

contrast, methods for quantifying cementum 

annulations hold potential for estimating age at 

death in archaeological samples [12, 13]. In the 

next chapter, Obertova and Francken, present 

a methodological assessment testing the use of 

cementum annulations to estimate age at death 

in a recent, known age and sex, sample of teeth 

from Germany and Sri Lanka. In the final chap-

ter in this section, Alt and Rossbach address the 

inter-relationship between occlusal variation and 

dental wear in chronologically and regionally 

diverse samples from Germany. The inclusion of 

clinical and anthropological perspectives on the 

development of edge-to-edge bite, reveals that 

age-dependent nature of this natural and non-

pathological process of dental wear.

While these five chapters provide some valu-

able lessons in the use of teeth as tools in recon-

structing the past, they represent a small subset of 

the significantly more diverse subjects and meth-

ods presented in this session at the symposium in 

Greifswald.
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Abstract
The seminal development of control of food production 

and its social and biological effects on human popula-

tions has for a long time been one of the foci of prehis-

toric research. The relationship between diet and oral 

pathology is well recognised and accepted to the point 

where rates of dental caries in particular have been seen 

as indicative of subsistence mode. This is despite the 

complex aetiology of caries, with both genetic and envi-

ronmental factors other than diet contributing to lesion 

frequency. Most publications considering prehistoric 

diet and caries acknowledge the contribution of non-di-

etary variables but provide a more comfortable dietary 

explanation, with the role of domesticated starchy sta-

ples paramount. This widespread acceptance of a simple 

relationship between dental pathology and starchy car-

bohydrates needs to be challenged, as there is no reason 

why one dietary component would be solely responsible 

for the development of caries or why all carbohydrates 

should have the same effect. Some years ago, on the ba-

sis of evidence from prehistoric rice farming communi-

ties in Southeast Asia, we questioned the relationship 

between dental caries and the presumptive increased 

carbohydrate consumption consequent to the adoption 

of agriculture. This paper reviews recent literature on the 

topic and presents evidence that there is still no simple or 

universally applicable explanation for patterns of chang-

es in caries frequencies during human prehistory.

Copyright © 2009 S. Karger AG, Basel

The control of food production afforded by the 

introduction of agriculture in late prehistory is 

seen as having had profound demographic, so-

cial and political consequences for human popu-

lations [1–3] but how was quality of life affected? 

Was human health better or did more people sur-

vive but endure a less than ideal existence?

In relation to oral health, the increase in agricul-

turally produced carbohydrates has been seen as a 

driver for a rapid increase in one of the frequently 

cited health indicators, that of dental caries, along 

with other aspects of oral health such as infections 

(i.e. dental abscesses) and tooth loss [4–6]. A publi-

cation by Christy Turner II in 1979 [7] had indeed 

set the scene for this concept by presenting data on 

dental caries from multiple collections of prehistor-

ic human skeletal remains. These collections were 

classified as having come from one of three econ-

omies ‘hunter-gatherer’, ‘agricultural’ or euphe-

mistically ‘mixed’. Using this classification, Turner 

presented an apparently well defined, worldwide, 

dichotomy in caries frequency between non-ag-

riculturalists, with low rates, and agriculturalists, 

with high rates. Euphemistically ‘mixed’ economies 

conveniently fell between the two extremes.
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This paper presented such a splendidly sim-

ple story, appealing to the human desire to un-

derstand complexity by categorising, that it 

beguiled, and continues to beguile, many who 

read it so that it continues to be cited as authori-

tative almost 30 years after publication. This ac-

ceptance has been so complete that caries rates 

in numerous skeletal collections have been used 

as the basis for interpretation of the economies of 

the societies represented as agricultural, forager/

hunter-gatherer, or ‘mixed’ [8, 9]. The concept 

that caries rates correlate perfectly with farming 

is very appealing but unfortunately biology (and 

human biology in particular) and subsistence 

modes are never that simple.

In 2000, we [1] published a paper considering 

the range of caries rates in three late prehistoric 

Southeast Asian sites. These sites covered the pe-

riod from early rice availability to intensive pro-

duction. On the basis of the rates at these sites, 

we suggested that the concept of increased car-

ies rates with agricultural intensification (we did 

not have any ‘pre-agricultural’ sites to allow us to 

comment on agricultural origins) did not apply 

in prehistoric Southeast Asia, and that there is no 

clear evidence that rice farming, and the associ-

ated increase in carbohydrates in the diet, would 

necessarily lead to increased caries.

In the years since 2000 it has become clear that 

there is a lot more complexity in all aspects of the 

topic that need to be considered. Since the devel-

opment of dental caries requires dietary carbohy-

drates for appropriate bacteria in dental plaque to 

ferment, creating acidic by-products that have the 

ability to demineralise dental tissues, clearly diet 

is a contributor to rates of the disease. Recently, 

significant advances have been made in clinical 

understanding of the complexity of caries aeti-

ology and epidemiology, showing that rates can 

never be attributed to a single variable. Caries is 

a complex, multifactorial disease resulting from 

an interaction of numerous intrinsic and extrin-

sic factors, such as saliva flow rate and pH and 

dental morphology, and environmental factors 

such as exposure to fluoride, along with ‘risk-

conferring behaviours’ [10]. The risky behaviour 

includes, but is not limited to, the consumption 

of cariogenic carbohydrates. Frequency of eating 

and the consequent maintenance of low oral pH 

is another contributor, and regardless of diet, car-

ies will not develop where an effective level of oral 

hygiene is maintained [11].

In addition to all the non-dietary variables that 

can affect caries rates is the issue that not all car-

bohydrates are created equal. The carbohydrate 

involved, whether a mono- or disaccharide sug-

ar or a complex starch, is most important. Sugars 

alone are highly cariogenic whereas starches are 

relatively mildly cariogenic, although starch con-

sumed in combination with sugars increases car-

iogenicity [12]. There is considerable variability in 

the cariogenic potential of starches, related to the 

rates at which they can be cleared or fermented. 

This in turn partly reflects their structure, the 

method of processing, and the extent to which 

they are gelatinised during cooking. The more un-

refined plant foods stimulate saliva flow, clearing 

the food debris from the mouth as well as buffer-

ing plaque acid and promoting remineralization 

of enamel [12]. Rice has been shown experimen-

tally to have low intrinsic cariogenicity, particu-

larly when it is consumed in its least processed 

form. This is best illustrated by sticky or glutinous 

rice (Oryza sativa var. glutinosa or Oryza glutino-

sa), frequently eaten in northeast Thailand today, 

which paradoxically does not adhere to the teeth 

because of the processing method [13].

Bearing these factors in mind, what has been 

said since our 2000 paper was published about 

the relationship of caries rates in prehistoric pop-

ulations to the development of rice as an agricul-

tural crop?

In 2006, Oxenham et al. [14] reviewed the ev-

idence of ‘oral health’ (caries rates, infections/

inflammations, and ante mortem tooth loss) 

from a series of prehistoric sites in Thailand and 

Vietnam, including our original three Thai sites, 

and concluded that there is indeed no evidence 
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for a decline in oral health associated with the 

adoption and/or intensification of rice agricul-

ture. They argue that an apparently later devel-

opment of social complexity in Southeast Asia 

than elsewhere in the world correlates with the 

maintenance of production at the household lev-

el, with the consequence that large-scale agricul-

tural production did not develop until after the 

advent of iron, delaying the onset of an increase 

in caries rates to a period beyond that reflected in 

the sites reviewed.

The other relevant research is that by Temple 

and Larsen [15] on foraging and rice-agricultur-

al populations in Japan. Larsen has long been a 

proponent of the relationship between caries and 

agriculture, principally on the basis of the evi-

dence from North American maize agriculture. 

In a co-authored paper [15] using samples of pre-

agricultural Jomon and immigrant rice farmers, 

the Yayoi, the authors found that caries rates in 

only one of three Yayoi samples were significant-

ly higher than those of Jomon. What is also in-

teresting is the significant variation between the 

rate in one Yayoi group compared with the other 

two, although Temple and Larsen appear to have 

been pursuing an agenda, as by the end of their 

paper they are nevertheless claiming a ‘general-

ly greater frequency of carious teeth’ [15, p. 507] 

among the Yayoi. Nevertheless, they ultimately 

suggest that the variation in frequencies among 

the Yayoi might reflect ‘dietary choices’ [15, p. 

507] involving different foods. The combination 

of rice with other foods can certainly alter caries 

rates but we suggest that the variation is equally 

likely to reflect variation in the method of pro-

cessing or cooking rice.

An example of a prehistoric population from 

Taiwan with rice agriculture, included by the au-

thors in a ‘mixed’ subsistence mode with some 

contribution from ‘cereal crops, such as rice’ to 

hunting, fishing and collecting of marine re-

sources is published by Pietrusewsky and Tsang 

[16, p. 206]. The small sample of 23 individuals 

had very low frequencies of dental caries, and of 

most other indicators of oral health. The authors 

use the caries rates to argue the group was ‘non-

agricultural or an economy that included a sub-

sistence diet that was low in starches and sugars’ 

[16]. Again, it is possible that the rice was con-

sumed in a minimally processed form. The low 

caries rates do not warrant excluding agriculture 

as a contributor to diet.

To summarise this small group of publica-

tions, there is as yet no consensus on the relation-

ship between caries and rice agriculture. There 

are several issues that need to be considered be-

fore such a consensus might be reached. Firstly, 

was the development of agriculture truly an in-

stantaneous event, at least on an archaeological 

timescale? This is the traditional viewpoint, aris-

ing from the belief that it was a ‘revolution’. Some 

still argue this to be the case [17], although the 

concept of an agricultural transition, a ‘naturally 

occurring process of great selective value’ [18, p. 

13] seems a much more appropriate descriptor, 

allowing for variability in both speed and scale 

of economic change. Beyond the contribution to 

diet of a starchy ‘staple’ carbohydrate is the ques-

tion of the range of diet, particularly the inclu-

sion of sugars.

Secondly, the question of the variability of 

cariogenicity of rice, or any other starchy carbo-

hydrate for that matter, cannot be ignored. The 

differential effects of the variety or species being 

consumed and the degree of processing have al-

ready been mentioned. In 2000, we argued that 

the level of processing of rice could well be a fac-

tor affecting its contribution to caries rates, as it 

is most likely that rice was eaten unpolished, with 

the coarse texture both reducing its stickiness 

and stimulating salivary flow, increasing clear-

ance rates.

Thirdly, caries is now well-recognised to be a 

multifactorial disease. Diet can be a major con-

tributor but it is not the only determinant of prev-

alence as noted above.

Last but not least is the perennial issue of in-

terobserver variation in the recording of caries. 
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Abstract
Carious lesions are considered an important marker of di-

etary change at the transition from hunting and gather-

ing to horticulture. Within the context of the transition to 

the Neolithic in Central Portugal, this paper discusses fac-

tors which must be taken into consideration in reporting 

dental pathology frequencies. Three sites are examined, 

two late Mesolithic shell middens and one early Neolithic 

burial cave dating before 5500 calBP which is taken to be 

the end of the transition period. Comparability of results 

across different burial types and depositional environ-

ments requires close attention to methodology. Despite 

inclusion of necessary detail on caries type, age of onset 

of pathology and age distribution within the sample, fac-

tors such as the use of teeth as tools and post-mortem 

alteration of teeth may make it impossible to be certain 

of rates of pathology. Inter-site differences in dental pa-

thology may result, not only from diet, but from differing 

adult age distributions: when burial modes and deposits 

are dissimilar, differing diagenesis and taphonomy may 

further bias pathology rates, as well the use of teeth as 

tools which can affect attrition, trauma and tooth loss 

rates.

Copyright © 2009 S. Karger AG, Basel

Cook [1] suggests that a caries rate change is the 

only reliable marker of the transition to agricul-

ture. The transition period is particularly well 

represented by skeletal material in Portugal at 

the Mesolithic shell middens, Moita do Sebastião 

(Moita) and Cabeço da Arruda (Arruda), dating 

after 8000 calBP and located on a southern tribu-

tary of the Tagus River and at the Early Neolithic 

cave site of Casa da Moura, north of the Tagus. 

Arruda dates extend slightly later in time than 

those for Moita [2] and the transition is defined as 

prior to 5500 calBP. The transition for these sites 

is clearly marked by differences in stable isotope 

values and in burial modes [3].

The primary burials at Moita and Arruda were 

mixed before and after excavation: the minimum 

number of individuals (MNI) and their age dis-

tribution is best assessed by seriation of the man-

dibles [4] providing a ‘maximum’ MNI (Moita, 

85; Arruda, 105 [2]). The Casa da Moura skele-

tons are disarticulated and 74% of the teeth were 

loose when excavated. Reference to teeth in situ 

in their alveoli and multiple sorting with varying 

emphases on crown features, root form and met-

rical analyses of size and shape has aided identi-

fication of these loose teeth. The mandibles with 

teeth still in the alveoli could be seriated and 

were analyzed in Portugal in the same way as the 

Mesolithic mandibles, but analyses of the nearly 

5,000 loose teeth were carried out in a laboratory 

in Canada over several years and included inter- 

and intra-observer error tests. The MNI for Casa 
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da Moura has been estimated as 340 based on M2 

intact teeth and sockets with pre-mortem tooth 

loss [2]. No doubt some older individuals must be 

unrepresented in the count.

In considering the value of dental pathology 

as central evidence for subsistence change, I ex-

amine lower molars because good preservation 

is a characteristic of mandibles and particular-

ly of lower molars. Caries susceptibility depends 

upon tooth type [5], and tooth type representa-

tion in archaeological material is very uneven. 

Lower molars are best represented [6, 7]: limiting 

analysis to lower molars ensures comparability 

between Mesolithic primary and Neolithic ossu-

ary samples.

Periodontal disease will not be discussed here 

partly because of the presence of matrix or dam-

age. The height of the cemento-enamel junc-

tion (CEJ) above the alveolar margin has been 

recorded for all sites but cannot be discussed in 

this brief summary.

The Mesolithic mandibles assessed at age 

~15 years and over were seriated on attrition. 

Attrition rate differences, even between the 

Mesolithic sites, are likely [8]. Moita individuals 

of ~20 years of age have a higher level of wear 

for M1 relative to M2 and M3 than Arruda indi-

viduals of equivalent age. Sorting by wear stag-

es suggests that Arruda has more older people 

than Moita: based on hazard rate analyses, sig-

nificantly more adults survived into higher wear 

level stages at Arruda than at Moita. This is sup-

ported by analyses of Nordin’s Index and corti-

cal width and density, all features of the femoral 

cortex [9].

In table 1 the lower molar sockets for the 

Mesolithic sites are distributed over ten catego-

ries (A–J) with near equal numbers of sockets, in 

Table 1. Percentage rate of dental pathology within each of ten (A–J) more or less equal group-

ings of molar sockets across seriated mandibles

Moita do Sebastião Cabeço da Arruda

caries abscessing pre-mortem 

tooth loss

caries abscessing pre-mortem 

 tooth loss

A 16.0 0.0 0.0 0.0 0.0 0.0

B 0.0 0.0 0.0 0.0 0.0 0.0

C 20.0 0.0 0.0 3.8 0.0 0.0

D 20.8 3.6 3.6 3.7 0.0 0.0

E 10.0 0.0 4.2 18.5 0.0 12.5

F 0.0 0.0 11.5 19.2 0.0 0.0

G 16.0 3.6 3.6 8.3 3.2 16.1

H 19.0 3.6 21.4 12.9 3.0 8.3

I 29.4 24.0 20.0 20.0 8.6 28.2

J 50.0 15.8 78.9 18.8 14.3 41.7

Present/n 31/211  12/256 32/256 25/249 10/309 38/323
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an attempt to understand the relationship of den-

tal pathology to increasing age. This technique of 

distributing individuals is designed to decrease 

the effects of unequal wear stage samples and 

any intra-observer change in wear assessments 

between the two sites. Moita pathology occurs 

earlier, despite the possibility of faster wear. This 

result is equivalent to previous 11 attrition grade 

distribution results: caries is seen across wear 

stages at Moita, but is rare in younger individu-

als at Arruda [9].

At Moita, carious lesions occur before M3 

comes into wear and multiple lesions in one 

individual are seen as soon as M3 reaches the 

first stage of wear. Multiple lesions are not seen 

at Arruda until category E in an unusual in-

dividual with four caries in association with 

an M1 having only a trace of mid-occlusal sur-

face enamel left. Tooth loss also occurs ear-

lier at Moita than at Arruda. Abscessing and 

premortem tooth loss are not seen at Arruda 

until the second molars have large discrete den-

tin exposures, whereas they occur when Moita 

second molars still have no more than point 

exposures.

Moita caries and tooth loss cannot be ascribed 

to heavy attrition alone. Moita occlusal lesions 

occur in the form of small pit and fissure defects 

in four individuals (in categories A–G) with M2 

enamel barely worn to pinpoint dentin exposure. 

Open pulp chambers are not seen at Moita (in 

two individuals in category I) until M2 occlusal 

enamel survives only as a narrow marginal rim. 

All carious individuals in the midrange of attri-

tion have multiple lesions on both occlusal and 

interproximal surfaces.

Stable isotope values differ significantly be-

tween the two sites [2, 3], although the distribu-

tions overlap. This suggests varying degrees of 

reliance on estuarine resources and some of the 

heterogeneity of Mesolithic stable isotope values 

may reflect changes within the estuarine setting 

which led eventually to abandonment of the val-

ley [2].

Casa da Moura pathology rates are lower than 

for the Mesolithic sites [3], but pathology is found 

in young individuals, even in deciduous denti-

tions, while no Mesolithic deciduous teeth had 

lesions. Stable isotopes indicate a homogeneous 

Early Neolithic diet from terrestrial resources 

[3].

An initial sample of the in situ Casa da Moura 

dentitions was observed in 1986, but most were 

examined in 1989 after detailed study of the 

loose material. Further examination is ongoing. 

Overall, in those over the age of ~15 years in the 

1989 sample, there was a 9.9% caries rate (27/273) 

and a 10.5% premortem tooth loss rate (32/305). 

Equivalent figures for the Mesolithic sites (table 

1) are Moita (12.5 and 14.7%) and Arruda (10.0 

and 11.8%).

By examining only those mandibles in the 

1989 sample with unexpanded points of dentin 

exposure on M1, we see that caries occurs early at 

Casa da Moura. Of the molars in occlusion (103), 

12 had caries: two had occlusal pits, two had in-

terproximal lesions just below the facet, two had 

the interproximal defect enlarged to involve the 

occlusal surface, two defects at the CEJ in one in-

dividual, one carious buccal pit, and one large 

occlusal cavity. One further individual had two 

defects, one beginning at the mesial CEJ and the 

other a huge multi-surface lesion.

Caries type changes across time [3, 6] with oc-

clusal caries rates decreasing between Moita and 

Arruda (p = 0.019) and again between Arruda 

and Casa da Moura (in situ 1986–89 molars p = 

0.03, loose p = 0.015), while interproximal caries 

incidences show no significant differences across 

sites.

The co-occurrence of strong molar attrition 

and occlusal caries at Moita [10] and the reduc-

tion in dental pathology in the late Mesolithic 

and Early Neolithic perturb the expected pattern 

[11, 12]. In central Portugal, markedly lower at-

trition levels (fig. 1a) and a rise in occlusal caries 

rates do not occur until later in the Neolithic, af-

ter 5500 calBP.
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Nevertheless, Casa da Moura attrition is re-

duced. To characterize Early Neolithic loose 

molar wear adequately, a composite of the ap-

proaches of Smith [13] and Lovejoy [14] was de-

veloped. Of eight crown heights, the disto-buccal 

is most closely related to this composite scheme 

(fig. 2) and this variable is used in compari-

sons across the 937 Casa da Moura loose lower 

molars.

A large sample (586) of the loose first and sec-

ond lower molars was reexamined for caries to 

record inter-observer differences. The only dis-

agreements among observations occurred with 

interproximal changes at the CEJ, coded either 

as grooving or as caries [6]. (Note that the grooves 

discussed here did not result from the use of 

toothpicks. Toothpick grooves occur and are eas-

ily distinguished from CEJ grooving [6].)

To What Extent Is Grooving Carious or Post-

Mortem?

Grooving at the CEJ was studied in detail in Casa 

da Moura loose canines, in which it occurs with-

out relation to hypercementosis, rotation, crown 

dimensions, attrition, or jaw. A further consider-

ation is the use of anterior teeth in leatherwork-

ing: identified as a factor in Mesolithic anterior 

dental attrition [15], the Early Neolithic anteri-

or wear is more extreme. Examination at up to 

×1,000 shows that consistently oriented criss-

crossing striations resulted from this apparent 

use of the anterior teeth. Such lingual polishing 

occurs mostly in the maxilla and most strong-

ly on the left (left upper canines show lingual 

polish significantly more often than the right). 

Casa da Moura mandibular anterior attrition 
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Fig. 1. Loess fit lines using the Epanechnikov kernel to smooth 99% of data points. a Comparison of the relative at-

trition of the permanent first and second lower molars in Portuguese Mesolithic and Neolithic individuals indicates 

the major change in attrition of lower molars occurred after 5500 calBP. b Comparison of the relative attrition of the 

permanent lower lateral incisors and first lower molars in Portuguese Mesolithic and Neolithic individuals indicates 

that Casa da Moura had earlier, stronger anterior wear than either of the Mesolithic sites.
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is established earlier and more strongly than at 

Moita and Arruda (fig. 1b): lateral incisors are 

graphed because the central lower incisors are 

lost pre-mortem significantly more frequently 

than the laterals. It is clear that Casa da Moura 

teeth are affected by their use as tools. Grooving 

on the anterior tooth crowns, as distinct from the 

CEJ, is also attributable to leatherworking. There 

is no relationship between CEJ grooving and ca-

nine lingual polish.

Trauma of the canines is also common. 

Trauma in the lower canines occurs significantly 

more often on the left (of which 26% are chipped) 

than on the right (p = 0.004), and major breakage 

occurs only on the left. However, CEJ grooving 

is not related to the presence, type or location of 

trauma. CEJ grooves are unlikely to be the result 

of the type of trauma that gives rise to abfrac-

tion [16].

Much CEJ grooving seems to be post-mortem 

[6]. Grooving is unlikely to significantly alter car-

ies incidence in canines, but it will certainly affect 

the loose Casa da Moura lower molar caries rate. 

Of the interproximal lesions for which the ori-

gin could be pinpointed, 11 were at the CEJ, and 

only three were subfacet. CEJ grooving cannot al-

ways be distinguished from caries with complete 

certainty. The grooving might also be initiated 

by carious lesions and post-mortem grooving 

could mask the presence of such lesions. In sites 

in which this type of diagenesis is common, the 

caries rate is uncertain.

CEJ grooving cannot be clearly identified as 

specific to individuals at higher wear levels (re-

duced disto-buccal crown heights). In a sample 

of 221 lower molars in which attrition was at least 

at the level of two or three pinpoint exposures 

of dentin, 17 had CEJ grooving. Neither crown 

height means nor variances were significantly dif-

ferent between those with and without grooving: 

the difference in means between carious molars 

(28) and those without caries (192) was signifi-

cant (p = 0.04) and trauma is also significantly as-

sociated with lowered disto-buccal crown height 

(p = 0.000). There is no association between CEJ 

grooving and enamel chipping (p = 0.5). Caries 
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and trauma are age-dependent, but CEJ grooving 

cannot be shown to be age-dependent.

Discussion

There are changes in dental pathology within 

the late Mesolithic, but no simple increase in the 

Early Neolithic, despite differences in the stable 

isotopes. Analysis by wear levels and by metric 

variables systematically altered by attrition is re-

quired to fully describe the changes. Simple re-

porting of caries rates, without attention to the 

age bias in the sample, without examining the age 

distribution of pathology, without recording type 

and location of lesions and without consideration 

of diagenesis and tooth type, is not likely to give 

us a fully accurate picture of the past.
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Abstract
The aim of this study was to determine the dental car-

ies rates in the skeletal human population who lived in 

north-central Poland in modern times (16th–18th centu-

ry). The material consisted of 297 skeletons (4,783 perma-

nent teeth) from the archeological site of K. Compared 

material was coming from two different sites located in 

the same region: early mediaeval Kolonia – 39 skeletons 

and Święty Duch (dating to the same historical period 

as K population) – 417 skeletons. All three series are part 

of the osteological collection of the Department of An-

thropology. For each skeletal sample, caries rates were 

calculated by individual (frequency index) and by tooth 

count (intensity index). Dental caries was scored also ac-

cording to a procedure in which the initiation sites are 

recorded. The highest frequency of dental caries was ob-

served in Święty Duch (70%) and the lowest in the early 

mediaeval sample (almost 59%). The intensity of caries 

fluctuated from above 8% observed in Kolonia to 22% 

observed in the sample from Święty Duch. However, in 

all three samples the caries initiation site was most often 

noticed on fissure and pits (type 1) the K population was 

characterised by a different caries pattern (χ2
 = 17.88, p < 

0.05 when compared with that of Kolonia; χ
2

 = 218.73, p 

< 0.01 when compared with that of Święty Duch), which 

could be the effect of diet (high frequency of CEJ car-

ies probably means starch-rich plant food diet), oral hy-

giene, fluoride level, economic status or genetic factors 

(resistance/sensitivity to cariogenic bacteria).

Copyright © 2009 S. Karger AG, Basel

The pathological processes observed in the hu-

man stomatognathic system are a good gauge 

of the general health of a population. A disease 

that often occurs in the teeth is dental caries, an 

analysis of which makes it possible to assess the 

health, hygiene and diet of the human population 

under consideration.

Dental caries is defined as an organic path-

ological process caused by extrasomatic factors. 

It is connected with demineralisation and sub-

sequent decomposition of dental hard tissues: 

enamel, dentine, and cement [1].

The development of carious lesions is condi-

tioned by the concurrence of five etiological fac-

tors, including: genetically determined dental 

susceptibility (the occurrence of alleles related 

to resistance/vulnerability to carious process-

es) [2], the presence of acidogenic microorgan-

isms in the oral cavity (e.g. Streptococcus mutans, 
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Streptococcus salivarius, Lactobacillus acidophi-

lus, Actinomyces, and Neisseria), the presence of 

carbohydrates in human diet, the degree of hard-

ness of tooth tissues compared with contents of 

inorganic matter (for example fluoride level), 

tooth morphology (natural furrows and pits in 

the crown) as well as the duration and frequency 

of exposition of dental tissues to pathogenic fac-

tors, oral hygiene and diet [3].

The objective of the study was to assess the 

dental caries rates in the human population in-

habiting Kujawy (the central part of the North 

European Lowland) at the turn of the Middle 

Ages and the modern era (16th–18th centuries).

Materials and Methods

Dental caries was assessed in the population from site K, 
dating to the 16th–18th centuries, in Brześć Kujawski the 
main city of the Kujawy (north-central Poland, the area 
of the North European Lowland, which is documented to 
have been continuously inhabited by human populations 
since the Early Neolithic) [4].

The sample under consideration contained 504 skel-
etons, of which 297 skulls (4,783 teeth) were used in this 
study, 41.41% of them being subadults skulls.

Comparative material included skeletal series from 
archaeological sites located in the same town: from the 
Święty Duch site – burial mound dating to the same his-
torical period but located separately (4,320 teeth from 
417 individuals, 13% subadults) and from the early me-
diaeval (12th century) sites in Kolonia (679 teeth from 39 
individuals, 20.5% subadults) [5].

The examination of the dental remains consisted in 
an evaluation of the presence of caries in all types of teeth 
in accordance with the methodology proposed by Moore 
and Corbett [6, 7], classifying lesions on a scale of six 
classes, taking into consideration the initiation site of the 
lesion: 1 = fissure or pit, 2 = approximal surface, just be-
low contact point, 3 = cervical surface, 4 = cement-enam-
el junction, 5 = root surface, 6 = gross (when the crown 
is so destroyed that no site of initiation can be deduced).

The dental caries frequency – prevalence by individu-
al (the percentage of individuals affected by caries in the 
total number of individuals under investigation) as well 
as the caries intensity rate – prevalence by tooth count 
(the percentage of teeth with carious lesions in the total 
number of teeth under investigation) [1, 7] were calculat-
ed. Additionally the caries correction formula proposed 

for skeletal series by Lukacs [8] was used, where the 
number of teeth lost antemortem were multiplied by the 
percentage of teeth with caries-induced pulp exposure 
to produce an estimate of the number of teeth lost an-
temortem due to caries. This value was then converted 
into the corrected dental caries rate by adding the num-
ber of teeth observed to have carious lesions and the esti-
mated number of teeth lost antemortem because of caries 
and then dividing this number by the total number of 
teeth observed plus all teeth known to have been lost 
antemortem.

The χ2 test was used to assess differences in the dis-
tribution of caries rates (corrected dental caries rate) as 
well as caries type within and between sites (by sex and 
by age).

Results

The frequency of caries in site K was 66.7%, while 

the intensity rate of dental caries was 14.8%.

Although the χ2 test for independence did not 

reveal a difference in the frequency and the inten-

sity of the disease between the sexes (χ2 = 0.86, p 

> 0.05), the patterning of caries noticed accord-

ing to the 6-grade scale was distinctly dimorphic 

(χ2 = 14.34, p < 0.05). Caries on female teeth in 

comparison to male teeth is more often initiated 

on the approximal surface, just below the con-

tact point. The χ2 test did not reveal the age dif-

ferences in caries rates (χ2 = 0.20, p > 0.05 for 

prevalence by tooth, χ2 = 7.14, p > 0.05 for initia-

tion site rate) (tables 1, 2). Carious cavities were 

equally often observed in both jaws; in the max-

illa carious teeth amounted to 15.8%, and in the 

mandible 13.3% (χ2 = 2.45, p > 0.05).

Type 1 predominates in carious teeth, where 

the primary site of the pathological process is the 

masticatory surface (molars), followed by type 6, 

where due to the large scale of the cavity, the pri-

mary site cannot be identified. The least frequent 

was type 5 – a lesion initiated on the root surface 

(under the CEJ).

These results were compared with the previ-

ously examined series (fig. 1). The population 

from site K differed in terms of the caries ‘pattern’ 
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both from its contemporary population from the 

Święty Duch site (χ2 = 218.73, p < 0.01) and from 

the population inhabiting Kujawy in the early 

Middle Ages – the figures for the Kolonia site 

were χ2 = 17.88, p < 0.05.

Discussion

Caries is a multi-factor disease. A poor econom-

ic situation of populations, which can be accom-

panied by malnutrition, inferior food quality or 

Table 1. Dental caries rates by tooth count

Site Male Female Adult sexes pooled

observed corrected observed corrected observed corrected

% n/total % n/total % n/total % n/total % n/total % n/total

K 14.3 241/1,682 14.8 253/1,712 15.2 296/1,949 15.9 317/1,996 14.8 537/3,631 15.4 570/3,708

Św. Duch 19.8 401/2,027 22.1 450/2,038 25.2 393/1,558 26.6 418/1,572 22.1 794/3,585 24.0 868/3,610

Kolonia 7.8 24/312 7.9 25/312 8.1 17/208 8.3 18/211 7.9 41/520 8.2 43/523

Adult Subadult

observed corrected observed corrected

K 14.8 537/3,631 15.4 570/3,708 14.8 170/1,152 14.8 171/1,153

Św. Duch 22.1 794/3,585 24.0 868/3,610 20.8 153/735 21.1 155/737

Kolonia 7.9 41/520 8.2 43/523 7.7 11/159 7.7 11/159

Table 2. χ
2

 values for caries rate comparisons (calculated for corrected caries rate and caries initiation site rate) within 

populations and for sexes pooled between populations

Site Adult vs. subadult Male vs. female

corrected initiation site corrected initiation site

K 0.20 7.14 0.86 14.34*

Św. Duch 3.09 15.56* 9.88** 21.13**

Kolonia 0.28 8.11 0.04 6.14

Sexes pooled corrected Sexes pooled initiation site

K vs. Sw. Duch 87.13** 218.73**

K vs. Kolonia 18.92** 17.88*

Sw. Duch vs. Kolonia 66.56** 198.14**

* p < 0.05, ** p < 0.01.
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poor hygiene of the oral cavity, has an influence 

on dental caries morbidity.

The anthropological analysis of the K popu-

lation carried out by Borowska-Strugińska [9] 

revealed that the population may have been char-

acterised by a poor biological condition as com-

pared with other Polish populations from that 

period, which was manifested in a different mor-

tality distribution – higher mortality of children, a 

higher incidence of systemic diseases and a greater 

number of individuals with cribra orbitalia – a fea-

ture used as an indicator of biological stress.

In most populations, also in the population 

from the site Św. Duch, there are marked differ-

ences in the frequency and intensity of dental car-

ies between the sexes. Females are characterised by 

a greater number of carious cavities, which is not 

only related to their social status and other envi-

ronmental factors such as dietary preferences, but 

also due to the changes that affect a woman’s body 

during pregnancy: hormonal changes and more 

frequent meals [10]. In the case of site K, sex differ-

ences in frequency and intensity of caries were not 

observed, which might be interpreted as strong 

dietary egalitarianism, confirmed by the contents 

of micro- and macroelements (Sr, Zn and Ca) in 

the teeth from other Polish archaeological sites 

both from the Neolithic and the Middle Ages [11]. 

On the other hand, sex dimorphism was noticed 

in the patterning of initiation sites of dental car-

ies, which might confirm the ‘hormonal’ hypoth-

esis proposed by Lukacs and Largaespada [10]. 

Sex differences in diet (also the higher frequency 

of starch-rich sneaking) as well as sex-dimorphic 

physiological factors (increase in cariogenic mi-

crobes in saliva during pregnancy) and specially 

the earlier eruption of female teeth could be re-

sponsible for the higher frequency of caries initi-

ated on the approximal surface of teeth. Detailed 

studies of this disease (based on the Moore and 

Corbett scale) are very rare on Polish skeletal se-

ries, so it is likely that the sex differences in caries 

patterning have not been captured yet.

The large proportion of teeth with type 3 

caries, where the initiation site was the surface 

of the crown just above the gingiva, and type 

4 caries, where enamel demineralisation was 

initiated at the CEJ (as the result of lowering 
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Fig. 1. Patterning of dental caries 

(with trend lines) in analysed hu-

man populations.
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of the alveolar process) may indicate that the 

population had more unprocessed (coarse-

grained) food stuffs and the starch-rich plant 

food diet, which would reflect its lower social 

status at that historical period [12].

Conclusion

The population from site K is characterised by 

a different caries rate and a different distribu-

tion of carious lesions as compared with other 

populations under consideration from the same 

area. This may indicate a different kind of suscep-

tibility to caries, differences in social status, diet 

and oral hygiene, which might suggest a genetic 

or cultural dissimilarity of this population what 

could be helpful in understanding the population 

process towards the tumultuous end of the 17th 

century in Europe after the Swedish invasion of 

Poland (1655–1660) called in Polish history the 

Swedish Flood [13].
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Abstract
The Kylindra cemetery on Astypalaia in the Dodecanese, 

in use 750 BC to 1st century AD, contains a unique skeletal 

collection. Over 2,400 infant inhumations, each buried in 

its own clay pot, have been uncovered so far. The skeletal 

material from each burial is embedded within a ball of 

accreted earth and since 2001, some 850 infant remains 

have been recovered and conserved. Most of these died 

perinatally, but some were very premature babies and 

some appear to have survived for several months after 

birth. A study to estimate ages at death of 277 teeth from 

107 infants, using microstructural growth markers, is cur-

rently underway. One immediate objective is to help re-

solve the enigma of why such an unusually large number 

of infants were interred on such a remote Aegean island. 

Longer term objectives are to reconstruct the sequences 

of development of the different deciduous tooth types, 

providing new standards of growth for long bones, the 

skull and the dentition. This paper presents an interim 

report on the findings from the histological study, which 

has analysed 68 teeth from 36 individuals so far. Five of 

the 36 infants survived birth, three dying within the first 

3 weeks of life and the other two surviving for about 3 

months. Average appositional growth rates were found 

to be 3.6 μm/day, and initial mineralisation was found to 

be well below the figures in Sunderland and coworkers’ 

study in 1987.

Copyright © 2009 S. Karger AG, Basel

In 1999, workers from the 22nd Ephorate of 

Prehistoric and Classical Antiquities uncovered 

an extraordinary ancient cemetery on the Greek 

island of Astypalaia in the Dodecanese. One of 

the unique features of this cemetery, known as 

Kylindra, is that it contains only infants, most of 

them of perinatal age. Another of its impressive 

attributes is its size: 2,400 burials have been exca-

vated so far, with, in addition, an unknown num-

ber extending to both sides and downslope of the 

area under excavation. However, from a bioan-

thropological point of view, the most remarkable 

aspect of Kylindra is that each young child was 

individually interred in its own amphora or pot. 

The association of dental and skeletal remains 

from one infant, instead of the more usual com-

mingling found in ancient sites, offers an unpar-

alleled opportunity to study intra-population 

variation in development and to make a direct 

comparison of individual growth trajectories in 

teeth and bones. Unfortunately, over time, most 

of these pot urns collapse in the ground and be-

come filled with earth, which then cements to-

gether with carbonate to make a solid large ball. 

Recovering the delicate child’s skeleton from this 

ball is technically challenging and since work be-

gan in 2001, only about 850 infant skeletons have 

so far been extracted from their pots, conserved 

and stored.
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Astypalaia is a small island, having a popula-

tion today of just over 1,200 permanent residents. 

Even in Classical times, when it was an indepen-

dent state flourishing on trade and described in 

Pliny’s Natural Histories [2, 3], the Kylindra cem-

etery seems much larger than expected from es-

timates of population size over its period of use, 

whose dates range from about 750 BC to the first 

century AD, with most from the period 600 to 

400 BC. Still unanswered by archaeologists is the 

question of why so many infants were interred in 

such an unusual way on such an isolated island 

over such a long period of time. The hypotheses 

explaining Astypalaia’s infant cemetery are the 

subject of controversy, ranging from a sanctuary 

for mothers with difficult pregnancies to a sac-

rificial assemblage, but no clear answer has yet 

emerged.

Approaching a solution to this archaeological 

enigma requires that precise and accurate ages 

be assigned to each infant’s remains. The bioan-

thropological objective of studying development 

also requires the establishment of very accu-

rate chronologies. Unfortunately, macroscopic 

methods, recording ‘stages’ of tooth formation 

or measuring crown heights, suffer problems of 

observer error and biased dependence on the 

values of the reference sample and they have not 

proven useful with the Kylindra material, yield-

ing estimates that are often clearly wrong. The 

only technique that offers the accuracy required 

to achieve both of these objectives is odonto-

chronology, the assignment of chronology to 

dental development events based on interpret-

ing incremental microstructures (see [4, 5] for 

examples of the accuracy achievable with these 

techniques). Therefore, it was decided to under-

take an odontochronological study of a subsam-

ple of Kylindra teeth.

Materials and Methods

Materials
The Kylindra subsample for this histological study con-
sisted of 277 deciduous teeth from 107 infants cho-
sen from among the 850 that have so far been removed 
from their burial pots. This paper will report on the 
teeth that have been analysed to date: 68 teeth from 36 
individuals.

Deciding what teeth to select was important. The 
first criterion was to choose teeth only from individuals 
that had a fairly complete skeleton since it is intended 
to use the chronologies that are derived in this project 
in subsequent growth studies. Since the infants in this 
cemetery are so singular that we wished to maintain al-
ternative teeth in case of damage, the second criterion 
was to select only teeth that had antimeres present in a 
dentition.

Methods
Teeth were embedded in epoxy, sectioned and lapped to 
less than 100 micrometers. Although details on odon-
tochronological techniques and the theory supporting 
their use can be found in many other publications [e.g. 
6–9], most of these refer to permanent teeth [for excep-
tions, see 4, 10]. Only a broad overview and the main 
differences applying to deciduous teeth will be provided 
here.

The principle underlying odontochronology is that 
certain microstructures in enamel (and dentine) are 
formed with regular periodicities during growth. These 
microstructures can be used to assign chronology to 
dental development events. One important microstruc-
ture, the cross-striation, can be seen in figure 1. Cross-
striations appear as pairs of light and dark bands in 
polarized light, and their formation is regulated by the 
circadian rhythm so that each represents 24 h of enamel 
growth. Counting the number of them along a prism will 
therefore yield the time in days taken to form that prism. 
However, in most cases counting is impractical, and in 
deciduous teeth, it is rarely possible since cross-striations 
are more difficult to discern than in permanent teeth. 
The approach taken is illustrated in figure 1. The appar-
ent1 path of a prism is traced and measured and then 
groups of cross-striations adjacent to the prism, wher-
ever these are most visible, are counted and measured to 
arrive at daily average growth rates. These are then pro-
rated across the prism length and its total development 

1 Prisms decussate through the enamel mantel, to a greater degree in prisms directly beneath the cusp than those more cervical; 
however, even lateral prisms decussate to some extent. The course of a prism path seen on a two dimensional image is therefore 
more apparently continuous than really so since the prism may actually be weaving into and out of the sectioned plane, which it-
self is not likely in any event to be perfectly planoparallel. Nevertheless, there is a very large corpus of evidence for the efficacy of 
odontochronology (refs [5] and [4] to cite but two examples; there too many to list in a paper of this length).
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time is calculated. Another essential microstructure is 
the neonatal line, which if present, indicates that the in-
fant survived birth, at least for the several days required 
for the line to form. In odontochronology, the neonatal 
line ‘zeros’ chronology and permits estimates of actual 
time lived. Most other age assessment methods yield bi-
ological age, not the true chronological estimates that 
are possible with these techniques. Essentially, there are 
two main differences when analysing deciduous rather 
than permanent teeth: (1) no brown striae of Retzius are 

found in prenatal enamel, and (2) cross-striations are of-
ten more difficult to discern in deciduous teeth.

Results and Discussion

Five of the 36 individuals whose teeth have been 

analysed survived birth long enough to lay down 

neonatal lines. Two of these lived for three months 

Fig. 1. This is a longitudinal section of prenatal enamel from a deciduous upper second incisor near the cusp tip. The 

image is taken under polarized light and is demonstrating one approach to odontochronology. Cross-striations, each 

representing 24 h of enamel growth, can be seen as dark and light bands along prisms, which are running from the 

enamel dentine junction (EDJ) at the bottom of the image at an approximately 60° angle, to the occlusal surface at the 

top of the image. The arrows labelled ‘A’ point to two cross-striations and the one labelled ‘B’ points to a line that has 

been traced along the apparent path of one prism. The length of this prism has been annotated by the software used 

to analyse the image, NIS-Elements BR by Nikon Instruments Inc. On both sides adjacent to the prism can be seen 

measurements and counts of groups of cross-striations where these are most discernable. These are used to calcu-

late average daily cross-striation rates that are utilized to calculate the time taken for this prism to develop. Note that 

despite there being no neonatal line in this image, many accentuated striae (also known as Wilson bands) are evident 

in this prenatal enamel. These are non-regular or pathological striae triggered by some form of external stress.
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and the other three died within the first month of 

birth. One of these contributed four teeth, the most 

from any one individual analysed so far, allowing 

us to verify the precision of our computed ages at 

death. Results for this infant are shown in table 

1. Two aspects of this result validate the odonto-

chronological techniques in this study: (1) neonatal 

lines were found in all four teeth, and (2) the esti-

mated deaths are within a few days of each other for 

all of the teeth, at just over three weeks old. As a cor-

ollary, it is worth noting all other individuals with 

more than one tooth in the sample have shown the 

same consistency (i.e. all teeth from one dentition 

either showed neonatal lines, or they did not).

So far as we are aware, no histological studies 

have been published giving detailed calculations 

of daily appositional growth rates for deciduous 

teeth comparable to studies for the permanent 

dentition [8, 11]; however, the ‘received wisdom’ 

from the literature is that deciduous teeth grow 

at a rate of 4 micrometers per day. Table 2 shows 

our results of daily growth rates by tooth type, 

with an overall average of 3.6 μm/day for our 

66 teeth (note that upper and lower jaw rates for 

each type showed no significant differences and 

so they were pooled for this table). Incisor rates 

of 3.7 μm/day differed significantly from those of 

third premolars at 3.4 μm/day. It can also be seen 

in table 2 that standard deviations are in general 

quite low, but are lower in both upper and lower 

first Incisors than other tooth types, and lower 

for mandibular than maxillary teeth. The par-

ticularly low standard deviation in first incisors 

may be the result of two factors related to their 

simpler geometry. First, this may make the inter-

pretation of microstructures easier and second, 

since precise mid-cuspal sectioning is very im-

portant it may be easier to be more accurate than 

in teeth with a more complex geometry, like de-

ciduous premolars. Note that, given the overall 

standard deviation of 0.25 and a large n of 66, this 

translates into tight confidence intervals around 

this mean (the 95% CI is 3.58–3.71 μm/day).

Table 3 shows the ages before birth for the ini-

tiation of crown formation by tooth type, com-

pared to a study in the literature [1]. In four of the 

tooth types Kylindra infant teeth began to ini-

tiate growth outside of and below the ranges in 

Table 1. Crown formation results for infant with four teeth in the sample

Specimen Tooth Crown formation, months

prenatal postnatal total

F222a54 D R Upp PM3 5.2 0.7 5.9

F222a81 D R Low I1 5.3 0.7 6.0

F222a82 D R Low I2 5.7 0.7 6.4

F222a74 D L Low PM3 5.7 0.7 6.4

Table 2. Average daily growth rates by tooth types 

(pooled jaws)

Tooth n Average growth rate

μm/day SD

D 1st incisor 27 3.7 0.16

D 2nd incisor 28 3.7 0.28

D canine 1 3.9

D 3rd premolar 10 3.4* 0.29

Overall 66 3.6 0.25

*Significantly different to I1 and I2.
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the Sunderland et al. [1] study and in all but one 

tooth type, Kylindra initial mineralisation was 

substantially below the mean ages of the rang-

es. The only tooth type to exceed the Sunderland 

and colleagues’ mean was the lower canine, which 

consisted of a single tooth (and even then, it was 

only 0.1 of a month above).

However, the fact that Kylindra tooth initia-

tion appears to be much earlier than that of the 

Sunderland et al. [1] infants is not surprising. First, 

the Sunderland et al. [1]  study was based on mod-

ern British fetuses, most resulting from abortions 

carried out for social reasons and of these, any that 

had gross or microscopic anomalies, chromosom-

al anomalies, or inadequate histories were exclud-

ed from the study. This means that infants with 

aberrant foetal development were not included by 

Sunderland et al. [1], but, perforce, might well be in 

the Kylindra sample since there was no way of iden-

tifying them. Secondly, and likely having a greater 

impact, gestational ages were calculated for each 

fetus in the Sunderland et al. [1]  study based on 

full obstetric histories accompanied by a patholo-

gist’s assessment of the fetus and the placenta, as 

well as precise crown-rump and other measure-

ments. Ages were expressed as post-menstrual, 

taken to be two weeks after conception. Fetal jaws 

were sectioned to determine the degree of miner-

alisation for each tooth. Therefore, Sunderland et 

al. [1] were able to confidently express gestation age 

and locate mineralisation for each tooth against 

it. The situation with Kylindra was, unavoidably, 

very different. In Classical Greece, caesarean sec-

tions were not carried out, so it must be assumed 

that every child buried at Kylindra was naturally, 

vaginally born; but, whether alive or stillborn, or 

whether premature, or born at or beyond full term 

cannot, of course, be known. Therefore, in the ab-

sence of a neonatal line, we are forced to conclude 

that death occurred before, during or very shortly 

after birth, which must also be assumed to have 

been a normal full term 280 days. This assumption 

is incorporated in our estimates of initial miner-

alisation for each tooth, which was calculated by 

counting backwards from an infant’s ‘birth’ by the 

crown formation time that had been determined 

histologically. In table 3 the ages in our study and 

in Sunderland et al.’s [1] have been adjusted to be 

on the same base, allowing an unbiased compari-

son (at least in theory). However, this in no way 

compensates for the fact that many of the Kylindra 

infants were premature and did not survive to full 

term. Since we only have neonatal lines in 5 in-

fants, we can presume that many, if not all of the 

remaining 31 have been over-aged. In fact, the 

differences to the Sunderland et al. mean ages of 

tooth initiation, the last column in table 3, which 

average 0.82 months, must represent, in part, the 

Table 3. Comparison of Kylindra vs. Sunderland et al. calcification initiation times

Tooth n Initiation of calcification before birth, months Within range?

Differences in 

meansKylindra Sunderland et al., 1987

D Upp I1 15 4.6 6.25–5.25 (mean = 5.8) no, –1.2

D Upp I2 14 5.0 6.00–4.75 (mean = 5.4) yes, –0.4

D Upp PM3 6 5.3 6.00–5.25 (mean = 5.6) no, –0.3

D Low I1 12 4.4 6.25–5.25 (mean = 5.8) no, –1.4

D Low I2 14 4.7 6.00–4.75 (mean = 5.4) no, –0.7

D Low C 1 5.0 5.25–4.50 (mean = 4.9) yes, +0.1

D Low PM3 4 4.9 6.00–5.25 (mean = 5.6) no, –0.7
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number of months that these children were born 

premature.

Conclusions

This is a preliminary report of a large study. We 

are still not in a position to unravel the archaeo-

logical enigma of Kylindra, although it appears 

that so far only a small proportion, about 15% 

(5/36), of the infants who where interred there had 

survived birth. Although we have collected much 

data on deciduous tooth development (including 

some, such as the analysis of Wilson bands, not 

reported here) we have not yet begun to correlate 

these with the data from other skeletal elements 

for these same infants. More meaningful conclu-

sions will have to await further analysis.
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Abstract
Tooth cementum annulation (TCA) technique has been 

a frequently discussed method for the individual age es-

timation. Conflicting statements on its accuracy and ap-

plicability in previous publications have provoked our 

research. The accuracy and bias of the TCA age estimates 

were examined in a sample of 116 teeth from 65 individu-

als of known age and sex from the anatomical collection 

of the University of Tübingen (Germany). Incremental 

lines were counted on enhanced digital images of unde-

calcified, unstained, 60–80 μm thick cross-sections from 

the middle third of the root of single-rooted teeth. Maxi-

mal line counts resulted in age estimates that correlated 

best with the real age of the specimens. In this sample, 

this argument is supported by the observation that the 

mean number of lines increased significantly from the 

most cervical to the most apical section. Reasonably ac-

curate age estimates based on TCA counts were only 

obtained in young adults. Both accuracy and bias con-

tinuously decreased with the increasing age of the indi-

viduals. A considerable underestimation of age occurred 

in individuals older than 40 years. Due to the conflicting 

results on the accuracy of the TCA technique this meth-

od should be used for age estimation only in association 

with the macroscopic examination.

Copyright © 2009 S. Karger AG, Basel

Age estimation in human skeletal remains poses 

a significant problem in historical and forensic 

anthropology. Macroscopic examination yields 

reasonably accurate age estimates in juveniles, but 

the accuracy rapidly deteriorates with increasing 

age [1]. Several recent studies have recommended 

the tooth cementum annulation (TCA) method 

as the technique of choice for accurate age esti-

mation in adults [2–5]. This histological method 

is based on the examination of hyper- and hy-

pomineralized layers in the acellular extrinsic fi-

ber cementum [2, 6, 7]. These microscopic layers 

are visible on the cross-sections of tooth roots as 

alternating light and dark bands, a pair of which 

is assumed to correspond to 1 year in an individ-

ual’s life [2, 4, 6].

In this paper the accuracy and bias of the age 

estimates based on TCA counts are tested in a 

historical sample of known age and sex.

Material and Methods

Single-rooted permanent teeth were obtained from 65 
anatomical specimens of known age and sex from the 
Osteological Collection of the University of Tübingen 
(Germany). The sample originates from the turn of the 
20th century AD. The age of 48 males and 17 females 
ranges from 20 to 75 years with a mean of 42.2 years. 
Fifty skulls come from Europe (mostly Germany) and 15 
from Sri Lanka (table 1).
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One hundred and sixteen maxillary and mandibu-
lar incisors, canines and premolars were extracted from 
intact alveolae with dental forceps. The extracted teeth 
were free of any visible pathological changes (caries, pe-
riapical and periodontal disease, trauma).

Each tooth was completely embedded into a block of 
epoxy resin (resin Biodur® E12, hardener E1) prior to cut-
ting. After the tooth crown was removed, a series of five 
cross-sections of 60–80 μm was prepared. Undecalcified 
and unstained teeth were sectioned in the cervical-api-
cal direction using the Leica 1600 microtome with a dia-
mond-coated saw. The sections were cleaned in distilled 
water, and mounted serially onto glass slides with Eukitt 
for the microscopic analysis. Thin sections were exam-
ined in transmitted light at 200- to 400-fold magnifica-
tion, using a Zeiss AxioImager A1 microscope.

Digital images of four quadrants (mesial, distal, buc-
cal/labial, lingual) were taken with the AxioCam Mrc 
Rev. 3 camera. The images were saved under coded file 
names to ensure blinded data collection. Before counting 
the images were enhanced by contrast improvement and 
adjusted through the grey-scale gradation using Adobe 
Photoshop software. Starting from the eruption line [7], 
dark lines were counted at the monitor (17’, 1,440 × 900 
pixel resolution). In an ideal case, 60 counts per tooth 
(4 quadrants × 5 sections × 3 counts) were obtained. In 
cases of good visibility or on the contrary, if parts of the 
images were blurred, several images per quadrant were 
taken and included in the counting.

Due to the coding of the image files, any informa-
tion on the tooth, including tooth type, quadrant, section 
rank and age was not available to the investigator dur-
ing the counting. Histological age was assessed by add-
ing tooth- and sex-specific mean eruption age [8] to the 
counted number of incremental lines.

Statistical analysis was performed by STATISTICA 
5.0 and SPSS 15.0 software.

As a measure of accuracy the mean absolute error 
[MAE = ΣAbs(estimated age – real age)/n] was calcu-
lated. It indicates how close the estimate is to the actual 
value without reference to over- or underprediction. The 
over- and underestimation is expressed by bias, which is 
defined as the mean error [ME = Σ(estimated age – real 
age)/n].

The intra-observer variability of 8 % was established 
in a random sample of 120 images from 10 individuals. 
The inter-observer variability between the authors has 
been tested in previous studies and has not exceeded 
10%.

Results

For the purpose of this study, the results are 

presented regardless of sex and ancestry of the 

specimens.

In table 2, the values of the mean error and 

mean absolute error are depicted by age groups 

along with the paired t test significance levels of 

the difference between the TCA estimated and 

the real age. The maximal and mean values are 

presented here as substitutes for the line counts. 

Maximal values resulted in more accurate and 

less biased estimates compared to the mean val-

ues. Except for the maximal values in the 20- to 

29- and 30- to 39-year-olds there is consistently a 

Table 1. Age, sex and ancestry distribution of specimens and teeth.

Age Europe Sri Lanka

males

(n teeth)

females

(n teeth)

males

(n teeth)

females

(n teeth)

20–29 years 7 (14) 4 (5) 0 (0) 6 (12)

30–39 years 6 (13) 1 (2) 5 (9) 2 (3)

40–49 years 7 (10) 1 (2) 2 (4) 0 (0)

50–59 years 13 (26) 1 (2) 0 (0) 0 (0)

60–69 years 6 (9) 2 (3) 0 (0) 0 (0)

70–79 years 2 (2) 0 (0) 0 (0) 0 (0)

Total 41 (74)  9 (14) 7 (13) 8 (15)
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statistically significant difference between the es-

timated and the real age. Both accuracy and bias 

decreased with advancing age. A considerable 

underestimation of age occurred in individuals 

older than 40 years.

Individual differences between the real age 

and the TCA estimated maximal and mean ages 

are depicted in figure 1. If the error range of 

±2 years off the real age is considered in 20- to 

39-year-old individuals’ age estimates based on 

maximal line counts show a significantly higher 

hit rate (Fisher exact test p = 0.0426) than esti-

mates based on mean line counts. A number of 

previous studies [3–5] cited this age range as the 

measure of accuracy of the TCA method. In re-

ality, this age range covers only the variability in 

individual tooth eruption age.

Statistical analysis (paired-sample t test) of 

consecutive sections revealed a mean difference 

of 3.6 lines between the most apical (5th) and the 

most cervical (1st) section (p = 0.0000); the cer-

vical section showing fewer lines. A similar pat-

tern of mean differences between the number of 

lines was further observed between the 5th and 

2nd sections (2.5 lines; p = 0.0000) and the 5th and 

3rd sections (2.2 lines; p = 0.0000). No significant 

differences occurred between the 5th and 4th sec-

tion, the 1st and 2nd, and the 1st and 3rd section.

Discussion

Studies on the TCA technique differ significantly 

according to the statistical parameters applied for 

the final age estimates as well as to the statements 

on the accuracy of the results. Nonetheless, one 

step of the TCA analysis has been quite consis-

tent: the incremental lines are counted on a series 

of sections, and each section is counted several 

times. Thus, a statistical parameter is needed that 

most accurately summarizes all these counts and 

leads to an age estimate that correlates well with 

the real age of the individual.

Most frequently, the final TCA age estimates 

have been derived from the maximal number of 

lines [9–12] or from the arithmetic mean of all 

counts [5, 13–15]. Few studies used mode or me-

dian [4, 16–17]. In the present study, age estima-

tions based on maximal line counts correlated 

best with the real age. Mean values resulted in an 

underestimation of age in every decade.

In this sample, the number of lines increased 

significantly from the most cervical to the most 

apical section. This observation supports the ar-

gument for the use of the maximal line counts in 

the TCA age estimation. It also explains why the 

calculation of the arithmetic mean would result 

in an incorrect age estimate [see also 12, 16].

Table 2. Mean error (ME) and mean absolute error (MAE) of maximal and mean values by age 

group.

Age n Maximum Paired

t test pa

Mean Paired

t test pa

ME MAE ME MAE

20–29 years 31 1.1 5.3 0.372 –2.3 4.7 0.018

30–39 years 27 –2.3 7.0 0.166 –7.7 7.8 0.000

40–49 years 16 –15.8 17.8 0.000 –21.0 21.0 0.000

50–59 years 28 –22.0 22.1 0.000 –26.8 26.8 0.000

60+ years 14 –32.0 32.0 0.000 –36.7 36.7 0.000

Total 116 –11.6 14.7 0.000 –16.2 16.9 0.000

a Significance level of the difference between the TCA estimated and real age.
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A mean difference of ± 2–3 years between the 

TCA estimated age and the real age of the indi-

vidual has been previously suggested [3–5]. As 

opposed to these studies the results of this paper 

confirm the conclusions of authors who refer to 

a moderate [13–14, 18] or even poor correlation 

between TCA age and real age [9, 16]. In the pres-

ent sample, reasonably accurate age estimates 

were only obtained for young adults (20–39 years 

old).

A continual decrease of accuracy and bias of 

the TCA age estimates has been observed with 

advancing age. While some researchers argue 

that the TCA method leads to accurate estimates 

regardless of age of the individual [3–5], the ma-

jority reports that the difference between the 

TCA estimated and real age increases with ad-

vancing age [9, 10, 13, 15, 18]. Since dental health 

progressively deteriorates with increasing age of 

the individual it should not be surprising that the 

deviations in the TCA counts increase as well [see 

also 6, 15, 17].

The lack of a perfectly healthy control sample 

denotes a major drawback in the testing of the 

TCA method. Although some of the clinically 

extracted teeth are free of pathological changes 

the extraction occurs as a therapeutic measure, 

implying that the dentition has been subject to 

pathological processes. Similarly, the teeth in 

the present sample were free of visible pathologi-

cal conditions but many specimens, particular-

ly those of advanced age, showed signs of dental 
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disease. Nevertheless, the utilization of the TCA 

method in practice requires that specimens with 

dental pathologies are included in the studies so 

their effect on the resulting age estimates can be 

assessed.

Another substantial disadvantage of this 

method is the fact that the physiological pro-

cesses responsible for the formation and deposi-

tion of cementum in alternating light and dark 

bands are essentially unknown. Recently, some 

basic research has been conducted on the mecha-

nisms of the formation of the different cementum 

types, and on identification of proteins specific to 

cementum [19–22]. The clarification of the role 

and effect of these biological variables will con-

sequently improve the conditions for tests of the 

applicability of the TCA method in individual 

age estimation. Until then, due to the conflicting 

results on the accuracy of the TCA technique re-

searchers should remain critical, and if possible 

use this method for age estimation only in asso-

ciation with the macroscopic examination.

Conclusions

In the present study, the accuracy of the TCA age 

estimates was tested in a sample of 116 teeth from 

65 individuals of known age and sex from the an-

atomical collection (19th/20th centuries AD) of 

the University of Tübingen.

Maximal line counts result in age estimates 

that correlate best with the real age of the speci-

mens. In this sample, this argument is support-

ed by the observation that the number of lines 

increased significantly from the most cervical 

to the most apical sections. Reasonably accurate 

TCA age estimates were only obtained in young 

adults. Both accuracy and bias continuously de-

creased with increasing age of the individuals. A 

considerable underestimation of age occurred in 

individuals older than 40 years.

Further testing of the applicability of the TCA 

technique for individual age estimation will be 

necessary; particularly after the biological mech-

anisms responsible for the deposition of the ce-

mentum are better understood. Until then, the 

TCA method should be used for age estima-

tion only in association with the macroscopic 

examination.
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Abstract
Dentition, as a mechanically stressed part of the orofa-

cial system, is subject to physiological wear processes 

that affect the occlusal surface, the cutting-edge and 

the approximate contact points of teeth. The reasons 

are abrasive food particles, tooth contacts during chew-

ing as well as erosion. Up until the Middle ages and even 

further on, both the deciduous and the permanent den-

tition were, depending on age, subject to distinct hard 

tissue defects. These regularly led from normal over-

bite, which develops during dentition, to a pronounced 

edge-to-edge bite. In dentistry this known phenomenon 

is widely interpreted as a pathological adaptation. Due 

to specific subsistence conditions and dietary habits in 

food intake and preparation abrasive changes can be 

found in the dentition of our ancestors, beginning with 

the history of humanity up until historic times. However, 

hardly in today’s population. Abrasive food particles and 

erosion are the main factors that cause wear in dental 

enamel. We analyzed occlusal hard tissue changes that 

led to edge-to-edge-bite in chronologically scattered 

skeletal series from different regions in Germany. The 

sample consists of both males and females from varying 

age groups. The skulls were photographed in standard-

ized positions and radiographically examined. The re-

sults show that dental wear is a natural, age-dependent 

process which does not lead to pathological changes. 

Crowding and contact surface caries can even widely be 

impeded through abrasion. Therefore dental wear is a 

natural process that has only been prevented by ‘civiliza-

tion’ in the past two centuries. Edge-to-edge-bite is still 

the preferable occlusion in man.

Copyright © 2009 S. Karger AG, Basel

Dental Remains as an Object of Studies about 

Human Evolution and Life History

The dentition is one of the most informative parts 

of excavated skeletons found in (pre)historic sites. 

Why is this the case? Due to their mineral con-

tent, teeth are the hardest structures in the hu-

man body. They are more durable than skeletal 

remains, they show less post-mortem taphonom-

ic processes, and they can be directly observed 

and evaluated in both living and past popula-

tions. Due to the good preservation and the large 

amount of information they retain, teeth can 

provide a bio-historic source particularly well 

suited to foster insight into important aspects of 

human life history [1–3] such as growth and de-

velopment, individuality, health and pathology, 

the relationships between nutrition, behaviour 

and the dentition, as well as geographic and ge-

netic variation [4]. From the attained findings it 

is possible to draw conclusions that may be rel-

evant for contemporary clinical dentistry.

In (pre)historic skeletal material, dating up 

until the Middle Ages and even further on, both 

the deciduous and the permanent dentition were 

subject to distinct hard tissue defects. These reg-

ularly led from normal overbite, which develops 

during dentition, to a pronounced edge-to-edge 
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bite. Changes like these follow natural processes 

that do not lead to pathological alterations but are 

a sign of functional adaptation.

Tooth Wear in the Past and Present

Causes for tooth wear are food, grit (abrasion), op-

posing tooth surface contacts (attrition), chemical 

processes not involving bacterial action (erosion), 

and task-related wear (i.e. teeth as tool) [5, 6]. 

Dental attrition is caused by tooth-tooth contact of 

neighbouring and opposing teeth. As a result, wear 

facets form on the occlusal zones and the intersti-

tial contact points of the teeth, respectively. Dental 

abrasion describes the loss of dental hard tissue by 

abrasive particles, e.g. in foods, that affect the teeth 

during chewing. Nowadays, abrasion is mainly 

caused by grinding particles in toothpaste [2, 5, 7]. 

Erosive processes that are due to acidic foods (e.g. 

lemons), sour drinks (e.g. wine, soft drinks) or 

vomit (bulimia) also cause loss of dental hard tis-

sues. However, in archaeological context it is diffi-

cult to differentiate between the single causes that 

lead to the loss of dental hard tissue.

When observing teeth from all ages of hu-

man history, starting with the early Homo erec-

tus finds to the beginning of the food-producing 

economy (early farmers), the antiquity and the 

middle ages up until modern times, it can be as-

serted that dental wear is a universal occurrence 

[2, 8–11]. However, tooth wear is not restricted 

to humans but is also found as a natural process 

on the teeth of mammals. In archaeozoology and 

palaeontology the degree of dental wear is used to 

determinate the age of certain species [7, 12, 13].

With the introduction of the neolithisation and 

the associated change in food preparation the pat-

tern of dental wear also changed, but neither the 

basic process nor the degree of wear [14, 15]. Not 

until the beginning of the industrialisation, which 

besides many other consequences also greatly af-

fected food processing, the degree of dental wear de-

creased. Today, it is absent except for parafunctions, 

e.g. bruxism. Therefore, excessive wear on teeth is a 

rather rare finding in contemporary dentistry.

Natural Tooth Wear in Naturally Living 

Indigenous Populations

The close the relationship between tooth wear 

and lifestyle is documented by studies among in-

digenous populations who live largely unaffected 

of today’s civilization and therefore are very well 

suited for comparison with (pre)historic times. 

Pereira and Evans [16] as well as Garve and von 

Puttkamer [17] found impressive examples of nat-

ural tooth wear patterns during their examina-

tion of Yanomami, in Papua New Guinea and with 

pygmy. The Yanomami are an Indian population 

from northern Brazil, whose lifestyle is aboriginal 

and free of cultural adjustment. Within this indig-

enous group all individuals show a high degree of 

dental wear. Neither geographically nor compared 

to prehistoric and historic populations differenc-

es worth mentioning concerning form and degree 

of wear can be found. This results in the fact that 

with reaching mature age, the occlusal cusps of the 

teeth are almost worn down. In addition, due to a 

concurrent forward shift of the lower jaw, a fron-

tal edge-to-edge bite occurs. With increasing age 

the occlusal surface of the teeth are completely lev-

elled and edge-to-edge bite is the natural conse-

quence of this process. The large degree of dental 

wear is due to the high consumption of raw veg-

etables (e.g. roots, corm) and therefore the tough-

er foods as well as the additionally with abrasives 

soiled (e.g. sand, dirt) foods.

Is Edge-to-Edge Bite a General Phenomenon?

Tooth wear significantly alters the shape of a 

tooth crown during its entire period of use. In the 

1950s, P. Raymond Begg, an orthodontist, pub-

lished his studies on occlusion and dental wear 

in Australian aborigines. Based on the results 
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of his research, he proposed the hypothesis that 

edge-to-edge bite does not represent a pathologi-

cal bite form, but would be the correct occlusion 

for humans, even today [7, 18]. In his opinion, the 

habitual occlusion was not a static condition, but 

a continually changing, functional process. The 

constant loss of both occlusal and interstitial den-

tal hard tissue would therefore be natural.

For the development of an edge-to-edge bite 

certain positional changes have to occur within 

the dentition. Two factors are of crucial relevance: 

(1) a tooth movement that takes place as vertical 

eruption, and, more importantly (2) a mesial drift 

of the lower posterior teeth [9, 18]. The first factor 

is also known as continual growth. It compen-

sates for the height loss of the tooth crown due to 

wear, thus maintaining the contact between an-

tagonistic teeth. The second factor is known as 

interstitial tooth wear: The interproximal loss of 

enamel reduces the width of the teeth. The result-

ing gaps are closed as the lower teeth move into 

mesial direction (mesial drift).

The result of the continuous adaptation of the 

teeth to these morphological changes is an edge-

to-edge bite. This kind of occlusion prevents 

crowding of the front teeth. At the same time suf-

ficient space for a smooth eruption of the third 

molars – if present – is created. Due to the in-

terproximal tooth loss the mesio-distal length of 

the dental arch is greatly reduced. Furthermore, 

the occlusal wear levels the cusps of the posterior 

teeth; thereby reducing and finally eliminating 

the fissures as predilection sites for caries. Begg 

also states that at the same time, the flat occlusal 

surface of the premolars and molars enhances the 

masticatory force of the dentition [18].

Occlusal Relationships and Tooth Wear – 

Clinical Evidence

The term ‘dental occlusion’ describes any static 

or dynamic contact between the upper and low-

er teeth while the jaws are closed. The multitude 

of theoretically possible occlusions expresses the 

large range of variation within the dentition [19]. 

The individual potential of adaptation to ever 

changing bite conditions (e.g. with age) is so dis-

tinct that only with parafunctional dysfunctions 

is a dental intervention necessary. ‘Confusion in 

occlusion’ is the term given by Türp et al. [20] 

for the discourse of the conceptual theory which 

concerned dentistry for more than 100 years. 

In Germany and other countries ‘gnathologi-

cal’ orientated concepts of occlusion resulted 

from this, which conceived the ‘anatomical cor-

rect occlusion of the permanent dentition’ as a 

static (ideal or harmonic) alignment of the teeth, 

which changes only slightly during life. The lead-

ing representatives of this were B.B. McCollum 

(1883–1969) and his colleague C.E. Stuart (1890–

1982). The latter stated: ‘A man without cusps on 

his teeth is like a man without feet on his legs’ 

[7, p. 312]. This was without a doubt an exagger-

ated statement but it illustrated the spirit of the 

time and has survived in parts of dentistry until 

today.

For the different concepts of occlusion in 

dentistry, dental anthropology has sound objec-

tions, but also valid answers. The attained data 

and findings are based on decade-long research 

in the fields of dental evolution and the biologic 

reconstruction of the lifestyle and living condi-

tions of our ancestors. ‘Ideal’ and ‘harmonic’ oc-

clusion represent theoretical models that do not 

exist in natura. Occlusion is not a stable con-

dition. Like all biological processes, the denti-

tion is subject to constant changes. Continuous 

wear of teeth is normal in nature. Comparable 

to degenerative changes in other organs, the de-

terioration of the dentition, which is linked to 

age, alters the cutting edges and occlusal sur-

faces of the teeth and as a consequence the oc-

clusal relationship. This is a sign of functional 

adaptation. Today this view is favoured in parts 

of dentistry; consequences for practice, teach-

ing and research have so far not been derived. 

‘There is no point (...) in wanting to grind a flat 
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teeth articulation in today’s dentition, but it is 

just as wrong, when doing a restoration for mid-

dle-aged patients, that already have distinct den-

tal wear facets, to force juvenile, high cusps on 

them and thereby preventing any kind of self-

help of the dentition’ [7, p. 316].

In contrast to prehistoric and historic times, 

almost no wear occurs in teeth of individu-

als consuming a Western diet, so that the juve-

nile occlusion is maintained until old age, if no 

changes caused by parafunctions (e.g. attrition), 

extractions or age-dependent involutions had oc-

curred [21]. A mesial drift is therefore not possi-

ble, since the teeth stay locked in their cusp-fossa 

position. The consequences of this type of oc-

clusion are manifold. Besides pit caries, crowd-

ing of the anterior teeth and a shortage of space 

for the eruption of the third molars, often tem-

poromandibular joint problems occur [18, 22]. 

Possibly due to the absence of dental wear the 

functional structure of teeth, dental periosteum, 

masticatory muscles and the temporomandibu-

lar joints are disturbed in such a way that it re-

sults in an increased need for dental treatment. 

The missing approximal wear can mainly be sim-

ulated by clinical interstitial ‘slicing’ in order to 

correct crowding of the front teeth. Balancing ex-

tractions as postulated in the past are unaccept-

able to modern dentistry [23, 24].

Comparative Study on the Incidence and 

Chronological Development of Tooth Wear in 

Skeletal Remains from Different (Pre)Historic 

Periods

In an ongoing study, the occlusal relationships 

in well-preserved skulls from different (pre)his-

toric eras in Central Europe are examined at the 

Department for Anthropology of the University of 

Mainz (fig. 1). Both male and female individuals 

of all age groups including infants and juveniles 

a b

Fig.1. a Hettstedt (~1600 AD), individual 289, male 35–40 years. Occlusal cusps not completely worn, edge-to-edge 

bite. b Halberstadt (~5000–4500 BC), Individual 12, male 40–45 years. Occlusal surface completely worn down, edge-

to-edge bite and flat occlusal surfaces of the posterior teeth.
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date between 5000 BC and 1600 AD. Standardized 

digital photos (lateral view of the skull in the 

Frankfurt plane, pictures of the occlusal surfaces 

of the upper and lower jaws) and digital volume to-

mographies (DVT) of all individuals were taken, 

as well as measurements of the width of the teeth 

in mesio-distal and bucco-lingual directions. The 

dental wear was recorded according to Miles [25], 

Molnar [26], and Scott [27].

As a preliminary result of the study it seems 

that the wearing down of teeth is independent of 

the time period and the sex. Very similar wear fac-

ets are found from the Palaeolithic up until early 

modern times. The edge-to-edge bite occurs de-

pending on the age of the individuals. In princi-

ple, the loss of dental hard tissue begins when the 

teeth reach the occlusal plane. It increases gradu-

ally with age, so that by reaching mature age the 

edge-to-edge bite occurs, which goes along with a 

complete levelling of the occlusal and incisal sur-

faces. Normally, the continuous flattening of the 

cusps causes an increasing group function. Not 

in a single one of the examined cases does canine 

guidance seem to have played a role. Infants and 

juveniles mainly show a normal bite with a vertical 

overbite as described by Pereira and Evans [16] for 

93% of the young Yanomami (fig. 1). According to 

this the diagnosed edge-to-edge bite in the major-

ity of the adults is not based on a beforehand ex-

isting mesial bite (Angle class III) but develops as 

a result of the continuous dental wear from a nor-

mal bite. Therefore, the edge-to-edge bite is clearly 

not a pathological appearance, as especially gna-

thology is trying to make credible [28, 29].

Has the Time for a Change of Paradigm 

Come?

The hitherto existing studies from chronologi-

cally and geographically diverse populations 

consistently show that the loss of dental hard 

tissue is a natural process whose result is the 

perpetuation of a fully functional masticatory 

system during its entire time of use (fig. 2). The 

adaptations in the dentition therefore do not 

lead to pathological changes in the position of 

teeth and jaws [2, 5, 11, 15, 18]. From the view of 

dental anthropology, dental wear is a ‘normal’ 

occurrence. If during the course of use of the 

teeth occlusal disturbances such as cross-bite or 

parafunctions do not occur, then mostly by late 

mature age (35–45 years) the edge-to-edge bite 

develops from a normal bite and central occlu-

sion. For developing the edge-to-edge bite (nor-

mal occlusion), it is a necessary precondition 

that interproximal attrition with a subsequent 

mesial drift of the teeth occurs. As a compensa-

tion for the occlusal wear, a continuous eruption 

of the teeth takes place during a lifetime. Dental 

crowding, shortage of space as well as the risk of 

fissure caries are greatly decreased by the flat-

tening of the occlusal surface. The masticatory 

force of the dentition is greatly increased [7, 10, 

18, 22]. The loss of dental hard tissue is therefore 

a physiological process and a sign of functional 

adaptation.

The anthropological findings on ‘occlusal his-

tory’ of humans could be the start of a dialogue 

between dental anthropology and dentistry. The 

goal should be to transfer the research finding to 

modern dentistry and to develop new impulses 

and concepts for the dental/orthodontic diagno-

sis and therapy. This is only possible in an inter-

disciplinary cooperation.

In summary, we can state that tooth wear is a 

natural process that does not lead to pathological 

changes. Generalised tooth wear develops from 

centric occlusion and edge-to-edge bite is age- 

but not sex-dependent in an individual. The ear-

ly frontal overbite changes into edge-to-edge bite 

during adulthood, and interproximal attrition 

supports this process by mesial drift of the lat-

eral teeth. Tooth wear is therefore physiological 

and a sign of functional adaptation. According 

to Schray [7, p. 312] ‘(...) the natural tooth wear 

seems to be the only depletion in the human body 

that bring advantages’.
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Fig. 2. Hettstedt (~1600 AD), individual 289, male 35–40 years. Tooth 38, 48 extracted for aDNA 

analysis. Occlusal cusps of the lateral teeth not yet worn flat completely, borders of the wear 

marked red.
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Cemento-enamel junction (CDJ)

canine and molar height growth in modern

humans and fossil hominins 69–72

grooving in periodontal disease versus

postmortem 170–172

Cercopithecoides, root size relationship in anthropoid

primates 16–22

Chimpanzee, see Pan
Clevosaurus 11

Computed tomography (CT), lateral mandibular

protuberance in Macaca cyclopis 60–64

Cone-beam computed tomography 61

Cortical bone, thickness relationship to lateral

mandibular protuberance in Macaca cyclopis
62–64

Crown, see Molars
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Daily secretion rate (DSR), molar crown formation

timing in Meniscotherium and Phenacodus 4, 5

Deciduous teeth

enamel formation rates in humans 116–119

growth study in ancient Greek infant cemetery

178–183

Degree of asymmetry 114

Dental caries, see Caries

Dental microwear

definition 39

diet effects 39, 40

modern primates and fossil hominins 41, 42

texture analysis 40, 41

Dental occlusion, see Occlusion

Dentin

hypomineralization 104

maturation 103

vitamin D receptor regulation of mineralization

102–108

Diapsida, dental tooth shape compared to Sphenodon
9–14

Digital volume tomography (DVT) 194

Directional asymmetry (DA), patterns in primary

tooth emergence in twins 110–112

Eda, mutations in X-linked hypohydrotic ectodermal

dysplasia 93, 98

Edge-to-edge bite, causes 191, 192

Eilenodon 11

Electron microprobe analysis (EMP) 31

Electron microscopy (EM)

enamel microstructure in mammals versus

amphibians/reptiles 75, 76

tooth and bone microstructure in Sphenodon 81,

82

tooth microstructure and mineral distribution

study in early fossil hominin material 30–34

Enamel

amelogenin evolution and tetrapod enamel

structure 74–78

formation rates in human deciduous teeth

116–119

primate enamel fractures and diet effects 

44–47

vitamin D receptor regulation of mineralization

102–108

Enamel cross-striations 69, 116

Enamel-dentine junction (EDJ)

canine and molar height growth in modern

humans and fossil hominins 69–72

Pan lower molar morphometric analysis 

23–28

tooth and bone microstructure in Sphenodon
81–83

Enamel hypomineralization 107

Enamel hypoplasia 119

Enamel prism 76

Enhydra lutris 45

European Americans 51

Farming, caries and agriculture impact studies

Mesolithic-Neolithic transition in Portugal

167–172

Poland 173–177

prehistoric Asia 162–166

Fluctuating asymmetry (FA), patterns in primary

tooth emergence in twins 110–112

Forensic anthropology 49–54

Geometric morphometrics 123

Gigantopithecus blacki 17

Gorilla gorilla 17

Granular layer of Tomes (GLT) 69

Great apes, molar root growth during eruption

128–132

Greece, deciduous tooth growth study in ancient

Greek infant cemetery 178–183

Hispanic Americans 52

Hominoidea

canine and molar height growth in modern

humans and fossil hominins 68–72

dental microwear analysis of modern primates and

fossil hominins 41, 42

dental morphological traits used in forensic

identification of ancestry 49–53

root size relationship in anthropoid primates

16–22

tooth microstructure and mineral distribution

study in early fossil hominin material 30–34

Homo erectus 68

Homo neanderthalensis 68

Honinins, see Hominoidea

Hunter-Schreger bands 30, 46

Hypocalcemia 103

Image registration, dental image superimposition

from twins 142–146

Jaw, see Mandible
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Lepidosauria, dental tooth shape compared to

Sphenodon 9–14

Light microscopy, tooth and bone microstructure in

Sphenodon 82, 83

Litoria chloris 75

Lophocebus 17

Lophocebus albigena 41

Macaca cyclopis, computed tomography of lateral

mandibular protuberance 60–64

Macaca fascicularis 18

Macaca mulatta 126

Mammalian enamel protein matrix 74

Mandible

lateral protuberance in Macaca cyclopis 60–64

X-linked hypohydrotic ectodermal dysplasia effects

bone structure 95–97

morphology 94, 95

tooth abnormalities and structural bone

modifications 96, 97

Meckel’s canal 80

Meniscotherium chamense 4

Meniscotherium, molar crown formation timing 3–7

Micro-CT 17, 23, 102

Microradiography (MR) 31

Microwear, see Dental microwear

Molars

crown formation timing in Meniscotherium and

Phenacodus 3–7

height growth in modern humans and fossil

hominins 68–72

Pan lower molar morphometric analysis 23–28

root growth during molar eruption in extant great

apes 128–132

size relationship in anthropoid primates 16–22

Native Americans 50

Natural wear, teeth 191

Neonatal line (NNL) 116–119

Occlusion, dental wear relationships 192, 193

Odontochronology 180

Oral health 162

Osteoporosis 107

Owl monkey, canine sexual dimorphism in Aotus
didensis 55–58

Pan
lower molar morphometric analysis 23–27

root length determinants 121–126

Panoramic radiograph 153

Pan paniscus 23

Pan pygmaeus 17

Pan troglodytes 17, 23

Papio anubis 18

Paranthropus boisei, tooth microstructure and mineral

distribution study in early fossil hominin material

30–34

Paranthropus robustus 41, 68

Perikymata 4, 71, 86

Periradicular bands

Andresen lines 86, 88

appearance and etiology 90, 91

history of study 90, 91

Retzius lines 86

temporal changes 88, 89

Permanent teeth, formation and age estimation

153–157

Phenacodus, molar crown formation timing 3–7

Planocephalosaurus 11

Plethodon cinereus 75

Poland, caries study of 16th to 18th centuries

173–177

Portugal, caries and Mesolithic-Neolithic transition

167–172

Prenatal enamel 180

Principal component analysis (PCA), Pan lower molar

morphometric analysis 24–27

Prism cross-striations 30

Retzius lines, see Periradicular bands

Rhynchocephalia, dental tooth shape compared to

Sphenodon 9–14

Rice, caries and agriculture impact study of

prehistoric Asia 162–166

RNA isolation 75

Root

growth during molar eruption in extant great apes

128–132

length determinants in chimpanzee 121–126

periradicular bands, see Periradicular bands

size relationship in anthropoid primates 16–22

Saimiri 57

Scanning electron microscopy, see Electron

microscopy

Secondary hyperparathyroidism 103

Sexual dimorphism 56

SFrax scale-sensitive fractal analysis (SSFA), dental

microwear analysis 40
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Southeast Asia 162

Sphenodon
dental tooth shape compared to fossil relatives

9–14

tooth and bone microstructure 80–84

Striae of Retzius 4

Striae periradicales, see Periradicular bands

Synchrotron images, damage to a lower molar cusp of

a sea otter 45

Taiwan macaque 64

Thin plate spline transformation 125

Three-dimensional laser profilometry, Turner

syndrome teeth 149–151

Three-dimensional laser scanning 150

Tooth cementum annulation (TCA), age estimation

accuracy and bias analysis 184–188

Tooth height, canine and molar height growth in

modern humans and fossil hominins 68–72

Tooth wear

comparative study on incidence and development

in prehistoric periods 193, 194

edge-to-edge bite 191, 192

microwear, see Dental microwear

natural wear in naturally living populations 191

occlusion relationships 192, 193

past versus present 191

Trachypithecus cristatus 41

Transmission electron microscopy, see Electron

microscopy

Turner syndrome (TS)

clinical features and genetics 149

three-dimensional laser profilometry of teeth

149–151

Twins

asymmetry patterns in primary tooth emergence

110–114

dental image superimposition 142–146

monozygotic versus dizygotic models 137, 138

tooth size imaging in monozygotic twins 138–140

twinning process 138

Vitamin D receptor (VDR)

knockout mice and transgenic mice studies

103–108

regulation of dentin and enamel mineralization

102–108

X-linked hypohydrotic ectodermal dysplasia 

(XLHED)

clinical features 94

Eda mutations 93, 98

mandibular effects

bone structure 95–97

morphology 94, 95

tooth abnormalities and structural bone

modifications 96, 97




