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Abstract

There are comparatively few studies of mammalian tooth root morphology. This 

thesis sets out to investigate tooth root morphology in a range of catarrhine primates 

and carnivores (Carnivora, Pinnipedia and Dasyuromorphia). The primary hypothesis 

tested in this thesis is that different dietary adaptations are reflected in root 

morphology and size -  and in particular root surface area. Computed tomography 

scans were taken of the jaws and full adult dentitions of two Papio anubis, four Pan 

troglodytes, two Gorilla gorilla, two Pongo pygmaeus and two Homo sapiens as well 

as of 157 loose extracted human teeth. In addition, jaws and dentitions (one each) of 

Canis familiaris, Panthera pardus, Crocuta crocuta, Ursus americanus and 

Ailuropoda melanoleuca as well as of Phoca vitulina and Thylacinus cynocephalus 

were CT-scanned. Three-dimensional imaging software was then used to visualise 

the teeth in situ in order to describe root morphology and to take linear, angular, 

planimetric and volumetric measurements of both roots and crowns. The results 

show that differences in tooth root size (surface area, volume, length, bifurcation 

height, crown base area and spread of roots) in both primates and carnivores are 

strongly related to both differential tooth use and material properties of foods. Teeth 

which have to sustain large occlusal forces exhibit particularly large root surface 

areas and volumes. However, root number is not necessarily related to an increase in 

root surface area or an increase of the crown base. Root surface area and volume, at 

least in humans, do not show a strong relationship with crown size. The observed 

pattern, or gradient, o f root surface area along the tooth row is likely to limit on 

masticatory muscle activity. Great apes, humans, and some carnivores are 

characterised by a mesio-distal reduction in root surface area as part of a complex 

mechanism to prevent the TMJ from being subjected to tensile forces. However, in 

those carnivores where the mesio-distal gradient o f root surface area continues to 

increase, a well developed TMJ is required to resist these high tensile forces. Tooth 

root morphology has wider implications for the study of diets and the masticatory 

apparatus of extant and extinct mammalian species. This thesis concludes that root 

size is not only related to masticatory function but is constrained by jaw  dimensions, 

dental development and tooth eruption.
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CHAPTER 1. INTRODUCTION AND 

LITERATURE REVIEW

1.1 Introduction

1.1.1 Overview and background

During the course of mammalian evolution the masticatory apparatus in conjunction 

with the neurocranium has undergone significant adaptive changes. The constituents 

of the feeding apparatus are the bony maxillofacial complex and the mandible, the 

masticatory muscles and the heterodont dentition. The teeth consist of two functional 

units, the crowns supragingivally and the tooth roots and periodontium within the 

alveolae. Whereas many studies have been carried out on crown morphology in both 

an evolutionary and comparative context, anatomical and functional descriptions of 

tooth roots within the masticatory complex, have however been widely neglected, 

presumably due to their inaccessibility.

The mammalian dentition in general as well as the dentitions of a few reptile species 

(extant crocodilians only) are characterized by thecodonty, i.e. by teeth that are 

accommodated in bony alveolar sockets that form a complex with the root surface 

covering cementum and the periodontal ligament -  which comprises among its main 

constituents fibre bundle systems, blood vessels and nerves (Shellis 1982; Osborn 

1984; Gaengler 2000). Forces generated during mastication and exerted on the 

crowns must be dissipated via the roots and the periodontal ligament into the 

surrounding alveolar bone and subsequently into the viscerocranium (Kovacs 1979).

A distinction must be made between taxa with hypsodont and those with brachydont 

teeth. The former are characterised by high-crowned, continuously erupting teeth 

with open roots as found in molars of artiodactyls and perissodactyls as well as in 

incisors and molars of rodents - all taxa with highly abrasive diets. The latter are 

low-crowned teeth with -  once tooth development is complete - closed and typically 

cone-shaped roots, tapering towards the apex. Primates and carnivores are classical 

representatives of this group and are the central subject of this thesis. These two 

taxonomic groups cover a wide and versatile spectrum of diets and feeding behaviour
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ranging in catarrhine primates and ursids from those eating leaves, fruits, seeds, 

arthropods and even small mammals to an exclusively carnivorous diet as in fissiped 

carnivores and a fish, crustacean and mollusc diet in pinnipeds (Van Valkenburgh 

1989; Fleagle 1999; Nowak 1999; Hiiemae 2000; Werth 2000). These two groups are 

the main focus of this study. Most Anthropoid primates and ursids represent a food 

processing group that possess cheek teeth with rounded cusps separated by grooves 

and fissures (so called bunodont molars). Lower and upper premolar and molar 

crowns form two opposing occlusal surfaces that face each other more or less 

horizontally. Each crown of the lower postcanines occludes directly with its upper 

counterpart. During crushing and/or grinding of food the occlusal surfaces are 

subjected to both compressive and shearing forces. The cheek teeth of fissiped 

carnivores with the exception of bears, on the other hand, carry cusps that are 

arranged into sharp cutting edges {secodont molars) with the occluding surfaces in 

vertical position. Here shearing forces prevail. Moreover, the anterior part o f the 

lower postcanine tooth row is shifted mesio-distally against the upper one and thus 

the crowns occlude in an interdigitating pattern. The posterior part of the tooth row, 

in particular the camassial tooth complex, is aligned in bucco-lingual direction 

whereby the lingual side of the maxillary camassial blade occludes with the buccal 

side of the mandibular blade.

Whilst the relationship between crown and cusp morphology and diet along with 

feeding behaviour in both extant and extinct species has been widely explored (e.g. 

Hylander 1975; Kay 1975; Biknevicius & Van Valkenburgh 1996) little is known 

about dietary adaptation and root morphology. Due to the problem of abrasion and 

wear of enamel the analysis of crowns can be made difficult especially in fully 

grown adults with highly abrasive diets. However, after the roots have been formed 

only changes on a much smaller scale take place (deposition of cementum over the 

root surface or deposition of secondary dentine on the walls of pulp cavity).

As roots are part of the functional chain consisting of occlusal forces —► crown —► 

root —)■ alveolar hone a key question that must be explored is the size or scaling 

relationship between a tooth crown and its corresponding root dimensions. The few 

studies that have been carried out are mostly on the modem human and great ape
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dentition and have concentrated on the comparison and interrelationships between 

linear distances such as height, width and length of crowns and roots (Gam et a l 

1978; Abbott 1984; Ozaki et a l  1987, 1988). However, whilst the majority o f these 

studies were based on a two-dimensional analysis of root morphology, few have 

applied a three-dimensional approach. Those that did address three-dimensional (3D) 

parameters o f root morphology such as volume and surface area focussed their 

studies almost exclusively on the human dentition in a clinical context (Müller 1959, 

1963; Jepsen 1963; Nicholls 1974; Despeignes 1979; Hujoel 1994; but see Kovacs 

1971). Other possible correlates with root morphology are dimensions of the 

mandible, maxilla and palate as well as overall facial size which have been studied in 

cercopithecoids (Siegel 1972; Ward 1978) and hominoids (Gam et al 1980; Abbott 

1984). Moreover, it is likely that differences in growth processes in the craniofacial 

skeleton put a constraint on root size as well (e.g. Brin & Koyoumdijsky-Kaye 

1981). Among other mammalian groups such as camivores, morphometric studies on 

tooth roots, let alone their size relationship with crown or mandibular-maxillary 

dimensions, remain virtually unrecorded.

At the heart of this thesis are observations, both directly of the gross morphology and 

on radiographs o f postcanine teeth in African Plio-Pleistocene fossil hominins, which 

suggest major differences in root dimensions that seem, on the face of it, to be 

independent of crown size. If root morphology tmly reflects dietary adaptation in 

primates and mammals in general then a better reflection of this function is likely to 

come from measurements of root volume and surface area as well as the angulation 

of roots (Kovacs 1971). Surface area in particular is likely to relate directly to 

periodontal ligament attachment and function (Kovacs 1971, 1979; Spencer 1998). 

However, none of the aforementioned studies has addressed this issue. It is likely that 

root surface area varies according to root number -  but this remains to be seen. Of 

particular interest are therefore the premolars of primates which are the most 

versatile tooth group in terms of number and form ranging from one to three roots 

(Remane 1960; Abbott 1984, Wood et al 1988).

Computed tomography (CT) and three-dimensional imaging processing software 

provide a technique to access tooth root morphology non-invasively and allow taking
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linear, volumetric as well as planimetric measurements. Computed tomography 

scanning has proven to be a reliable method for comparative studies of extant and 

fossil mammalian species (e.g. Ruff & Leo 1986; Daegling 1989; Spoor et al. 1993; 

Spoor & Zonneveld 1995, 1998; Spoor et al. 2002; Hublin et al. 1996; Schwartz et 

al. 1998; Rae & Koppe 2000; Rae et al. 2003) but has been hardly used to investigate 

the subocclusal morphology of mammals.

1.1.2 Objectives of this thesis

This study aims to approach the dentition and more specifically the tooth roots of 

selected primate and carnivore species from the three-dimensional perspective and 

thus address functional issues. Techniques developed for clinical purposes in the first 

place make it possible to analyse subocclusal morphology in a non-invasive way and 

thus make it a novel approach. In addition, the use of three-dimensional (3D) 

imaging software allows the visualisation and morphometric analysis of tooth roots 

in a range o f mammalian species in order to address some of the questions raised 

within this thesis.

1.1.3 Structure of thesis

In the remainder of this chapter, a review is presented on the diet and tooth function 

in the examined primate and carnivore species (Section 1.2) as well as of the 

developmental and structural aspects o f mammalian tooth roots. Section 1.3 

introduces the development and structure of the constituents o f the periodontium 

(cementum, alveolar bone, periodontal ligament). In section 1.4, theories of the 

mechanisms of tooth eruption are discussed. Emphasis is put on the potential 

influence of eruptive mechanisms and facial growth on root size. Section 1.5 is 

concerned with functional aspects of the periodontium on a microscopic level and 

deals with the sensory control of mastication in relation to root morphology and size. 

Section 1. 6  addresses the variation of tooth root morphology in both extant and fossil 

primates, while Section 1.7 presents biomechanical models of the mammalian 

masticatory apparatus and the implication for root morphology. Section 1.8 

summarises the hypotheses raised within the literature review. Chapter 2 describes 

the material and methods used in this study. Computed tomography and three- 

dimensional image processing are presented. Moreover, the landmarks and
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measurements are defined. Chapter 3 presents a range of studies on the accuracy of 

the applied methods. In Chapters 4, 5, 6 and 7 the results of the comparative study on 

the tooth root morphology in the primate and carnivore samples are presented and 

subsequently discussed in Chapter 8 .

1.2 A comparison of diet and tooth function in primates and 

carnivores

Undoubtedly, differences in primate crown morphology and size are related to 

different strategies in diet, feeding behaviour and tooth use (Hiiemae & Kay 1972; 

Hylander 1975; Kay 1975, 1978; Lucas 1979; Shea 1983; Lucas et al. 1986; 

Rosenberger 1992; Ungar 1994, 1996; Fleagle 1999). Broadly speaking, the incisors 

and canines have been assigned the role o f “harvesting” which is the initial access 

stage of feeding with the teeth whilst the postcanines are attributed to mastication 

(Rosenberger 1992). Moreover, the forms and sizes of anterior, canine and 

postcanine teeth and their cusps reflect adaptations to food substances with different 

material properties (Strait 1993, 1997; Spears & Crompton 1996; Spears and Macho 

1998; Macho & Spears 1999; Lucas & Peters 2000). Teeth with blunt, pointed cusps 

such as in many primates are required to break hard, brittle material such as a shell of 

a seed or nut (Lucas & Peters 2000). On the other hand, a sharp blade-like cusp as in 

the camassials of camivores is suitable to break up soft food stuff with a low 

modulus, e.g. mammalian soft skin, in which crack propagation speed is slow. Two 

antagonist teeth with blade-like crowns act like a pair o f scissors, whereas two 

opposing blunt teeth form a ‘pestle and mortar’ system, i.e. the cusp of a mandibular 

molar fits loosely into the basin between two cusps of a maxillary molar (Macho & 

Spears 1999; Lucas & Peters 2000). Since a sharp cusped tooth covers a relatively 

smaller surface of the food substance the stress concentration is higher than on a 

blunt cusp. Thus biting on hard food is disadvantageous as it might lead into 

fracturing of the tooth crown.

The Carnivora are an ideal group to compare with the Primates. There exists a well 

established knowledge of the form-function relationship in camivores between crown 

morphology of all tooth groups as well as foraging and ingestive behaviour and food
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processing (Van Valkenburgh & Ruff 1987; Van Valkenburgh 1989, 1996; 

Biknevicius & Van Valkenburgh 1996; Biknevicius et a l 1996; Jones & Stoddart 

1998).

The teeth of camivores can be structurally and functionally divided into grasping 

incisors, penetrating canines and food processing postcanines (Van Valkenburgh 

1989, 1996). Incisors and canines play an important role in killing prey, defence and 

display. The premolars are used as piercers (e.g. canids) and bone crushers, for 

instance in hyaenids (Van Valkenburgh 1989). The premolars are followed by the 

principal cutting tooth complex, the camassials, which consist o f and Mi. Their 

function is often two-fold, i.e. cutting of skin with the blade-like anterior part 

(trigonid) and cmshing and grinding of bone with the posterior part or talonid (Van 

Valkenburgh 1989; Biknevicius & Van Valkenburgh 1996). The camassials are 

usually located at approximately the midpoint of the distance from the temporo

mandibular joint (TMJ) to the canine (Radinsky 1981a; Greaves 1985). The anterior 

end of region II corresponds to the point of highest bite forces and the widest gape. 

Some taxa also retain postcamassial molars (M*‘̂  and M 2 .3) which are used for 

grinding as e.g. in the canids. Species without postcamassials such as the spotted 

hyaena process tough foods on buttressed precamassials (Biknevicius 1996; 

Biknevicius & Van Valkenburgh 1996). Compared to herbivorous mammals, 

camivores masticate rather rapidly (Biknevicius & Van Valkenburgh 1996).

1.2.1 Diet and tooth use in Camivora, Pinnipedia and Dasyuromorphia

Van Valkenburgh (1989) distinguished four broad dietary categories within 

terrestrial camivores: 1 ) meat, 2 ) meat/bone, 3) meat/non-vertebrate and non

vertebrate/meat.

A representative of the meat group with more than 70% meat in its diet is the leopard 

{Panthera pardus) which consumes among others ungulates and primates (Hart et al 

1996). In a study on cranial strength related to biting forces Thomason (1991) 

estimated forces for the leopard {Panthera pardus) of 878N for canine bites and
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2269N for molar (camassial) bites. For the lion even values of 1483N and 4168N for 

canine and molar bites, respectively, were estimated.

Among the meat/bone category fall the spotted hyaena (Crocuta crocuta) and the 

grey wolf (Canis lupus) with more than 70% meat consumption (e.g. large and 

medium sized ungulates in the spotted hyaena, [Di Silvestre et al. 2000]) as well as 

large bones. Van Valkenburgh and Ruff (1987) determined that the canine strength is 

higher in hyaenids and felids than in canids. It has been reported that very high bite 

forces are produced at the camassials o f canids and hyaenids when crushing bones of 

ungulates (Kruuk 1972; Ewer 1973) but the precamassial premolars of Crocuta 

crocuta seem to be the preferred bite points for hard food processing (Biknevicius 

1996). Instead of having the Mi positioned at midpoint between the TMJ and the 

canine in the spotted hyaena it is located closer to the TMJ than in most other 

carnivores (Radinsky 1981b). As a consequence the bone-cracking teeth, P3 and P4, 

are now situated in the region of maximum bite force while retaining sufficient gape 

(Biknevicius & Van Valkenburgh 1996). Concomitantly, the canines o f the spotted 

hyaena also function as bone crushers (Van Valkenburgh & Ruff 1987; Anyonge 

1996; Jones & Stoddart 1998). Binder and Van Valkenburgh (2000) investigated the 

development o f bite strength and feeding behaviour in captive spotted hyaenas 

{Crocuta crocuta). While being in an enclosure, the hyaenas could voluntarily bite 

on a transducer whereby maximum bite force data were collected for each of two 

tooth areas, namely the most posterior premolars and the most anterior incisors. 

Between 12 and 14 months of age, when the permanent dentition is fully erupted, for 

a female individual a maximum bite force was recorded of about 331 Ncm'^ 

(3.3MPa). With age, bite force continued to improve and reached levels of up to

1194.5 Ncm'^ (11.9.MPa) at the age of 40 months.

The thylacine {Thylacinus cynocephalus), a recently extinct carnivorous marsupial 

(Dasyuromorphia), has often been compared to the placental wolf (C. lupus) because 

o f its overall doglike build (Werdelin 1986; Jones & Stoddart 1998; Nowak 1999). 

Hence, it has also been called ‘marsupial w o lf, ‘Tasmanian tiger’ or ‘hyaena’. 

However, when only the shape and not size of the skull is taken into account the 

thylacine resembles rather the red fox {Vulpes vulpes) and not the placental wolf
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(Werdelin 1986). A comparative ecomorphological analysis by Jones and Stoddart

(1998) substantiated this finding. They suggested that thylacines were pounce-pursuit 

predators which killed medium-sized prey with a crushing, penetrating bite. The prey 

was small relative to its body size as suggested by a low relative canine fracture rate. 

In terms of convergence with placental carnivores it is proposed that thylacines 

occupied a dietary niche comparable to that of a coyote {Canis latrans) or 

hypothetical enlarged fox (Jones & Stoddart 1998). The shape of the canines is 

ovoid, similar to smaller canids and hyaenids but bone consumption is likely to be 

excluded (Jones & Stoddart 1998).

The red fox {Vulpes vulpes) and the coyote are part of the third category which is the 

meat/non-vertebrate group with a diet o f between 50 and 70% meat supplemented by 

fruit and/or insects (Van Valkenburgh 1989). The American black bear {Ursus 

americanus) belongs to the non-vertebrate/meat category with less than 50% meat 

(rodents, fish, carrion, occasionally large mammals) and predominately fruits, 

berries, nuts, grass and/or insects and thus can be considered as a dietary generalist 

(Van Valkenburgh 1989; Noyce et al. 1997; Nowak 1999; Rode & Robbins 2000). In 

addition, the giant panda {Ailuropoda melanoleuca) whose diet almost entirely 

consists of bamboo shoots and roots (Carter et al. 1999; Nowak 1999) represents an 

additional dietary category with exclusively non-meat food stuff. The postcanine 

dentition of the panda with its flat and wide crowns, and hence with a large occlusal 

surface, is an exception among the Carnivora.

Although the taxonomical classification is still controversial whether the pinnipeds 

form an own order or whether they are a suborder of the Carnivora, in general there 

is consensus that pinnipeds are an evolutionary offshoot of terrestrial carnivores (see 

Novacek [1992] and Nowak [1999] for review). The dentition of pinnipeds is a clear 

adaptation to an aquatic habitat and a marine diet. For instance, the harbour seal 

{Phoca vitulind) consumes a wide range of fish, cephalopods, crustaceans and 

molluscs (Hillson 1986; Pierce & Santos 2003). The teeth of pinnipeds are rather 

used to capture the rapidly moving prey but are not used for mastication and instead 

food is swallowed completely (Loughlin 1982). As a consequence the premolars and 

molars are very simplified and show a triconodont crown morphology and they lack
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camassials or sharp shearing or grinding surfaces (Peyer 1968; Hillson 1986; 

Thenius 1989; Werth 2000). The teeth interlock in occlusion and thus are adapted for 

snapping prey (Thenius 1989). Werth (2000) noted that food which is too large to be 

swallowed must be reduced by cmshing, gnawing or violent shaking of the head.

1.2.2 Diet and tooth use in cercopithecoid primates

The diet of chimpanzees {Pan troglodytes troglodytes) is characterised by ripe and 

soft fruits which make up the majority of the food intake and leaves, piths, 

herbaceous plants and insects (e.g. ants) (Tutin & Fernandez 1993; Wrangham et al. 

1998; Newton-Fisher 1999; Basabose 2002; Stanford & Nkurunungi 2003). The 

large incisors of chimpanzees relative to both body mass and skull size have been 

related the incisal processing of large, resistant fruits (Hylander 1975; Shea 1983). 

An analysis of molar crown size demonstrated frugivorous adaptation (Kay 1975). It 

has been noted that seeds of fruits are swallowed as a whole with only little dental 

processing involved (Lambert 1999). Also part of the food spectmm are mammals 

ranging in size from small rodents to monkeys, juvenile bushpigs and duikers 

(Uehara 1997).

Chimpanzees which are sympatric with lowland gorillas {Gorilla gorilla gorilla) in 

Western Africa as well as East African chimpanzees and mountain gorillas {Gorilla 

gorilla beringei) show seasonal dietary overlap, in particular o f fruit species. 

However, lowland gorillas are more opportunistic, more versatile (i.e. their diet 

consists of a wider species range) and less selective in their diet compared to 

chimpanzees (Tutin & Fernandez 1993; Remis 1997). They resort to vegetative foods 

in case of fruit scarcity more easily than chimpanzees do. Ecological and behavioural 

studies indicate a large number of plants and fruits consumed by lowland gorillas. 

Fruits and foliage consumed are predominantly highly fibrous (Remis et al. 2001). 

Furthermore, the diet of lowland gorillas constitutes herbaceous plants, piths, stems, 

barks, decaying wood and insects (Popovich et al. 1997; Remis 1997; Goldsmith 

1999; Deblauwe et al. 2003; Stanford & Nkurunungi 2003). Seeds are also 

masticated but are occasionally swallowed without being processed (Tutin et al. 

1997; Voysey et al. 1999). Results of a finite stress analysis to model the relationship
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between the angles formed by the bucco-lingual cusps during puncture crushing on 

molars show that the blunt-cusped molars in Homo, the gradually sloping buccal (or 

supporting) cusps but high-angled lingual (or guiding) cusps in mandibular molars of 

Pan as well as the high angled occlusal surfaces in Gorilla molars are likely to break 

up small food particles by shear (Spears and Crompton 1996). The combination of 

molar crowns adapted for high shear stress and small incisors relative to cranial size 

alludes to the folivorous diet of the gorillas (Hylander 1975; Kay 1975; Shea 1983; 

Spears and Crompton 1996).

The Asian great ape, the orang-utan (Pongo pygmaeus) is characterised as an 

opportunistic forager. Although predominantly frugivorous, orang-utans also feed on 

leaves, bark, woody stems, vines, flowers, fungus, insects and honey (Kay 1975; 

Galdikas 1988; Hamilton & Galdikas 1994; Ungar 1994). A high frequency of 

incisor use is observed. Apart from incision the anterior teeth are used for crushing, 

scraping and stripping of food items (Ungar 1994). In addition, the prehensile lips 

assist the incisors during food processing. Hard fruits are crushed open with incisors 

and molars. Seeds are usually spit out and not digested. The analysis of molar size by 

Kay (1975) grouped the orang-utans with other folivorous species. Lucas and co

workers (1991, 1994) examined the seed breaking forces used by orang-utans {Pongo 

pygmaeus) to crack open two highly mechanically protected seeds of the species 

Macadamia and Mezzettia. Metal casts of the lower and upper dentition were made 

of the buccal segment from the canine to the last molar. In a testing machine the 

seeds were loaded in compression. The maximum forces required to fracture the 

seeds were around 2000N for the Macadamia seeds and about 6000N for the 

Mezzettia seeds. These results are in congruence with an indentational analysis 

carried out which allowed to deduce the bite force from the size o f the marks 

produced by the cusps (Lucas et al. 1994). The finite stress analysis of the molar 

cusps by Spears and Crompton (1996) revealed that the gradually sloping occlusal 

surfaces o f molars in Pongo fracture the food particles by crushing. Hence, it can be 

assumed that root morphology in Pongo should be less adapted to shearing forces 

than in Pan, Gorilla and Homo. Finite element stress data by Macho and Spears

(1999) corroborate the evidence for a different loading regime in Pongo and they
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conclude that lower and upper molars in this species become increasingly better 

adapted to dissipate loads posteriorly.

Unlike the great apes baboons have bilophodont, relatively high crowned molars 

with low cusps (Fleagle 1999). Characteristic for the papionins is the long and 

narrow rostrum in addition to a shallow mandible. The majority of foods consumed 

in the olive baboon, Papio anubis, are fruits followed by grass, leaves, seeds, roots, 

flowers, bark along with invertebrates and small vertebrates (Kay 1978; Whiten et al. 

1991; Nowak 1999). The incisors are relatively very large when scaled with body 

size (Hylander 1975). The large mandibular condyles have been associated with a 

nut-cracking action (Smith et al. 1983). Also, grass roots eaten by Papio are said to 

bear abrasive silica which require large mechanical forces to be processed (Hassanali 

1991).

1.3 Constituents of the periodontium and their development

1.3.1 Root development and formation

Tooth roots are just one component of a complex functional system composed of 

many tissues. Therefore, the morphology of tooth roots has to be considered in the 

light o f all constituents of the tooth supporting structures, i.e. the tooth root itself 

with the bulk of dentine and the cementum layer surrounding it, the periodontal 

ligaments and the periodontal space as well as the alveolar bone which forms the 

socket for the tooth. The attached gingival tissue also takes part in the tooth 

supporting structures even though it may be of less significance being above the level 

of the alveolar bone. Finally, further supporting structures are the crowns themselves 

which occlude and help to stabilise neighbouring crowns. Their development will be 

dealt with only in part.

Root development takes place with the contribution of 1) the enamel organ with its 

four distinct layers (outer enamel epithelium, stellate reticulum, stratum intermedium 

and inner epithelium), 2 ) the dental papilla, i.e. the condensation of dental
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mesenchyme which gives rise to cells that form dentine (odontoblasts) and dental 

pulp, and 3) the dental follicle (or sac) (Avery 1994; Cho & Garant 2000; Schroeder 

1986, 2000). The dental follicle is a layer of cells surrounding the tooth germ that is 

continuous with and derives from the dental papilla at the cervical loop (Yoshikawa 

& Kollar 1981; Osborn & Price 1988; Ten Cate 2000). It initiates the development of 

the tooth supporting tissues. Cells o f the follicle will give rise to cells that produce 

cementum, periodontal ligament (PDL) and alveolar bone (crypt and alveolus). 

Dental papilla and follicle are both derived from ectomesenchyme, i.e. embryonic 

connective tissue with origin from the neuroectoderm (neural crest). Ten Cate (2000) 

suggests the inclusion of the hyaline layer of Hopewell-Smith as a fourth component 

of tooth supporting tissues. It may serve to bond cementum to dentine but its origin 

remains unclear (Berkovitz et al. 2002).

When crown formation is complete, continued proliferation of the cervical loop 

produces a tubular sheath -the so called Hertwig’s epithelial root sheath - made up 

only of the outer and inner enamel epithelium (Cho & Garant 2000; Fig. 1.1).

Enamel organ

Enamel-

Dentine-----

Dental papilla- 
(pulp)

Cementum- - -

M E R - -

Diaphragm

F ig u re  1.1 Schem atic  drawing o f  a lower lateral deciduous incisor (in labio-lingual section) during 
root developm ent.  H E R S = H er tw ig ’s epithelial root sheath. M E R = M a la ssez ’ epithelial (cel l)  rests. 
After Schroeder (2000) .

The morphology of the root (one or more rooted) is determined by the shape and 

folding of the root sheath (Kovacs 1971). The morphogenetic role of Hertwig’s root 

sheath in vertebrate dental evolution - in  particular the transition from reptiles to
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mammals- has become increasingly important (McIntosh et a l  2002). In reptiles like 

geckos the sheath is only present in the coronal 80% of the root with cementoid 

deposition forming the remaining apical 20%. In contrast, in mammals it covers the 

entire root surface including its apical tip which is established by the epithelial 

diaphragm. Crocodilian reptiles such as the caiman {Caiman crocodilus crocodilus) 

form an intermediary position. Here, the growth of the sheath includes the apical part 

of the root but with the distinction that the roots remain open and no apical foramen 

is formed. This sheath of epithelial cells grows between the papilla and the dental 

follicle until it encloses all but the basal portion of the papilla (ElNesr & Avery

1994). The free margin of the sheath forms a centre of proliferation and bends 

inwards reaching nearly 45°, thus forming an epithelial diaphragm which encloses 

the apical foramen. In a single-rooted tooth, cells of the inner epithelium of the 

sheath induce adjacent cells in the pulp to differentiate into odontoblasts which 

eventually form the root dentine. During early dentine formation the cells of 

Hertwig's sheath separate from the dentine and the sheath breaks up and comes to 

resemble a net. Some separated epithelial remnants are known as epithelial cell rests 

of Malassez and persist in the periodontal space into adulthood. While they migrate 

away the spaces in the net-like sheath allow them to be replaced by 

ectomesenchymal cells of the dental follicle on the exposed dentine surface (ElNesr 

& Avery 1994). These cells now differentiate into cementoblasts and secrete 

cementum matrix which mineralises to form cementum. Some of the earliest formed 

matrix mingles with the still unmineralised outermost dentine in the hyaline layer 

(Berkovitz et a l  2002). Thus the outer part of this layer has a dual origin. Later on 

the formation of the PDL occurs and intrinsic fibres become incorporated into the 

mineralizing cementum. Root elongation continues progressively with the 

proliferation of the remaining root sheath cells at the base of the angle of the 

epithelial diaphragm. It is accompanied by the proliferation of the adjacent cells of 

the dental pulp and the dental follicle.

Kovacs (1967, 1971) divides the root development into two phases. The eruptive 

phase starts with root formation and ends with the tooth coming into occlusion when 

the root has reached about two-thirds (about one half in l\ and M]) of its final length 

(in humans). During the eruptive phase the epithelial diaphragm remains in a stable
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position relative to the inferior dental canal. The following phase or penetrative 

phase starts when the tooth is in functional occlusion. Then the diaphragm moves 

down into the alveolar bone fundus as root formation continues to completion.

In multi-rooted teeth the roots grow more or less in the same manner until the hi- or 

trifurcation is completed. All multi-rooted teeth have in common a root trunk or base 

which is between the cervical enamel and the area o f furcation. Long before the 

enamel organ has reached its final size horizontal processes starting from the 

epithelial diaphragm begin to develop (Bower 1983, Schroeder 2000). They meet at 

the future pole of the bi- or trifurcation and fuse to produce separate epithelial 

sheaths for each individual root (Kovacs 1967; Fig. 1.2).

F ig u re  1.2 Developm ent o f  two-rooted (left) and three-rooted teeth. The bottom row depicts the 
forming roots as seen from below. The diaphragmatic processes are about to meet at the future pole o f  
the bi- or trifurcation (indicated by arrows), where they subsequently fuse and form separate epithelial  
sheaths for each individual root.

It has been shown that in mandibular first molars the epithelial node on the buccal 

side is narrower in mesio-distal direction than on the lingual side resulting in 

different sized bifurcation entrances on the lingual and buccal aspects of mature teeth 

(Bower 1983). The still separated epithelial processes grow together with increasing 

size of the enamel organ before they fuse and the interradicular dentine layers of the 

furcation are formed (Bower 1983). This highlights the fact that the anlage of the 

furcation occurs during crown formation and thus precedes the hard tissue phase of
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root formation (Schroeder 2000). The length of the root depends on the rate at which 

the epithelial diaphragm narrows (Kovaes 1971). If the diaphragm narrows rapidly, 

the root will be shorter. If it narrows slowly, it will be longer consequently.

1.3.2 Pulp cavity and root canals

The pulp cavity forms as the dental papilla is increasingly surrounded and contained 

or enclosed by dentine. This ectomesenchymal derived tissue is surrounded apically 

by the dental follicle (Schroeder 2000). The pulp cavity is divided into coronal and 

radicular parts, the latter being split in multi-rooted teeth. Its volume decreases with 

age due to deposition o f secondary dentine after root completion (Woods et al. 

1990). A reduction in height of the pulp chamber seems to correlate with increased 

dental wear (Constant & Grine 2001). Pulp tissue contains blood vessels and nerves, 

odontoblasts, a cell-rich zone basically made up by fibroblasts and undifferentiated 

mesenchymal cells and a cell-free zone (WeiPs zone). It is essentially an embryonic 

connective tissue that becomes increasingly more fibrous in nature through life. The 

perception of pain caused by pressure on dentine and pulp tissue, traumata and 

extreme temperature changes occurs via dentine nerve bundles (Schroeder 1986).

The morphology o f the root canals is very variable and their number varies among 

the different tooth types in humans. Generally in humans, the central and lateral 

incisors, the canine and the fourth premolar of the maxilla show only one root canal 

(Keller 1928, cited in Schroeder 2000) but three canals in Î  have been reported as 

well (Peix-Sanchez & Minana-Laliga 1999). The incidence of two separate canals 

occasionally occurs in mandibular central and lateral incisors, e.g. in 20-45% of 

examined teeth by Kaffe et al. (1985) or in 40% of lower incisors studied by Mauger 

et al. (1997). The same authors also observed two root canals in 13-18% of lower 

canines, Holtzman (1997) even reports three root canals in Ci. Mandibular P3 usually 

possess one canal (74%), but two (25%) and three canals (0.5%) were described as 

well (Vertucci 1978). Mandibular Mis can vary considerably in canal number: four, 

two in the mesial and two in the distal root, occur in 30-50%, five canals in 1-2% and 

six canals in single cases (Martinez-Bema & Badanelli 1985). Tobias (1995) points 

out that two out o f the three possible premolar roots in pongids may very often be
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coalesced and thus appear as two roots but still maintain three root canals. Hence it 

can be said that root number does not necessarily correlate with root canal number.

An occasional characteristic feature of modem human molars, but also of premolars, 

is taurodontism. This term was first introduced by Keith (1913). Taurodont teeth 

show a more apical positioned bifurcation and an enlarged pulp chamber, which may 

extend into the area of the root apex. In fact this was first described by Gorjanovic- 

Kramberger (1908) who found this feature in 50% of the Krapina Neanderthal teeth 

which makes it a typical trait for this group. Furthermore it has been described in 

Homo heidelbergensis and Homo erectus from China, but it is not uncommon in the 

modem human deciduous and permanent dentition either, both bilaterally and in 

more than one tooth type (Mena 1971). In a recent study of two South African 

populations (Zulu and Khoisan) mandibular third molars had the highest prevalence 

o f taurodontism and first molars the lowest (Constant & Grine 2001). Senytirek 

(1953) describes the occurrence o f taurodontism in ceboids and cercopitheciods 

which seems to be a modem development when compared with fossils of those 

groups. Llamas and Jimenez-Planas (1993) found a 0.79% incidence of taurodontism 

in human maxillary premolars (n=379). They examined taurodont premolars that 

possessed bifurcated root tips with the pulp cavity expanding towards the apex. 

Taurodontism has also been described in 12 members of the same family which 

emphasizes its genetic link (Fischer 1961).

1.3.3 Development of Cementum (Cementogenesis)

The thin layered cementum covers the root surface and is formed by cementoblasts 

during root formation as a derivative o f the inner layer of the dental follicle (Ten 

Cate et al. 1971; Diekwisch 2001). It functions to protect the underlying dentine but 

more important it anchors the PDL to the root surface. In herbivorous mammals, like 

elephant or equids, it also occurs on the crown frequently covering the enamel 

(Schroeder 2000). Structurally, cementum is similar to bone. Unlike bone, though, it 

is neither vascularised nor subjected to remodelling processes. It has an organic 

matrix consisting largely of collagen (about 90%) and ground substance that is about 

50% mineralized with hydroxyapatite (Ten Cate 1994).
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In humans four forms of cementum exist: acellular afibrillar and acellular extrinsic 

fibre as well as cellular intrinsic fibre and cellular mixed stratified cementum 

(Schroeder 1986, 2000; Cho & Garant 2000). A fifth type of cementum has been 

described as intermediate cementum, a 1 0 pm thick layer lying between cellular 

cementum and root dentine extending from the cemento-enamel junction (CEJ) to the 

apical third of the root but its histological classification seems equivocal (Schroeder 

2000; Berkovitz et al. 2002). This layer occurs during the first stages of root dentine 

formation and undergoes delayed mineralization (Berkovitz et a l  2002). Ten Cate

(2000) describes it as the “hyaline-homogenous layer of Hopewell-Smith” and 

includes it in the list of tooth supporting tissues.

Acellular cementum is also considered as primary cementum as it is formed first. 

Secondary cementum overlies primary cementum and may be either acellular or 

cellular cementum. Acellular afibrillar cementum is located over cervical enamel at 

the CEJ and contains glycosaminoglycans (GAGs) (Schroeder 1986). Its 

developmental origin and functional significance are unknown. The collagen fibre 

containing acellular extrinsic fibre cementum usually forms the layer immediately 

covering the dentine and develops while the tooth is erupting. This type of cementum 

has been studied extensively not only in humans but also in other mammals such as 

rodents and canids (e.g. Cho & Garant 2000). It usually covers 40 to 70% of the root 

surface and anchors the root to the periodontal ligament (Cho & Garant 2000). The 

mineralised tissue is laid down in layers without any cementocyte lacunae because 

the cementoblasts are taken up by the PDL. The slow formation rate allows these 

cells to keep ahead of the mineralization front. The extrinsic fibres enter the 

cementum at an oblique angle and become embedded in the cementum matrix to 

become known as Sharpey's fibres. Within the cementum the course of the Sharpey's 

fibres can be traced according to posteruptive movements such as mesial or occlusal 

drift (Schroeder 1986). The surface structure of acellular extrinsic fibre cementum is 

characterised by the appearance of granular domes which vary in size, cover an 

average area of about 26±8pm^ and correspond to the entry points of Sharpey’s 

fibres (Jones & Boyde 1972; Schroeder 1986).
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Cellular intrinsic fibre cementum is preemptively formed during normal root 

formation and postemptively around the apex and in furcational zones when some of 

the cementoblasts are trapped within lacunae (as in bone formation) and become 

embedded in a collagenous matrix (intrinsic fibres) as cementocytes. The fibres are 

arranged parallel to the root surface and form a circular meshwork around the root 

but do not contribute to attaching and supporting the tooth in its socket. Some of the 

bundles are inserted in the matrix rather deeply covered by several layers, others are 

only embedded superficially. Cementocytes maintain continuity with other lacunae 

through canaliculi which provide channels for diffusion. Cellular cementum serves 

exclusively as regeneration and repair tissue and is formed in case of resorption 

lacunae and fractured roots (Schroeder 2000).

Whereas acellular extrinsic fibre cementum covers the cervical two thirds of the root, 

cellular mixed stratified cementum is usually found in the apical third and the 

furcation area of multi-rooted teeth but overlapping occurs as well. The latter 

comprises alternating layers of acellular extrinsic fibre and cellular intrinsic fibre 

cementum. Hence it contains cementocytes as well as intrinsic and extrinsic fibres 

though Sharpey’s fibres are either covered by intrinsic fibre cementum and only 

appear sporadically on the surface or are less well anchored in a thin layer of 

extrinsic fibre cementum. This type of cementum serves to reshape the root surface 

in order to compensate for physiological and non-physiological shifting of teeth in 

their alveolar sockets (Schroeder 1986).

The thickness of the cementum layers increases from the cervix towards the tip of the 

root as could be shown by Zander & Hürzeler (1958) who studied 230 single-rooted 

erupted and functioning teeth (incisors, canines and premolars) o f various human age 

groups. With increasing age secondary cementum layers (with pronounced 

incremental markings) are deposited continuously at the cervix (acellular extrinsic 

fibre cementum) but predominantly around the apex (cellular mixed stratified 

cementum) with a three- to fourfold increase over a full life span (Zander & Hürzeler 

1958). The cementum thickness of the 31-40 years age group, for instance, ranges 

from about 100±3pm at the cervix, to 161±6pm at mid-root and 352±6pm around 

the apex. In a similar study on axial root sections of impacted permanent single
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rooted teeth Azaz et al. (1974) demonstrated likewise an age-dependent increase of 

cementum thickness at the level o f cervix and mid-root. Cementum thickness in the 

age group of 30-39 years old is given as 130±35pm at cervix and 179±39pm at the 

middle of the root. It seems reasonable to assume that an increase in cementum 

thickness in both unerupted/non-fimctioning and erupted/functioning teeth can be put 

down to similar causes. These studies suggest that cementum apposition is age- 

related rather than the result o f masticatory function. However, it is likely that the 

apposition o f secondary cementum apposition is also triggered by mechanical 

stimuli, i.e. physiological responses to loading of the tooth (Geppert & Müller 1951; 

see also Chapter 1.5.2 on biomechanical aspects of the periodontium). As could be 

shown in African and Asian great ape teeth (Dean et al. 1992) and humans (Ainamo 

& Talari 1975) the deposition keeps pace with occlusal enamel loss and so together 

with continuous emergence of the tooth, compensates for and maintains the vertical 

dimension of the face (Ainamo & Talari 1975).

1.3.4 Periodontal ligament and space

The term periodontal ligament (PDL) comprises all the soft tissues found in the 

periodontal space between the alveolar bone and the root where it provides the 

attachment between the tooth and the surrounding bone socket and gingiva below the 

enamel cervix. It is essentially a connective tissue, containing bundles o f collagenous 

ligament fibres (principal fibres), elastic fibres (oxytalan and eluanin), ground 

substance, connective tissue cells (fibroblasts, macrophages, epithelial cell rests of 

Malassez, undifferentiated mesenchymal cells), blood vessels and nerves. 

Cementoblasts, osteoblasts and osteoclasts are also included as part of the 

periodontal ligament but are functionally related to cementum and alveolar bone 

(Schroeder 1986; Ten Cate 1994).

The PDL derives from cells of the dental follicle and its formation is initialized 

shortly after root development begins (Schroeder 1986). The innermost cells of the 

dental follicle differentiate into cementoblasts and produce cementum (see above), 

whereas the outermost cells become osteoblasts and form alveolar bone. In between 

these two layers cells differentiate into fibroblasts, thus producing collagen fibres
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which become embedded as Sharpey's fibres both in the cementum (extrinsic fibres) 

and alveolar bone. Undifferentiated stem cells which have the potential to 

differentiate into osteoblasts, cementoblasts and fibroblasts are still found in mature 

PDL as the periodontium is not a static system but undergoes constant turnover 

(Schroeder 1986; Cho & Garant 2000).

Bemick and Grant (1986) describe four stages o f fibre formation. The first fibres 

originate in the acellular cementum as fine, brush-like fibrils and project into the 

periodontal space. Fibrils on the alveolar bone have been developed only scarcely, 

yet. In the next stage Sharpey's fibres from the bone emerge while the cementum 

ones retain their short length. Subsequently fibres from both bone and tooth meet in 

the centre of the periodontal space. When the tooth comes into occlusion, the 

network of fibres and the individual fibres become denser and thicker (in marmosets 

Levy & Bemick 1968). Since the alveolar bone crest is above the forming tooth 

germ, initially the fibres run obliquely connecting bone and cementum (Levy & 

Bemick 1968; Bemick & Grant 1982). In the course of tooth emption the alveolar 

crest and the cemento-enamel junction (CEJ) reach the same level which causes a 

more horizontal alignment of the fibre bundles.

In order of their appearance during root formation and location in the periodontium 

five different groups o f fibre bundles are distinguished (Schroeder 1986; Figure 1.3): 

First of all, dentogingival (connecting the cervical cementum and lamina propia of 

gingiva) and transseptal fibre bundles are formed (connecting interdentally the 

cementum of two adjacent teeth through connective tissue). However, they belong to 

the gingival tissue, not to the periodontium.

Alveolar crest fibres  mn obliquely from supra-alveolar cementum (below CEJ) in an 

apical direction to the alveolar bone crest

Horizontal fibres are attached to the bone just apical to the crest and the cementum in 

a right angle to the tooth axis

Oblique fibres are the most numerous group. These fibres mn at a 45° angle between 

alveolar bone crest and root apex on two thirds of the root length 

Apical fibres occur at the apex of the root in radial direction mnning horizontally as 

well as vertically
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Interradicular group occur in the furcation of multi-rooted teeth only and are radially 

aligned (horizontal and vertical).

The development of the PDL in teeth with or without successors, i.e. permanent 

anterior teeth and premolars opposed to deciduous teeth and permanent molars, is 

different. In the former group the formation of the periodontium out o f the follicle 

occurs mainly preemptively, while the development of the fibre bundles o f the latter 

group mainly happens during or after eruption with the exception o f the 

dentogingival fibres (Bernick & Grant 1982). This difference in timing is due to the 

different chronology of alveolar bone formation in teeth with and without 

predecessors.

Enamel

Dentine

Alveolar crest 
fibre

Circular fibre
bundle

Alveclogingival 
fibresHorizontal —  

fibres
Periosteogingival 

fibresAce ular
cementum Pulp cavity

Oblique ---  
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Q

Cellular -■ 
cementum
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Alveolar..........
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PDL space
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F ig u re  1.3 Longitudinal and transverse section through human mandibular second incisor with 
em phasis  on periodontal structures. Acellular cem entum  m ainly  com prises acellular extrinsic  fibre 
cementum; cellular cem entum  consists o f  acellular extrinsic and cellular intrinsic fibre cem entum .
N, V, A: alveolar nerve, vein, artery. From B en n in g h o f f  (1994) .

In longitudinal sections the organisation may be regular and all fibre bundles are 

aligned on top o f each other. However, cross sections reveal that within the groups
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bundles are arranged anti-clockwise. They pierce the cementum surface tangentially 

and therefore form a lattice to protect against rotation of the tooth (Kvam 1973). The 

range of width of the PDL in humans is given as 0.17 to 0.39mm and has been shown 

to decrease with increasing age (Klein 1928; Coolidge 1937). The width varies along 

the root axis, i.e. it is greatest at the alveolar crest (0.39mm) and smallest at midroot 

(0.17mm) and measures 0.21mm at the apex. Strain on the teeth causes widening of 

the space and thickening of the fibre bundles whereas the gap width decreases with 

loss of function as in embedded teeth or teeth without antagonists (Preissecker 1931; 

Coolidge 1937). According to Schroeder (2000) the periodontal space or gap of 

single-rooted and multi-rooted teeth has a volume of 30-100 mm^ and 65-150 mm^, 

respectively. This corresponds to the volume of the whole cementum. On basis of a 

light microscopical study the mean diameter of the Sharpey’s fibres at the cervical 

level is given as 3.0±0.02pm in the prefunctional stage of erupting teeth and in 

erupted and functioning teeth as 4.0±0.3pm (Akiyoshi & Inoue 1963). This increase 

in fibre bundle diameter is associated with a reduced density of the fibre bundles 

from 53.4±13.5 fibres per lOOOpm^ of cervical cementum to 2S.0±3.2 per lOOOpm .̂ 

In completely embedded teeth the mean diameter is 4.1±0.3pm but with a density of 

2.1±5.3 per lOOOpm .̂ In hypofiinctional teeth, i.e. teeth with excessively damaged 

crowns, the fibres are 3.8±0.4pm in diameter with a density of 5.5±0.4 per lOOOpm .̂ 

In contrast, Jones and Boyde (1972) found ligament diameters ranging from 4.5pm 

to 9.5pm with a peak at 6 pm. Their study was based on measuring the insertion 

points of the fibres which appear as domelike structures on top of the surface of 

acellular extrinsic fibre cementum using scanning electron microscopy. In teeth that 

have never functioned or erupted, such as those in ovarian teratomas, there are only 

ever fibres in cementum and PDL that run parallel to the root surface (Dick & 

Honoré 1985). This allows the conclusion that the oblique extrinsic fibres are most 

likely related to tooth root function.

In mouse molars about 8 6 % of the PDL volume consists of collagenous and oxytalan 

fibres and their cells, 1 0 % are vessels and the rest is taken up by nerves and 

interstitial tissue (Freezer & Sims 1987). The elastic oxytalan fibres or secondary 

fibres are the second most important constituent of the PDL (Chantawiboonchai et al. 

1998). They insert mainly in the cervical part of the cementum and run parallel to the
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root axis between the primary collagenous fibres without reaching the alveolar bone. 

Furthermore, they form a network around blood vessels and attach them to the 

cementum. Hence it has been suggested that they are able to register the position of 

the tooth during mechanical stress and regulate the blood flow (Sims 1975; Jonas & 

Riede 1980) and to keep the blood vessels in position during the transmission of the 

forces (Chantawiboonchai et a l 1998). In mouse molars the fibres are found 

predominantly in the cervical area. They gradually decrease in number along the root 

but increase again around the apical region (Chantawiboonchai et a l  1998).

The periodontal tissue is, in comparison with other connective tissues, strongly 

vascularised. On the one hand this fact is associated with the blood supply of the 

dense and cell abundant tissue and its high turnover rate of alveolar bone - higher 

than any other bone tissue in the jaw  -, collagen tissue and cementum (homeostatic 

mechanisms). On the other hand it is functionally related to pressure balancing fluid 

displacement (Melcher & Walker 1976; Schroeder 1986; Melcher & McCulloch 

1991; Luke 1998; Tsukada et a l 2000). Blood vessels as well as lymphatic vessels 

and nerves occupy the interstitial space between the fibre bundles and form a 

meshwork around the root. Blood supply is guaranteed mainly by respective 

branches of the superior and inferior alveolar arteries that enter the PDL space via 

the apex and the alveolar wall but also via the gingival tissue (Edwall 1982). Luke 

(1998) suggests that the blood flow also acts as an exchanging mechanism of the heat 

which is generated during mastication.

The ground substance of the PDL primarily consists of glycoproteins and 

proteoglycans which form part of a hydrodynamic damping mechanism (Melcher & 

Walker 1976; Kapur 1991; Luke 1998). The latter are large molecules formed of a 

protein core to which a series of anionic heteropolysaccharides termed 

glycosaminoglycans (GAGs) are attached (Embery 1990). GAGs are made up of 

repeating disaccharide units which are composed of glucosamine and glucuronic 

acid. Hyaluronic (or hyaluron) acid is the largest (unsulphated) glycosaminoglycan 

(GAG) known. It is characterised by its high capacity to bind water and plays an 

important role in restricting the flow of water in tissues. The number and type of 

GAGs determine the viscosity of the amorphous ground substance (Kapur 1991).
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Besides the supporting, nutritive and homeostatic functions, the PDL has a further 

important function as a sensory receptor (Linden 1990a, b). It is richly innervated 

with proprioceptive fibres for the perception of touch and pressure. However, it is not 

only the ligament receptors that play a role in tactile reception. If teeth are tapped 

vibrations pass through the surrounding bone and are detected in the middle ear 

(Freeman 1994). By providing feedback about dangerously high occlusal forces the 

PDL receptors protect the integrity of the dental tissues. In the same way temperature 

and pain receptors in the pulp contribute to this protective mechanism (see above).

1.3.5 Alveolar bone

Maxilla and mandible appear in the sixth fetal week in humans on the basis of 

ossification of connective tissue (Schroeder 2000). Around the eighth week of fetal 

life a groove which faces the oral cavity starts to form and accommodates the 

developing deciduous tooth germs (Bhaskar 1991). As soon as the tooth germs reach 

the bell stage and hard tissue formation has started bony septa develop and separate 

the adjacent tooth germs which become the interdental septa of the milk teeth 

(Norberg 1932). Thus, compartments are formed which carry the deciduous teeth and 

permanent molars. Initially the germs of the succeeding teeth lie within the bony 

crypt of the deciduous dentition and get their own crypts after the eruption of the first 

generation. The actual alveolar bone process develops out of the dental follicle 

surrounding the tooth germ as the tooth develops and erupts. It consists o f the 

alveolar hone proper which is a thin lamella of compact bone (radiographically 

known as lamina dura) that lines the root socket and in which the PDL is embedded. 

The 0.1 to 0.4 mm thick bone forming the alveolar socket wall is perforated {lamina 

cribriformis) (Schroeder 1986). These foramina or Volkmann's canals occur 

frequently in the cervical and apical areas of the alveolae and connect the periodontal 

with the bone marrow space for the supply o f blood and lymphatic vessels as well as 

nerves. They are more densely distributed in the crestal than in the middle and apical 

regions of the socket and their number gradually increases from tooth to tooth 

distally (Bim 1966). The alveolar bone proper is also termed "bundle bone" by Stein 

and Weinmann (1925) since the whole or parts of the alveolar bone around the 

periodontal space consist of parallel coarse bone fibres arranged in lamellae, with
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Sharpey's fibres embedded perpendicular to the socket wall whose appearance 

characterises the bundle bone. The second part, the supporting bone is made of both 

spongeous and dense (compact) bone and they function to support the alveolar bone 

proper. A thick cortical plate covers the mandible and a thinner one the maxilla. 

Where the cortical plates meet, the cribriform plate is called the alveolar bone crest. 

The bone between single-rooted or multi-rooted teeth is called the interdental 

septum. The bone between the furcation o f multi-rooted teeth is termed 

interradicular bone or septum. The surface area of the alveolar socket wall is smaller 

than the corresponding root surface area because of its numerous foramina 

(cribriform plate) which account for 5 to 10% of the area. In single-rooted teeth it 

amounts to 140-225mm^, in premolars to 170-200mm^ and in molars to 300-400mm^ 

(Bim 1966).

The osteogenic activity of cells from the dental follicle that form alveolar bone is 

different in teeth with and without predecessors (Schroeder 1986). In deciduous teeth 

and permanent molars the alveolar socket and the processes are already formed 

before eruption, i.e. the alveolar processes exceed the level of the occlusal surface of 

the tooth germ, whereas in succedaneous teeth it forms as root formation and 

eruption occur. Moreover, it has been noted that the developing permanent premolars 

of dogs are accompanied by bone deposition at the fundus of the crypt (Cahill & 

Marks 1980; Pilipili et al. 1998), whereas this is not the case for permanent molars as 

has been reported for rats (Kameyama 1973; Berkovitz & Moxham 1989). These 

differences may be related to the distance the tooth has to empt (Berkovitz & 

Moxham 1989). Since for premolars, which develop deep within the jaws, this 

distance is greater than the actual length of the roots, fundic bone formation might be 

needed to maintain the normal dimensions of the periodontal tissue in this region. It 

has been claimed that in developing deciduous teeth and permanent molars, the 

centre o f proliferation of root growth -  Hertwig's sheath and the diaphragm -  stays 

nearly in constant position while the root lengthens and the whole tooth moves 

occlusally (Marks et al. 1995). Then the actual alveolar bone proper develops 

simultaneously with the forming PDL and cementum as the tooth erupts and the 

alveolar process reaches its final height and size (Orban 1927; Schroeder 1986). 

Kenney and Ramfjord (1969), on the other hand, do not regard the apical region as
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spatially stable as they indeed detected bone deposition at the fundus of erupting 

permanent molars of Macaca mulatta. The role of alveolar bone turnover during 

tooth eruption will be discussed in greater detail below (see chapter 1.3).

The germs of permanent teeth, excluding the molars, first develop in the bone 

compartments of their predecessors. With eruption of the deciduous teeth a separate 

bony compartment is formed. The roots and the complete alveolar bone of the 

primary dentition are resorbed in coincidence with the crown and root formation, 

while the tooth is moved occlusally (Baume 1953). After exfoliation of the deciduous 

tooth the successor moves into the free space and existing alveolar bone is 

remodelled to form a completely new alveolus (Schroeder 1986). At the same time 

the height of the alveolar processes increases and contributes greatly to the distance 

between the base of the mandible and the alveolar crest (Weinmann 1941). Finally, 

the last part of the alveolar bone to be formed is the region around the root apex. This 

bone deposition is associated with increase in root length (Kenney & RamQord 1969; 

Ainamo & Talari 1975). Darling and Levers (1975) stated that the height increase of 

the alveolar process lasts at least until the age of 22 years in humans. Other authors 

even assumed that the alveolar height growth continues until the fifth decade of life 

(Marks & Schroeder 1996). However, this notion is doubted by a study on a 

historical population in which the alveolar crest height remained almost static as age 

progressed even though continued tooth eruption as a compensatory mechanism for 

attrition could be ascertained (Whittaker et a l 1985). Compensatory eruptive 

movement is rather related to secondary cementum deposition than to alveolar crest 

increase (Dean et a l 1992; see above).

Initially, osteogenic activity producing alveolar bone is induced by the dental follicle 

and depends on the presence of teeth. Even though the development of the remaining 

jaw constituents -  i.e. the inner and outer cortical shell and the spongiosa of the 

alveolar processes -  depends on the presence of teeth as well, these are formed 

through periosteal mechanisms and intramembranous bone formation (Schroeder 

1986).

Due to the excentric position of the roots in the jaw three characteristic topographies 

are found mainly on the vestibular aspect of the jaw  (Schroeder 1986). First, the
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roots cause a bulging of the compact bone with a thickness of about 0 . 1  mm which is 

known as juga alveolaria. A further characteristic topography of the alveolar bone 

are dehiscences which are incomplete bone coverages around the alveolar crest up to 

one half o f the root height exposed. Elliot and Bowers (1963) reported dehiscences in 

5.1% of maxillary and 13.4% of mandibular teeth in 52 skulls of adult Americans 

(overall incidence of 9.2%) which mainly occurred at the vestibular aspect of the 

canines and premolars. Larato (1970) found in 108 adult skulls of Mexican Indians 

vestibular dishiscences in 3.2% of the teeth. They were more frequent in the anterior 

region, occurring with 4.2% in the maxillary and 8 .6 % in the mandibular dentition. 

Additionally, in the alveolar bone so called fenestrations are found. They are 

incomplete bone coverage above the apical root regions mainly on the vestibular 

aspect o f the jaw. Stahl et al. (1963) found such openings in 16.9% of 162 adult 

skulls o f Americans, American Indians and Chinese. In the 52 American skulls 

examined by Elliot and Bowers (1963) 11% showed fenestrations (16.3% in the 

maxilla and 5.4% in the mandible). Lakato (1970) found only 4.3% incidences in the 

Mexican Indian sample. Both dehiscences and fenestrations have been described for 

Gorilla as well where they are especially common in the maxillae (Kakehashi et a l 

1963).

Remodelling of tooth supporting tissue (and apposition of cementum at the root 

apex) requires continuous generation of hard and connective tissues to form alveolar 

bone and PDL. During the development of the root all these tissue forming cells 

derive from the dental follicle. Once the tooth is completed and in occlusion, the 

demand o f tissue-forming cells still remains due to the remodelling processes of the 

periodontium. Experiments using animal models have shown that cells migrate into 

the PDL from the bone marrow by vascular channels (through the cribriform plate) 

and occupy a perivascular location within the PDL (Gould 1983; Gould et al. 1980). 

Then, cell proliferation provides daughter cells which migrate to the bone and 

cementum where they differentiate into osteoblasts and cementoblasts, respectively. 

Perivascular cells already existing in the periodontal space are also differentiated into 

fibroblasts (Ten Cate 1994). Until today it has not been determined unequivocally 

whether the cells forming the three different tooth supporting tissues stem from a 

single progenitor cell (Cho & Garant 2000). So far the results available indicate that
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a common progenitor cell for the hard tissues (osteoblasts and cementoblasts) exists 

together with a distinct progenitor cell responsible for the differentiation into 

fibroblasts (Ten Cate 1991). Osteoclasts derive from haematopoietic stem cells and 

so have a different origin to osteoblasts and osteocytes (Ash et al. 1980).

1.3.6 Gingiva

The gingival tissue strictly speaking does not belong to the periodontium since it 

derives from the ecto- and mesoderm (Schroeder 1986). However, it also functions 

as a vitally important tooth supporting structure by investing the tooth cervix and 

alveolar crest as well as the interdental septa. In particular, the alveolar- and 

dentogingival fibre bundles (they are attached in the supra-alveolar region) and the 

bundles between adjacent root surfaces transseptal fibres contribute to the tooth 

stability (Luke 1998).

1.4 Tooth eruption

1.4.1 Overview

Tooth eruption is only one part of physiological tooth movements that comprise 

tooth migration during jaw  growth and eruptive movements as a compensatory 

response to crown wear. It is defined as the movement of a tooth from its 

developmental site within the alveolar process to its functional position in the oral 

cavity (Berkovitz et al. 1989; Ten Cate 1991; Marks & Schroeder 1996; Schroeder 

2000). It must be stressed that it is not only an upward movement within the 

transverse plane towards the oral cavity but also involves tooth migration within the 

sagittal and coronal planes. The process of eruption can be divided into five stages: 

preemptive movements, intraosseous emption, mucosal penetration, preocclusal 

emption and postocclusal emption (Massler & Schour 1941; Ten Cate 1991; Marks 

& Schroeder 1996). Within the mammalia, three main types of (post)emptive 

movements can be identified (Ainamo & Talari 1975):

1. Continuously growing teeth are characteristic of rabbits and guinea pigs 

(molars) and rodents (incisors). As a compensation for extensive and rapid 

occlusal wear the teeth continuously grow and thus maintain the crown in the
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occlusal plane (Hillson 1986). The entire tooth is partly covered with enamel 

(e.g. the labial surface of rodent incisors) and amelogenesis continues 

throughout the life span of the animal.

2. Continuously extruding teeth are found in molars of bovids with moderate 

occlusal wear. Throughout the life span teeth keep erupting while the crowns 

are worn down. Since this occurs without the formation of new investing 

tissues, the tooth substance is gradually lost until the point of exfoliation of 

the tooth.

3. Continuous eruption of teeth and their investing tissues without continuous 

growth of teeth is seen in primates. Secondary cementum apposition at the 

apex of roots can be seen as a compensatory mechanism to occlusal wear 

(Zander & Hürzeler 1958; Dean et al. 1992).

1.4.2 Theories of tooth eruption

Numerous theories of the mechanism of tooth eruption have been proposed putting 

different emphasis on either of the periodontal tissues (Massler & Schour 1941; 

Berkovitz 1975; Berkovitz & Moxham 1989; Picton 1989; Ten Cate 1991; Marks & 

Schroeder 1996; Sandy et al. 1998; Schroeder 2000). However, problems with 

assessing these underlying mechanisms arise with the use of diverse animal models 

mentioned above. As significant species differences have been shown to exist, the 

data on rodents with continuously growing, open incisors cannot necessarily 

extrapolated to e.g. the primate model with tapering, closed incisor roots. This makes 

explaining the role of the investing tissues of the PDL in eruption and the 

relationship between eruption and tooth length difficult.

1.4.2.1 Pulp theory

The pulp theory considers three mechanisms -  dentine and interstitial pulp growth as 

well as a hydraulic effect evoked by the pulp vasculature -  to be behind the 

generation of a propulsive force which has been advocated for example in mice M]S 

(Osborn & Price 1988; contra Sandy et al. 1998). However, this theory can be 

refuted on grounds of a study conducted by Herzberg and Schour (1941) who 

removed both the pulp and Hertwig’s sheath of rodent incisors. This did not have any 

effect on tooth eruption.
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1.4.2.2 Vascular theory

Similar to the pulp theory is the vascular theory. It has been hypothesised that 

pressure derived from the cardiovascular system and ground substance (e.g. GAGs) 

within or below the tooth makes it erupt (Bum-Murdoch 1990). Likewise, Herzberg 

and Schour’s results argue against this theory which makes it unlikely that it is a 

principal force behind tooth eruption. However, it is conceivable that, once the tooth 

is in occlusion, the ground substance and spontaneous changes in blood pressure are 

responsible for extrusive movements following the removal of an axial load or 

antagonist (Picton 1989).

1.4.2.3 Root elongation

A mechanism which has long been regarded as responsible for eruption is root 

elongation (reviewed by Massler & Schour 1941). It is hypothesised that simply by 

growth the root pushes against an immovable base and thus causes eruption. Yet, a 

number of arguments question this theory. Firstly, since tooth movements occur in 

three-dimensional space root elongation towards the occlusal plane cannot entirely 

account for eruption (Marks & Schroeder 1996). The prevention of occlusal 

movement results in the resorption of alveolar bone. This illustrates that if  root 

elongation is to be transformed into an eruptive force the presence of a fixed base is 

required but such a fix point does not exist (Ten Cate 1991). Moreover, it is known 

from experiments in dogs that teeth in the absence of roots, e.g. by preventing the 

growth o f one of the molar roots, still erupt and thus disproves the hypothesis (Cahill 

& Marks 1980). Even though impacted teeth form roots the movement is not directed 

towards the occlusal plane. In addition, root formation completes not until after the 

tooth has reached the occlusal plane during the penetrative phase (Kovacs 1967, 

1971). Furthermore, teeth move a distance greater than the length of their roots (Ten 

Cate 1991).

1.4.2.4 Alveolar bone remodelling theory

Formation of alveolar bone apical to developing single-rooted teeth or, in the case of 

multi-rooted teeth, in the region o f the bifurcation has also long been considered as 

one source of eruptive stimulus (reviewed in Marks & Schroeder 1996). But even 

though bone formation accompanies the eruptive process or even is a response to
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attrition (Kenney & RamQord 1969), it is unlikely that it is the causing factor. Rather 

than formation, it is the preceding bone resorption by osteoclasts which plays a key 

role in eliciting eruption by opening up a pathway in the coronal aspect of the bony 

crypt. When root growth equals the rate of formation of the eruptive pathway and 

that o f interradicular bone deposition, no bone is formed in the fundus of the crypt, 

for instance in the case of the molars (Darling & Levers 1975; Schroeder 1991). 

When root growth exceeds eruptive pathway formation, basal bone is resorbed; when 

root growth is less than eruptive pathway formation bone is formed beneath the 

tooth, as e.g. in canines (Marks & Schroeder 1996). The dependence of tooth 

eruption on bone resorption is evident in rats and mice with osteopetrotic mutations 

in which bone formation is nearly normal but bone resorption is greatly reduced, thus 

failing to erupt the teeth (Marks 1973, 1976; Cahill & Marks 1980; Marks & 

Schroeder 1996; Kobayashi et al. 2002). The same is the case for cleidocranial 

dysplasia, a skeletal disorder in humans with features such as supernumerary teeth 

and non-eruption of permanent teeth or ectopic tooth eruption (Seow & Hertzberg

1995). Moreover, it is characterised by a delay in dental development which leads to 

retarded eruption of the permanent teeth. Excessive root length of permanent first 

molars, with most of the increase occurring after eruption, has been described as 

well.

1.4.2.5 Follicular theory

Experiments on dog premolars have revealed the dental follicle as the most likely 

source behind bone remodelling processes during tooth eruption (Cahill & Marks 

1980; Marks & Cahill 1984). After removal of the dental follicle, while the crown 

was left intact, neither an eruptive pathway nor newly formed trabecular bone or root 

elongation were visible (Cahill & Marks 1980). In a subsequent study, the same 

authors completely removed the crowns of permanent mandibular premolars or 

alternatively replaced them with metal and silicone replicas grafted into dental 

follicles just prior to scheduled eruption (Marks & Cahill 1984). Despite these 

interferences, it did not prevent the teeth from full eruption. The same applied to 

surgical destruction of the root growth zone (Cahill & Marks 1980). Thus, these 

experiments clearly establish the requirement o f the dental follicle for eruption but 

not necessarily the tooth itself. Moreover, it can be inferred from Marks and Cahill’s
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experiments that the dental follicle coordinates the metabolic events which are 

responsible for occlusal resorption and apical apposition in the alveolar bone. 

However, it remains unclear how the permanent tooth reaches its final position in the 

tooth row and occlusal plane, respectively, after its predecessor has been resorbed 

and exfoliated. Since the connective tissues of the dental follicle develop into those 

of the periodontal ligament, the latter could become more important in the occlusal 

stage o f eruption (Berkovitz & Moxham 1989).

1.4.2.6 Periodontal ligament theory

In contrast to non-continuously erupting teeth, the PDL is the probable source for the 

mechanisms involved in eruption of continuously growing teeth such as rodent 

incisors. This relation could be demonstrated by both resection, which involves the 

surgical removal of the odontogenic tissue at the fundus of the root, and transection, 

i.e. the tooth is split into a proximal and a distal moiety, of rat incisors (Berkovitz 

1971; Moxham & Berkovitz 1974, 1982). In both cases the teeth continued to erupt 

after the integrity of the PDL was ensured. However, the role o f the PDL in eruption 

o f teeth with a limited period of growth remains debatable as can be concluded from 

the follicular theory. As has been shown that rootless teeth in non-human primates 

and dogs, which by definition have no PDL, still erupt (Gowgiel 1961; Cahill & 

Marks 1980). Worth mentioning, though, is the fact that the density of fibre bundles 

in human teeth before eruption is larger than in fully erupted and functioning teeth 

(Akiyoshi & Inoue 1963). However, it remains open if the difference in abundance is 

related to an eruptive function of the PDL. Furthermore, whether periodontal 

fibroblasts can exert a tractional force onto the tooth through the collagen network or 

via cell-to-cell contacts remains contentious due to lack of direct in vivo evidence 

(Berkovitz & Moxham 1989).

1.4.2.7 Posteruptive movements

As has already been mentioned above, teeth with limited growth can continue to 

erupt through later decades of life compensating for occlusal wear. However, there is 

no consensus in the literature on the mechanisms of posteruptive movements. For 

example, a posteruptive process in form of alveolar crest increase has been advocated 

as one o f the reasons (Murphy 1959; Kenney & Ram fjord 1969; Ainamo & Talari 

1975; Darling & Levers 1975; Marks & Schroeder 1996). However, several studies
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have discarded this hypothesis. For instance, Whittaker and colleagues (1985) found 

in a historic population that alveolar crest height does not increase with age as a 

response to attrition of the crown. These findings have also been confirmed by a 

study o f historic populations in Finland (Varrela et a l  1995). Despite the continuous 

eruption of the teeth, no concomitant growth of the alveolar crest was detected. 

Instead, evidence has been presented that rather the deposition of secondary 

cementum layers at the apex accounts for posteruptive movements than an increase 

of alveolar crest (Dean et a l  1992). It is known from both clinical experience and 

experiments on Macaca fascicularis (cynomolgus), that a tooth erupts far beyond the 

occlusal plane if it has lost its antagonist (Anneroth & Ericsson 1967; Ainamo & 

Talari 1975). The continuous eruption of left mandibular first molar observed in 

Armeroth and Ericsson’s study over a period of 1-2 years was accompanied by a 

conspicuous increase in apical cementum thickness twice as thick as in the control 

group (right side o f the dentition). Albeit, root extension might well be associated 

with the deposition of alveolar bone at the fundus of the tooth socket as a response to 

attrition as Kenney and Ramfjord (1969) observed in some functioning Macaca 

mulatta molars.

1.4.3 Eruptive processes and root size

When the issue of the relationship between crown and root size is addressed, it is 

important to consider the implication of eruptive processes on tooth size. Apart from 

possibly being dependant upon crown morphology and size, root size might be 

influenced by the timing and duration of the erupting tooth. Some light might be shed 

on this question by findings made on the relationship between root length of 

permanent teeth and the premature extraction o f their deciduous predecessors 

(Massler & Schour 1941; Fanning 1962; Posen 1965; Brin & Koyoumdjisky-Kaye 

1981; Brin et a l  1991). Massler and Schour (1941) in their review on tooth eruption 

mention that after the premature extraction of the deciduous molar the bicuspid 

emerges rapidly into occlusion, whilst the alveolar crest and root only show minute 

growth. Moreover, premature extraction of deciduous molars leads either to 

acceleration or retardation in the eruption of the permanent premolars (Brin & 

Koyoumdjisky-Kaye 1981; Brin et a l  1991). In girls, extraction before the age o f 8
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years causes a slow down of eruption, whilst extraction after this age accelerates it 

(Fanning 1962). Posen (1965) found that eruption in premolars was generally 

delayed in cases when premature removal was performed before the age of 5 years. 

In cases o f acceleration, root length may not reach % or % of its ultimate length as 

expected in normal eruption (Brin & Koyoumdjisky-Kaye 1981). In addition, the 

permanent root is more slender following extraction of the predecessors at a later age 

(Brin et al. 1991). At every age the ultimate root length o f permanent premolars was 

more affected in girls than in boys, in particular when the extraction of their 

precursors occurred before the age of 8  years. It has been suggested that the 

accelerated vertical movement of the developing tooth may in itself have an adverse 

effect on the root forming diaphragm, eventually resulting in shortened roots (Brin & 

Koyoumdjisky-Kaye 1981). According to Nanda (1969), who radiographically 

studied root resorption in the deciduous dentition o f Indian children aged 6  to 12 

years, about half of the deciduous first molar root is resorbed at the age of 8  years. 

Until the age of 7 years the rate of root resorption is fast, and then slows down before 

it accelerates again before exfoliation at the age of 11 years. This clearly illustrates 

that both resorption of the deciduous tooth and eruption of the succeeding permanent 

tooth is not simply a linear process. Instead, it is rather a multiphasic process with 

erupting teeth moving at different times with different speeds. Axial movements are 

rapid on emergence of the tooth but the rate of active eruption decreases with time 

until the tooth reaches occlusion. The adolescent growth spurt is then again 

accompanied by a second phase of active eruption (Darling & Levers 1975). This 

illustrates how changes made to this system could alter root size to some extent and 

that it hence does not entirely depend on crown size. However, while these findings 

account for differences in root length of teeth with deciduous predecessors, it 

remains uncertain whether a difference in the timing of eruption and hence in 

alveolar crest height affects permanent molar root size as well.

Following the relationship between premolar root length and premature extraction of 

deciduous molars, one might propose a link between alveolar crest height and root 

length. If the alveolar crest increases whilst at the same time the deciduous root is 

resorbed, an extraction of the tooth prior to natural exfoliation might stop the 

alveolar crest growth and effect root length of the permanent successor. However,
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Ward (1978) conducted a radiographical study on eight cercopithecine and six 

colobine genera and came to the conclusion that alveolar process height is not solely 

a function of dental root length. Moreover, in a sample of prehistoric Australians and 

New Zealand Maoris as well as of prehistoric and historic Near Eastern populations, 

Smith and colleagues (1986, 1989) detected only a low correlation between root 

length and mandibular corpus height. Dean and Beynon (1991) argue that adult 

mandibular size may be driven by the need to provide adequate space for the 

developing permanent dentition during growth. The final size of the alveolar process 

might be the result o f having accommodated both the developing permanent and 

deciduous dentitions in the jaw  and hence does not reflect the size of the permanent 

roots only. Likewise, Taylor (2000) reported that based on a partial correlation 

analysis the relatively larger postcanine dentition of Gorilla explains less of the 

variation in corpus dimensions than does tooth size in Pan.

An alternative hypothesis could be that root length of the permanent teeth might be 

correlated with the distance covered between the site where the crown is completed 

and is about to start growing the root and the occlusal plane (Berkovitz, pers. 

comm.). Thus, it could account for differences in root length among different tooth 

types, in particular the large canine roots compared to the rest of the dentition. This 

discrepancy between the length o f the canine and the rest of the dentition is 

characteristic to most mammals.

The relationship between canine formation site and root length can be best illustrated 

by looking at the mixed dentition of a 6-7 years old child (Figure 1.4). The crown of 

the permanent canine is located above and below the permanent incisor and premolar 

crowns in the maxilla and mandible, respectively, and hence is furthest away from 

the occlusal plane formed by the deciduous dentition. It would be required, though, 

that the forming root keeps pace with the eruptive pathway which opens up above the 

developing tooth.
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F ig u re  1.4 M ixed dentition o f  a 6 to 7 year old child in anterio-lateral v iew . The deciduous teeth (dark 
shading) are fully erupted and have com plete  roots. The crowns o f  the permanent teeth (bright  
shading) are present with the exception o f  the second and third molar. The permanent first molar is 
just erupted. This  diagram illustrates the link between the relative root length o f  the permanent teeth  
and the distance covered by their site where the roots are about to be formed and the occlusal plane.  
This is particularly visible  in the case o f  the canines.

However, as Marks and Schroeder (1996) state, canine root growth as opposed to 

molar development may be less than the formation of the eruption pathway. As a 

consequence alveolar bone is formed in the fundus of the crypt. This means that at 

least part of the distance the tooth moves towards the occlusal plane is not associated 

with actual root growth.

1.4.4 Facial projection and root size

Further light is shed on the relationship between growth processes in the face and 

root size by both comparative and experimental studies conducted by Riesenfeld and 

Siegel. Riesenfeld (1970) demonstrated that in rats a postnatal experimental 

shortening o f the face induced by removal of the nasal septum resulted in shorter 

molar roots as compared to normal-bred rats, with roots being longest in first molars 

and shortest in third molars. Root length reduction was generally more pronounced in 

the maxillary than in the mandibular molars. A comparison o f short-faced against 

long-faced dogs likewise substantiated significant negative correlations between 

palatal length and the root lengths o f mandibular 12 to PI and P4 to M l as well as 

maxillary II to C and P4 to Ml (Riesenfeld & Siegel 1970). In a subsequent study 

Siegel (1971, 1972) investigated the relationship o f root length and facial protrusion, 

i.e. mandibular and palatal length and depth, in baboons {Papio amibis). Product
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moment correlation coefficients between maxillary root length and palatal length as 

well as mandibular root length and length of the mandible were significant for all the 

teeth. Like in the dog model the correlation between maxillary root length and palatal 

length was highest in the canine. The canine lies just behind the premaxillary- 

maxillary suture -  one of two growth areas in the upper jaw. The other growth site is 

the maxillary-palatine suture which lies just posterior to while it is in its 

penetrative phase. Thus root length seems to correspond with these sutural areas as 

the most active sites of facial prolongation. In the mandibular dentition correlation 

coefficients for the root length/mandible length relationship were highest for Pi and 

C, In the posterior dentition an increase in the correlation coefficients was seen from 

Ml to M 3 , The highest value in M 3 concurs with the proximity of the mandibular 

ramus, the most active area of mandibular growth (Siegel 1972),

As has been illustrated for the human permanent canine, Riesenfeld and Siegel’s data 

give support to the hypothesis that final root size is, at least in part, related to the 

distance covered by an erupting tooth provided the experimental shortening of the 

face indeed interferes with the eruptive process, A shortening of facial length thus 

reduces the distance the molars moves during eruption in both mesial and occlusal 

direction and as a consequence final root length is diminished.

Further indication of a facial size/root length relationship is given by quantitative 

data of the dentition of various human populations. The radiographic analysis of a 

human sample revealed significant low-order positive correlations between 

mandibular premolar and molar root length (M3 S not included) and mandible length 

(Gam et al. 1980), In comparison to other populations, Inuits have on average short 

roots and exhibit a high degree of third molar agenesis (Pedersen 1949; Siegel 1972; 

Hylander 1977a; Spencer & Demes 1993), This corresponds with low prognathism 

and a high palatal index, i,e, the face is high and broad, A facial shortening has also 

been associated with loss and reduced complexity of maxillary premolars 

(Weidenreich 1941), In addition. Moss and co-workers (1967) found that the roots in 

Afro-Americans are longer than in European Americans but shorter than in a 

comparative African sample. Although not determined these findings might correlate 

with differences in facial length as well.
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If a tooth’s stability is defined by its root surface area, then the question might arise 

whether the proposed implications of eruptive processes on root size will have 

significant mechanical implications. Or in other words, how much surface area is lost 

if the root is shortened, how much area is gained if the root is elongated? Due to its 

cone-like shape, proportionally more area is accumulated in the upper, cervical half 

than in the lower, apical half o f a tooth (e.g. in the case of a lower first premolar; 

Levy & Wright 1978). For instance, a single root of 12mm length is envisaged which 

possesses a total surface area of about 164mm^ (Figure 1.5). If the tooth looses a 

fourth o f its total length and is thus left with a length of 9mm, it only corresponds 

with a 15% loss in surface area (total=139mm^). Even a 50% loss of root length 

(6mm) results in 37% less surface area (103mm^) only. This means that due to the 

cone-like shape o f the roots neither a reduction nor an elongation of the root apex 

would have a significant influence on root surface area or, in other words, tooth 

stability. In order to gain more root surface area, rather than increasing root length it 

might be more advantageous to split the roots into two. At the same time it can be 

followed that roots may exceed the minimum required functional size (length and 

surface area), which is needed to withstand masticatory loads, and that parts of final 

root size can be explained by variation influenced by eruptive processes among 

others.

mm 1
1 19.32, 12
2 : ' 37.71,  23
3 XL { 55.86. 34
4 72.50, 44
5 ea.so, 54
6 102.84. 63
7 116.05, 71
8 \
9 138.89, 85

10 Ï - . 'W  148.85, 91
11 157.44, 96
12 163.63,100

F ig u re  1.5 L ow er first prem olar divided into 12 section s o f  I mm each. On the right hand sid e  is the 
cum ulative (mm^) and the relative surface area (%) per section  is indicated (data from L evy  & W right 
1978).
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1.5 Functional aspects of the periodontium

1.5.1 Overview

In the following, mechanical and structural aspects of the masticatory complex will 

be dealt with both from a microscopic-histological (PDL) as well as a 

neurophysiological (control of mastication, sensory feedback mechanism, bite force 

generation).

1.5.2 Microscopic-histological aspects of tooth support

The constituents of the PDL and its surrounding structures must be adapted 

correspondingly to the forces applied to a tooth. Bassett (1972) argued that if a tooth 

is loaded vertically, or in other words if it is pushed into the alveolar socket, the 

apical part o f the root will be compressed while the mid and cervical parts will be 

under tension. However, as Schumacher (1995) points out, due to way the tooth is 

suspended in the fibre apparatus only tensile forces occur when a vertical force is 

applied to the tooth. The loading of a tooth in a lateral direction causes it to rotate 

around a fulcrum or centre of resistance which will be situated between the cervical 

third and mid-root on the long axis of a single-rooted tooth (Miihlemann & Zander 

1954; Smith & Burstone 1984; Figure 1.6). The location of the centre o f resistance 

will change with root surface area (Halazonetis 1996) as well as length and shape 

(Choy et al. 2000). For instance, if the force is exerted in mesial direction, then the 

mesial root section above the fulcrum will be put under compression whereas its 

distal counterpart will be under tensile stress. Below the fulcrum the situation is 

reversed. The mesial part is subjected to tension, the distal part to compression. In 

terms of osteogenetic activity in the alveolar bone tension will provoke osteoblastic 

activity and bone formation, while compression is characterised by osteoclasis and 

bone resorption (Bassett 1972; Schumacher 1995). Likewise, the structure of both the 

cementum and the PDL is expected to be adapted accordingly {cf. Figure 1.6 ).
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F ig u re  1.6 Human m axillary and m andibular central incisors in o cclu sion . A s one tooth shears against 
the other each o f  them  is rotated around a fulcrum  (® ). Arrow s indicate the direction o f  m ovem ent 
w h ich  causes com pression  on one side and tension (— ) on the opposite  side. B ^buccal, L =lingual.

This loading scenario, however, is contrasted by an in vivo strain gauge and an in 

vitro photoelastic analysis of strain and stress distribution in the human upper central 

incisors (Asundi & Kishen 2000). Strains and stress on both the alveolar bone and 

root surface were found to be highest at the cervical third and gradually diminished 

towards the apex. Finite element modelling has confirmed that in the maxillary first 

molar a concentration of high stress occurs indeed at the furcation level which makes 

it less prone to apical stress concentration (Jeon et al. 1999). However, this is not the 

case for anterior teeth where stress concentration is highest at the apex (Beck & 

Harris 1994).

1.5.2.1 Cementum

Among the four types of cementum two are o f functional importance: acellular 

extrinsic fibre cementum (AEFC) as the principal carrier of Sharpey’s fibres and 

cellular mixed stratified cementum (CMSC). The former covers exclusively the 

cervical third of the root. Its fibre bundles are more densely packed but smaller in 

diameter (3-6pm) than in CMSC (Akiyoshi & Inoue 1963; Jones & Boyde 1972; 

Schroeder 1986; see chapter 1.2.4). An erupted and normally functioning tooth is 

characterised by a high density of fibres as opposed to a non- or hypofunctional teeth 

with a tenth o f the density. Only in pre- and erupting teeth does the density exceed
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that in teeth in occlusion (Akiyoshi & Inoue 1963), Confusingly, it has been reported 

that hypo-functional and embedded teeth are much more prone to hypercementosis, 

i.e. they show thicker cementum than corresponding, healthy teeth (Kronfeld 1931; 

Akiyoshi & Inoue 1963).

Cellular mixed stratified cementum covers the apical 10 to 40% of total root length 

in maxillary and mandibular incisors, canines and premolars and increases relatively 

from anterior to posterior. In multi-rooted teeth it is found in furcation areas 

(Schroeder 1986, 2000). This type of cementum is characterised by an irregular 

layering of AEFC and cellular intrinsic cementum. Thus Sharpey’s fibres of the 

AEFC very often are covered and rarely appear on the root surface. If so, they 

emerge as isolated, thick bundles (5-10pm) with an incomplete mineralised central 

axis. Superficial layers of AEFC are thin with Sharpey’s fibres only shallowly 

inserting. The degree of calcification in cellular mixed stratified cementum is 

generally lower than in acellular extrinsic fibre cementum (Furseth 1967). This 

suggests that the load-bearing properties of the former are less suitable than those of 

the latter.

Interestingly, the distribution of cementum thickness along the root axis does not 

correspond entirely with the width of the PDL space (hourglass-shaped). With the 

cementum becoming thicker with age (Zander & Hiirzeler 1958; Azaz et al. 1974) 

the question arises whether it has an effect on the root surface area and hence allows 

a higher number o f fibres to be inserted.

As a model a cone can be considered which best resembles a single-rooted tooth. 

This idealised tooth is supposed to have a fixed radius of 3mm and an initial height 

of 20mm. The size of the root increases by adding secondary cementum layers 

around the trunk but more so at the apex, whereas the radius/diameter remains the 

same. According to Zander and Hiirzeler (1958) cementum deposition in mandibular 

and maxillary front teeth is highest around the apex (3-4 times) and decreases 

coronally. Starting with a mean thickness of 283pm at the age of 11-20 it increases 

by 80pm on average per life decade reaching a maximum of 585pm at the age of 61- 

76years. The calculated increase in volume and surface area over five decades (11 to 

76 years) is only about 2% for both parameters (3.77mm^ and 3.73mm^ for volume
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and area, respectively). Thus, it can be inferred that cementum thickness per se can 

not be directly related to function. It rather depends on the degree of anchorage of the 

Sharpey’s fibres with the acellular extrinsic fibre cementum which is unequivocally 

related to function as it bears the highest amount of fibre bundles.

However, some data still point to a correlation between cementum apposition and 

function (e.g. Geppert and Müller 1951). Much of the confusion over contrasting 

results derives from different sectioning techniques used during the studies. Zander 

and Hürzeler, for example, measured the thickness on horizontal sections of teeth 

which might have lead to overestimating the cementum size particularly when the 

sections were not corrected for curvature. Moreover, the location of the 

measurements (e.g. mesial or distal) must be taken into account. Geppert and Müller 

(1951), on the other hand, used sections in the sagittal midline of front teeth in order 

to determine the distribution and amount of cementum along the root axis. They 

examined 2 1  mandibular and 2 1  maxillary incisors as well as 2 0  mandibular and 6  

maxillary canines from patients over 25 years old. Cementum thickness was 

measured at five different levels both on labial and lingual root aspects, using 

labiolingual, axial sections. The authors distinguish between three different types of 

cementum: an inner layer of acellular cementum covering the dentine which might 

correspond with the “intermediate cementum” or the hyaline layer o f Hopewell- 

Smith, an outer layer of acellular cementum with Sharpey’s fibres and an 

intermediate layer of cellular cementum. Their data tend to show site-specific 

maxima of cementum thickness, i.e. both in maxillary incisors and canines maximum 

thickness is found at the oral aspect cervically and at the labial aspect apically. In 

contrast, in mandibular incisors and canines, maximum thickness occurs at the oral 

aspect apically and at the labial aspect cervically. These findings correspond with the 

loading scenario of the anterior teeth described above. The tensile stresses generated 

at the root cervix and apex thus lead to an increased cementum apposition according 

to Geppert and Müller (1951). A minimum of thickness is found in the middle of the 

root, in other words around the fulcrum. Based on a calculation of bite forces for 

lower and upper incisors and the results on cementum thickness the same authors 

conclude that a strong correlation exists between cementum thickness and bite force. 

In other words, the cementum apposition can be seen as a measure of bite stress in
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kilograms. Schroeder (1986), however, does not want to rule out other factors which 

contribute to increased cementum thickness such as history o f eruption, age or tooth 

shape. In human maxillary and mandibular first molars, concave root aspects facing 

the furcations show thicker cementum than adjacent convex root aspects (Bower 

1979).

If the proposed correlation between cementum apposition and bite forces proves to 

be correct, one could predict an increase in thickness across the tooth row from 

mesial to distal as bite forces increase likewise. However, such data for different 

tooth types are currently not available. Provided that cementum thickness and fibre 

density is evenly distributed in all the different tooth types, surface area remains the 

best indicator for functional differences in tooth types.

1.5.2.2 PDL and PDL space

As has been mentioned in chapter 1.3.4 the width of the PDL space varies along the 

root axis, i.e. it is greatest at the alveolar crest, ranks second at the apex and is 

smallest at midroot (Klein 1928; Kronfeld 1931; Preissecker 1931; Coolidge 1937). 

In contrast, Ralph and Thomas (1988) sectioned anterior mandibular teeth and found 

that the PDL space is largest at the apex, followed by the cervix and midroot. Either 

of the results is in accordance with the displacement of a tooth when subjected to a 

lateral force: around the fulcrum, movement is lowest and hence the PDL space is 

smallest. The more a tooth is subjected to a vertical force the more uniform the space 

width is along the root axis (Kronfeld 1931). Occlusal loading in function also 

affects the width of the PDL. If occlusal forces are within physiological limits, 

increased function leads to an increase in width through a thickening of the fibre 

bundles and an increase in diameter and number of Sharpey’s fibres (Kronfeld 1931). 

Forces that exceed this limit cause lesions that are characteristic of trauma from 

occlusion. Thus innervation and blood supply can be ruptured. (Kronfeld 1931; Itoiz 

et al. 1963). However, loss of function as in embedded teeth or teeth without 

antagonists leads to a reduction in gap width as well as number and size of PDL. 

Eventually, the fibres become oriented parallel to the root surface (Coolidge 1937; 

Anneroth & Ericsson 1967).
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Not only differences in the structure of the PDL space occur along the root axis but it 

is also characterised by variation in the mechanical properties o f the collagenous 

fibres. Studies on the PDL in humans (Mandel et al. 1986) as well as rodents and 

lagomorphs (Chiba et a l  1990; Komatsu et a l 1998; McCulloch et a l  2000) have 

ascertained a correlation between anatomical location and biomechanical behaviour 

of the PDL fibres. In the human dentition, Mandel and colleagues (1986) 

demonstrated that shear stress was almost constant in the cervical part of the root but 

diminished in the apical direction. Shear extensibility and relative failure energy 

where higher at midroot, decreasing both cervically and apically. Similar findings 

across species have confirmed that the mechanical properties differ markedly along 

the long axis of the incisors (Chiba et a l  1990; Komatsu et a l 1998). This supports 

the hypothesis that the organisation of PDL collagen at particular sites in the PDL is 

closely related to the load characteristics in vitro (Komatsu et a l 1998).

If a tooth is intruded into the alveolar socket by an axial load the displacement is 

characterised by a biphasic pattern which consists of a rapid displacement followed 

by a slow movement (Korber 1971). After the removal of the load the reverse pattern 

is seen and the tooth recovers its original position. This system is known as 

viscoelasticity. The magnitude of displacement is lower for extrusive and rotational 

(i.e. axial) movement and highest for horizontal loads. Several mechanisms of how 

the tooth is supported have been proposed (Melcher & Walker 1976; Picton 1990; 

Luke 1998).

Transmission o f the forces from the root to the alveolar bone could occur as simple 

tension (Schumacher 1995). These forces cause the wavy collagen fibres to 

straighten followed by a reduction in displacement with increasing force application. 

However, what argues against this hypothesis is that the fibres are too long to 

account for small degrees o f motion and thus tension is more applicable to larger 

forces (Picton 1990). On the other hand, horizontal rather than normal forces might 

be better resisted by stretching of collagen fibres.

Biting forces are most efficiently transferred from tooth to alveolar bone when the 

forces are transmitted along the long axis of the tooth (Kronfeld 1931). A force
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directed along the axis of the tooth engages more of the PDL and thus brings more of 

the fibres of the PDL under tensile stress. Thus, the more vertically positioned 

incisors characteristical for Inuits can be viewed as an adaptation to distributing a 

vertical bite force along the maximum number of periodontal ligament fibres 

(Hylander 1977b). In contrast, other human populations have unfavourably inclined 

maxillary incisors. As a countermeasure the lingual surface of the incisor root is 

larger than the labial one and hence the majority of fibres are concentrated on this 

side. If a single-rooted tooth is vertically compressed the oblique fibres are stretched 

whereas the horizontal fibres are sheared. Berkovitz (1990) reported that collagen 

fibres are more obliquely oriented along the midroot than at the apex or cervical 

margin. Studies on the PDL of the rabbit incisor suggest that the collagen fibre 

bundles become aligned with the direction of loading (Komatsu and Chiba 2001). It 

is conceivable that since the PDL forms a network of branching and anastomosing 

fibres it is ensured that some of them are always put under tension regardless o f the 

direction of force (Berkovitz 1990).

An alternative view to this suspensory mechanism has been proposed whereby 

support is assured by compression by virtue of compressive properties the collagen 

fibres (e.g. Berkovitz 1990). The widening of the alveolar margin in conjunction with 

the intrusion of the tooth may be an indicator for compression produced by the 

ligament (Picton 1990). Certainly compression must be taken into consideration 

when the tooth is subjected to horizontal loads. However, given the preferential 

orientation of the fibres along the lines of tension compression might only be 

secondary.

Compared with other ligaments, the PDL is unusually vascular. The vessels and the 

ground substance in the PDL are involved in the suspension of the tooth and act as a 

cushion which is understood as hydrodynamic damping (Melcher & Walker 1976; 

Picton 1990; Luke 1998). The number and size of perforations in the cribriform plate 

and hence the blood supply increases gradually from anterior to posterior teeth in 

humans (Bim 1966). In single-rooted teeth, the number of penetrating vessels is 

highest at the cervix, less at the apex and least in the middle third of the alveolus. 

Again, it corresponds to the loading scenario of anterior teeth. Similar findings have
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been made in maxillary molars of rats (Tsukada et a l 2000). In multi-rooted teeth, 

the cervix has got the greatest blood supply and both the apex and middle third are 

equal in number, but not so in M2 where the apical part is slightly more vascularised 

than the midroot (Bim 1966). Differences between mandibular and maxillary 

alveolae are only small, although there is slightly less supply of mandibular teeth. 

During the early intmsive phase when a load is applied, blood may be squeezed out 

o f the PDL into the vascular space o f the marrow through the cribriform plate. The 

role of the PDL vessels in suspension has been confirmed by measuring the pulsation 

o f the unstressed tooth and tooth under compression. Loss of pulsation and reduced 

intrusive motion could also be elicited by use of vasoconstrictors and blood loss 

(Piction 1990; Luke 1998). The slow phase of intrusive displacement may be 

associated with the dehydration and partial disaggregation of proteoglycan polymers 

(Embery 1990). Proteoglycans possess GAGs as subunits which have a high water- 

binding affinity (Kapur 1991). Furthermore, changes to the alveolar bone and the 

collagen fibres will accompany the tooth displacement.

The recovery phase after removal of the load is characterised by initial elastic recoil 

of the alveolar bone and by a subsequent hydrodynamic phase with hydration of the 

GAGs and refilling of the blood vessels (Melcher & Walker 1976; Luke 1998). 

Besides being associated with the hydrodynamic mechanism to absorb masticatory 

forces and the high turnover rate o f the PDL, the high vascularity has already been 

interpreted as a mechanism for heat dissipation (Luke 1998).

In a nutshell, the combined properties o f collagen, ground substance and bound water 

provide a hydrodynamic damping mechanism to absorb compressive and tensile 

loads. The relative importance of each of the constituents depends on the loading 

direction and magnitude of force (Melcher & Walker 1976; Luke 1998).

1.5.3 Sensory control of mastication

1.5.3.1 Periodontal mechanoreceptors

In cats periodontal mechanoreceptors (PMRs) have been found across the whole 

dentition but with the highest number in the canine (Mei et al. 1975). The canine 

might be especially important as it has both a defensive and a masticatory function.
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Moreover, mechanoreceptors are predominantly distributed in the apical part of the 

periodontium. If the same is the case for humans it could be argued that a loss of 

periodontal attachment area in the cervical part of the root does not affect the 

feedback mechanism of the apical PDL receptors to a great extent. In Gorilla, 

dehiscences, i.e. holes in the outer alveolar bone plate which lead to exposure o f the 

roots, occur quite frequently. This could be seen as a disadvantage for the peripheral 

feedback mechanism. But again, if  in Gorilla the receptors were distributed mainly 

around the apex as in cats (Mei et al. 1975) then a loss in alveolar bone around the 

middle part of the root should not cause any disruption to the receptor’s sensitivity.

Through punctuation and electrical stimulation of the PDL in the cat’s canine it has 

been shown that receptors respond to tension but not compression (Linden 1990a, b) 

even though the mechanical properties o f periodontal collagen fibres point to 

compression as well (Berkovitz 1990). The cell bodies of the primary afferent 

neurons are situated in two distinct anatomical sites, namely the trigeminal ganglion 

and the trigeminal mesencephalic nucleus (Linden 1990a, b). In the PDL, receptors 

with their cell bodies in the trigeminal mesencephalic nucleus are situated in a 

discrete area between the fulcrum (in the mid-root area) and the apex, whilst the 

receptors in the trigeminal ganglion are found throughout the entire PDL space 

between fulcrum and apex. Moreover, it could be illustrated through directional 

sensitivity experiments that the majority of the receptors of the trigeminal 

mesencephalic nucleus lie in an area covering the labial to mesial aspects of the root, 

whereas the trigeminal receptors are more evenly distributed around the root (Linden 

& Scott 1989).

Further studies (reviewed in Linden 1990a, b) have demonstrated that the rate of 

adaptation of a particular receptor is dependant on its location within the PDL as well 

as on the rate and magnitude of the force applied to the tooth. As the tooth rotates 

about a fulcrum the apex will receive the greatest displacement relative to the 

surrounding alveolar wall and thus the greatest stimulus. Hence, receptors in the 

apical third of the root have a low force threshold and adapt slowly (i.e. the neurons 

fire during the entire period of stimulation). Since the root displacement decreases 

the closer it gets towards the fulcrum, consequently receptors apical to the fulcrum

65



seem to be rapidly adapting (i.e. neurons fire only a few nerve impulses to a force 

exerted on the tooth) with a high force threshold. This grading of threshold and 

adaptation time has led Linden and colleagues to the conclusion that there is only one 

morphological group of mechanoreceptors within the PDL despite the two distinct 

origins of the afferents (Linden 1990a, b).

1.5.3.2 Peripheral feedback mechanism and reflex control o f  masticatory muscles

Masticatory muscles generate the forces to comminute food to meet some internal 

criterion of size and consistency before it can be swallowed (Agrawal et al. 1997, 

1998; van der Bilt 2002). These forces are usually very large and hence can easily 

damage the teeth and their supporting tissues as well as the tongue and the TMJ. 

Moreover, the level of force must be constantly adapted as the food is triturated and 

formed into a bolus while undergoing changes in consistency. This process requires a 

very precise control of bite forces.

The motoneurons of the masticatory muscles are activated by four sources (Lund & 

Enomoto 1988; Linden 1990a, b; Nakamura & Katakura 1995; Langenbach & van 

Eijden 2001; Kobayashi et al 2002; Tiirker 2002): 1) The motor cortex which 

initiates and terminates mastication; 2) the central pattern generator (CFG) in the 

brainstem which essentially controls masticatory rhythm as in respiration and 

locomotion; 3) the periodontal mechanoreceptors (PMRs) and proprioceptors which 

comprise afferents in the PDL, gingival mucosa, dentine, pulp, alveolar bone and 

periosteum and 4) the muscle spindle receptors.

The development of the CFG and the feeding behaviour with its conversion from 

suckling to mastication can take place in the absence o f teeth and PMRs. Anodontic 

mice, i.e. mutants without erupting teeth, have been reported to show similar open- 

close jaw movements and EMG-muscle activity during incision and chewing (the 

basic rhythm and pattern of mastication) compared to normal bred mice with fully 

erupted dentition (Kobayashi et al. 2002). Electrical stimulation of the motor cortex 

or the CFG in the rabbit can provoke basic rhythmic chewing movements which are 

characterised by a low level of muscle activity (Lavigne et al. 1987; Hidaka et al.

1997). Even though these basic movements are generated by the CFG, control of this
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process is still largely dependent upon a sensory peripheral feedback (Tiirker 2002). 

As soon as teeth come in contact with food or the open-close movement is obstructed 

experimentally by placing an object (e.g. a steel ball or a piece o f foam) between 

antagonistic teeth, peripheral feedback is induced which again evokes a rise in 

muscle activity (Lavigne et al. 1987; Ottenhoff et al. 1992a, b; Tiirker 2002). Thus it 

can be concluded that only a small portion of the muscle activity is needed to move 

the jaw  but additional muscle activity is required to overcome the resistance o f the 

food. It has been reported that muscle activity in humans is greater when hard food 

(e.g. biscuit or raw carrot) than when soft food (e.g. cooked meat) is chewed 

(Anderson 1956a, b). This is in agreement with more recent studies by Agrawal and 

co-workers (1997, 1998) which confirm that the total amount o f electromyographic 

(EMG) activity depends on the texture of the food. The harder the food the more 

EMG activity is observed. In non-human primates, a high correlation between jaw 

muscle force and its EMG activity during mastication in Macaca fascicularis was 

reported by Hylander and Johnson (1989). Moreover, relatively higher magnitudes of 

balancing-side muscle force, in particular the deep masseter muscle, are engaged in 

the processing of resistant foods as has been found in baboons, macaques, owl 

monkeys, and thick-tailed galagos (Hylander et al. 2000). Furthermore, the 

relationship between tough foods and EMG activity of the jaw-closing muscles has 

also been confirmed in other mammals such as the ferret, Mustela putorius (Dessem 

& Druzinsky 1992) and the miniature pig. Sus scrofa (Huang et al. 1993).

During mastication both muscle spindle afferents from the jaw-closing muscles and 

PMRs are involved in the regulation of the additional jaw-closing muscle activities 

(Hidaka et al. 1997). Periodontal receptors convey information on magnitude and 

direction of the load applied to the tooth (Appenteng et al. 1982), whereas the muscle 

spindle afferents are sensitive to changes in intermaxillary distance (Inoue et al. 

1981).

The importance of the PMR input has been demonstrated experimentally by 

comparing the activity patterns in the motoneurons before and after impairment of 

the sensory feedback. In rabbits e.g., severing the maxillary and inferior alveolar 

nerves greatly reduces the activity of the masseter muscle (Lavigne et al. 1987).
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However, even after deafferentiation a facilitatory response was still observed, 

indicating that also other receptors such as muscle spindles may have been involved 

in the response. In humans, the importance of peripheral receptors is evident in 

patients with dental bridges supported by implants. Their masticatory performance is 

not characterised by a bite-to-bite variation in muscle activity as in subjects with 

healthy teeth whose muscle activity reduces at the end of the chewing sequence 

(Haraldson 1983). The frequency and properties of masticatory movements in mice 

without teeth are similar to those in normal mice but the amplitude of the masseteric 

activity is lower (Kobayashi et a l 2002). It has been suggested that the lack of 

periodontal receptors might be compensated for by mechanoreceptors in the oral 

mucosa and/or muscle spindles (Kobayashi et a l  2002). Alternatively, the 

masticatory process might well be a genetically pre-programmed process, without 

feedback from mechanoreceptors to develop.

The existence of a positive feedback from PMRs in order to control masticatory 

muscle activity can also be assessed by measuring the voluntary maximum bite force 

of human subjects before and during anaesthetisation. Hannam and colleagues (1970) 

have argued that PMRs do not play a major role in producing reflex changes in 

elevator muscle activity following tooth contact, but that they rather take part in 

limiting the maximum force developed as a protective mechanism against 

overloading. This implies that anaesthesia should cause an increase in the maximum 

biting force. As a support of this hypothesis it has been demonstrated that higher than 

usual bite forces can be exerted on anaesthetised postcanine teeth due to the 

interrupted feedback mechanism (Van Steenberghe & De Vries 1978; Orchardson & 

MacFarlane 1980; Linden 1990b). Likewise, in patients with dental prosthesis o f the 

anterior teeth, supported only by the oral mucosa or osseointegrated implants, higher 

than normal force levels were observed (Trulsson & Johansson 2002). A study by 

Lund and Lamerre (1973) on the other hand, reported a 40% fall in maximum bite 

force after the sensory information from the dentition and surrounding periodontium 

had been impaired by anaesthetics. Earlier, Watt and associates (1958) already 

reported a fall in bite forces with increasing loss of alveolar attachment area resulting 

from periodontal disease. Paradoxically, when there was visible mobility o f the teeth, 

it was found that in some subjects the bite force seemed to rise. These findings
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question in part the hypothesis raised by Hannam et a l  (1970), However, Teenier 

and colleagues (1991) did not detect any statistically significant change neither for 

bite force magnitude nor for muscle activity in humans with or without anaesthesia. 

They concluded that the PMRs have little effect on the control of maximal occlusal 

force. Moreover, these authors critically evaluated the aforementioned studies which 

did show such a difference and came to the conclusion that the observed results were 

either lacking the proof of statistically significant differences (Lund & Lamerre 

1973; Van Steenberghe & De Vries 1978) or implied a methodological error despite 

significant differences (Orchardson & MacFarlane 1980), It has to be mentioned 

though that the subjects in Teenier’s experiment were made aware of the magnitude 

of their biting activity by displaying the force magnitude in front of them while 

biting both under normal and impaired conditions. This in return casts doubt on their 

own conclusions. Once the subjects had experienced their bite force limits under 

normal condition they were able to control the muscle activity without periodontal 

feedback but with visual feedback only. Similar observations have been made by 

Linden (1990b), This means that if the subjects are not reassured about their 

masticatory performance the exertion of bite force will be submaximally which is the 

case in Lund and Lamerre’s study. Thus, PMRs not only provide excitation to the 

jaw-closing muscles but also transmit information to the central nervous system 

when biting is not causing harm to the teeth and surrounding structures (Tiirker 

2002).

In a study on maximal bite force in patients with reduced periodontal tissue support 

Kleinfelder & Ludwig (2002) could show that a loss in periodontal attachment area 

does not limit maximal bite force generation. The study group suffered from a 50% 

alveolar bone loss around the cervix due to periodontitis. In the patients group and a 

healthy control group maximal bite force at P3 were 357±70N and 378±66N and at 

Mi/2 509±75N and 534±49N, respectively. The differences were non-significant. 

Thus, these authors conclude that withstanding forces is not solely a function of the 

periodontal ligament but that other factors may have a limiting effect on masticatory 

performance as well. It is likely that the force generation might be restricted by the 

masticatory muscles themselves because jaw muscle size alone is reported to account 

for most o f the variation in bite force (Sasaki et a l  1989; Hannam & Wood 1989),
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Waltimo and Kônônen (1993) point out that biting with maximal strength is often 

limited not only by pain induced by the PMRs but also by a lack of muscular strength 

and both pain in the muscles and in the TMJ. Interestingly, biting in the molar region 

seems to be limited by muscular strength whereas bite forces in the incisal region 

seem to be regulated by the PDL and less so by muscle strength (Waltimo & 

Kônônen 1993). After having diverted the function of muscles from sucking to 

mastication, the control o f muscle activity could be established by a learning process 

(Huang et al. 1993; Langenbach & Van Eijden 2001; Langenbach et al. 2000). A 

subsequent build-up of muscle mass and strength could coincide with the 

establishment of a mechanoreceptor feedback process. Although not proven 

empirically, in adults this feedback mechanism might only be subordinate and a loss 

of PDL attachment area and thus a loss of feedback do not have an effect on the 

muscle activity. The limitation could be again due to muscular strength. Given that 

the bulk of periodontal receptors are located between the fulcrum and the apex o f the 

root {cf. Linden 1990a, b) a loss of PDL attachment area at the cervical end of the 

root might not effect the sensory mechanism at all.

As has been mentioned earlier, muscle activity depends on the texture of the food 

(Anderson 1956a, b; Agrawal et al. 1998). Several hypotheses have been raised and 

tested regarding the link between the discrimination of the hardness of food and the 

receptors o f the front teeth (e.g. Paphangkorakit & Osborn 1998a; Trulsson & 

Johansson 2002). It has been shown that periodontal afferents play a decisive role in 

the specification of the force level when humans hold and manipulate substances 

between their anterior teeth (Trulsson & Johansson 2002). In addition, it was found 

that the discrimination of bite forces in humans is better when using the central 

incisors than when using the first molars (Coffey et al. 1989). Animal research has 

revealed that within the PDL of incisors receptors of the slowly adapting type 

prevail, whereas in the molars the receptors are mainly of the rapidly adapting type 

(see review in Coffey et al. 1989). If the same applies for differences in threshold 

levels among different tooth types remains to be seen. The difference in bite force 

discrimination might be due to the diverse loading schemes, i.e. in molars the 

shearing momentum is high, whereas in incisors and canines it is low. Regarding the 

front teeth, the discrimination of forces is better at lower than at higher levels, e.g.
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the receptors of the upper central incisor will already initiate an inhibitory response 

to a tapping stimulus as small as 0.25N (Louca et a l 1996). Confusingly, these reflex 

thresholds are much lower than the forces commonly generated during mastication. 

For instance, a tooth can be subjected to loads of up to 15N while chewing on carrots 

(Anderson 1956a, b). Even extreme levels of up to SOON can be reached while biting 

on the molars (Braun et a l 1995). In contrast, most of the PMRs reach their 

saturation point, or in other words their maximum discharge rate, at a level of about 

1.2N, whereas only a minority of afferents encode larger forces between 5 and 22N 

(Trulsson & Johansson 2002). It is therefore difficult to understand how periodontal 

receptors can be used to distinguish between high-level loads which are usually 

exerted during normal mastication. It is likely that other afferents within the alveolar 

bone, the gingival tissue, the TMJ and the pulp signal changes in the magnitude of 

forces commonly used for processing harder food either in conjunction with or 

independent of receptors in the periodontal space (Paphangkorakit & Osborn 1998a, 

b; Tiirker 2002). In particular, pulpal mechanoreceptors with a high force threshold 

may play an important role in limiting the stress applied to the teeth or in 

discriminating between the hardness of objects clenched between teeth 

(Paphangkorakit & Osborn 2000). This hypothesis is supported by studies on the 

sensitivity of the anterior dentition by Paphangkorakit & Osborn (1997, 1998a, b, 

2000). They observed that individuals can detect whether their incisors are biting on 

hard acrylic or soft rubber when the input to all receptors, except those assumed to 

exist inside the tooth pulp, remains unchanged. Biting into soft food covers more 

crown surface area than biting on hard food stuff. Provided the bite force is equal, 

pressure (or stress) on the dentine will consequently be lower in the first case. 

Paphangkorakit and Osborn (2000) argue that normal chewing forces ranging from 

20 to 120N exerted on the crown cause fluid in the dentine tubules to be displaced 

into the pulp which again activates putative afferents located there. If 

mechanoreceptors in the pulp of incisors and moreover in the postcanine dentition 

indeed exist, then this might serve as an alternative explanations for the observations 

of the aforementioned study by Kleinfelder and Ludwig (2002). The loss of up to 

50% of attachment area and thus a partial lack of the PDL feedback mechanism 

might be compensated by receptors within the pulp. However, the results of an 

experiment by Linden (1975) argue against the pulpal receptor hypothesis. This
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author showed that subjects with non-vital teeth, i.e. no active pulp present, did not 

show any significant difference in threshold levels compared with vital teeth.

Although PMRs are characterised by a low saturation point and an inhibitory 

response is already triggered at low levels, feedback from these receptors and the 

muscle spindles is needed to generate the additional muscle activity to overcome the 

resistance of food which varies according to its physical properties (Ottenhoff et al. 

1992a, b; Langenbach & Van Eijden 2001). An explanation for the contradictory 

properties of the PMRs in regard to force levels might be that the synaptic input from 

afferents may change during the masticatory process which helps to protect the teeth 

from overloading. Türker (2002) has put forward the hypothesis that the periodontal 

mechanoreceptors can elicit both an excitatory and inhibitory response from the 

masticatory muscles depending on the rate of rise of the stimulus force. It is therefore 

possible that, when one bites on a food particle with a slow increase in bite force and 

resistance between the teeth, the periodontal receptors can help to develop excitation 

on the jaw-closing motoneurons. If the resistance increases suddenly and 

unexpectedly the PDL receptors can then induce inhibition of the jaw-closing 

neurons and hence reduce the bite force. In the event of sudden yield o f resistance 

(‘jaw unloading reflex’) a stopping mechanism of the muscle excitation will be 

provoked in order to prevent damage to the teeth (Tiirker 2002).

In summary, although the bite force experiments with and without anaesthetics have 

yielded ambiguous results it is clear that the PMRs form an integral part of the 

feedback mechanism. A strong case can be made for the PMRs as being initiators of 

an increase of muscle activity. In the absence of this positive feedback mechanism, 

as is the case in edentulous subjects, bite force performance will only be submaximal 

(Watt et al. 1958; Lund & Lamerre 1973; Kobayashi et al. 2002; Tiirker 2002). 

Those studies that showed the reverse, i.e. higher than usual bite forces under local 

anaesthetic (negative feedback mechanism), often implied that the subjects were 

reassured about their masticatory performance by visual feedback (Van Steenberghe 

& De Vries 1978; Teenier et al. 1991). The ability to generate maximal masticatory 

force may simply be a function of muscle mass and strength {of. Waltimo and 

Kônônen 1993; Sasaki et al. 1989; Hannam & Wood 1989) and hence does not
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necessarily require the control of the PMRs. It can be argued that without the 

peripheral feedback provided, the central nervous system may in the form of a reflex 

reduce maximal bite force to such a level that damage to the teeth and the supporting 

structures is avoided. Furthermore, a mechanoreceptor-induced inhibition of muscle 

activity is o f relevance in the event of an abrupt and sudden change in the chewing 

cycle (the so-called cherry-stone-syndrome). Yet, Huang and colleagues (1993) 

caution that even though the removal of sensory information from the oral cavity has 

an influence on chewing pattern and muscle activity, these changes could have arisen 

from central pathways rather than simple servomechanisms.

The question has to be asked to what extent root surface area can be an indicator for 

a sensory mechanism that elicits rather a positive than a negative feedback. It has 

been shown that if the load is spread over several incisors with acrylic splints higher 

forces can be exerted than when biting on a single incisor only (Waltimo & Kônônen 

1994). One reason is that distributing the occlusal force over a larger area results in 

less stress or pressure exerted on the individual tooth. Since the information 

conveyed to the central nervous system indicates that the exerted force is below the 

normal range more force can be built up. On the other hand, as the PMRs provide the 

excitatory influence to the jaw-closer motoneurons, the more afferents are stimulated 

the higher the response will be (either a cumulative or an amplifying effect). Thus, 

the more teeth are involved the higher the response. Consequently, if  the amount of 

root surface area is proportional to the number of afferents in the PDL, a tooth with a 

certain amount of periodontal area could thus sustain more powerful and repeated 

biting than a comparably smaller one, provided the rate of stimulation depends on the 

number of afferents as well. A recent study on the maxillary canine and postcanine 

tooth root morphology in four platyrrhine species {Cebus apella, C. albifrons, 

Chiroptes satanas and Pithecia pithecia), which are distinct in diet and food 

processing strategies, gives weight to the hypothesis that tooth root morphology 

relates to the occlusal loads a tooth can sustain during habitual food processing 

(Spencer 2003). Those species which engaged in seed processing exhibited canine 

roots with relatively larger surface area than the less specialised group. Moreover, a 

differential use of the postcanines during processing of seeds and leaves was evident
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in root surface area. The distribution of root surface area should thus reflect the 

loading regime along the dental arcade.

1.6 Variation in tooth root morphology

Tooth roots must be constructed in such a way that they offer the highest possible 

degree o f robusticity/anchorage in respect to the occlusal forces the tooth is subjected 

to. Differences in root morphology across the dentition are based on the modification 

o f a range of parameters which are presented below.

1.6.1 Morphological level I: single-rooted teeth

A standard body such as a cone with an open base may serve as a model which best 

resembles the form of a simple root with a circular root trunk at the cervix and a 

tapering apex (Fig. 1.7). The area of this cone can be influenced by either an increase 

of the base, i.e. the diameter, or by an increase of the length of the cone or by a 

combination of the two of them. The same amount of area can be gained by various 

combinations of cone height and radius. An increase or decrease of area is at the 

same time associated with changes to the volume o f this body.

If the radius (and the diameter) of a cone with an open base is increased and the 

height is kept constant, the increase in area is faster than in a cone with constant 

radius and increasing height (Fig. 1.7A). Moreover, it becomes obvious that two 

differently formed cones can have the same area, say e.g. 30 units of area. In the first 

case the cone is wide (radius=18 units) and short (height=l unit); in the second case 

the cone is long (height=39 units) and narrow at the top (radius=l unit) (Fig 1.7A). 

This, however, corresponds with different increase rates of area relative to volume. 

Or inversely, the same area can be attained by different volumes {cf. Fig. 1.78). Both 

cones exhibit an area of 30 units but the long and narrow cone has a volume of about 

3 volume units whilst the volume o f the short and wide cone is about 7 units. It 

would therefore be more advantageous for a tooth to gain sufficient root area by
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having a long and narrow rather than wide and short root. This is for example the 

case in a typical one-rooted tooth such as a mammalian incisor.

A cone with a round base of equal radius is sufficient to withstand a force in vertical 

or normal direction, i.e. it is parallel to the long axis of the object. However, in a 

more complex loading scenario horizontal or axial forces acting on the tooth have to 

be taken into account as well. A cone with an irregular (e.g. elliptical) base is hence 

expected when forces in a particular axial direction prevail rather than just normal 

forces. This relation can be expressed by the second moment o f  area or area moment 

o f inertia which reflects the ability of a root cross section to accommodate bending 

stresses about X and Y axes (Daegling 1989; Biknevicius & Van Valkenburgh 1996). 

Among fissiped carnivores, felids have canines with a circular shaped base whereas 

the canines of canids possess an elliptical base with a longer extension in mesio- 

distal direction (Biknevicius & Van Valkenburgh 1996). This suggests that in the 

canines of canids forces in mesio-distal direction prevail. For the incisors it is the 

opposite case. Whilst the base of the medial and lateral incisors in felids, canids as 

well as hyaenids are non-circular in cross-section, felids have markedly compressed 

medial incisors that are more elliptical than those of canids (Biknevicius et al. 1996). 

Among hominids, the maxillary incisors are characterised by a marked difference in 

cross-sectional area with the Ÿ  being about 50 to 70% of that of the In contrast, in 

the Pliocene hominin Kenyanthropus platyops, the cross-sectional area of is about 

90% of that of l ’ (Leakey et al. 2001).

It can be postulated that the ratio of the transverse (mesio-distal and bucco-lingual) 

crown dimension against the vertical dimension, i.e. root length, might be a function 

of the length of the mandible-maxilla complex. The aforementioned studies on rats 

and baboons presented by Riesenfeld (1970) and Siegel (1972) which indicate a 

strong link between root length and facial projection gives weight to this assumption. 

If the antero-posteriorly shortened face imposes a constraint on the mesio-distal root 

dimension and root length, then an increase o f the bucco-lingual dimension should be 

expected in order to attain an adequate amount of root surface area. Alternatively, 

mammals with long mandibles and rostra, respectively, favour roots which are 

expanded in either the mesio-distal or bucco-lingual dimension or in both whilst the
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roots are relatively long. Canids and hyaenids, which are characterised by a mandible 

and snout which project in a long, shallow face (Du Brul 1974; Radinsky 1981a, b; 

Van Valkenburgh & Ruff 1987), corroborate the second hypothesis. The postcanine 

teeth o f canids in particular have crowns with dimensions that are larger in the 

mesio-distal than in the bucco-lingual direction. Compared with canids, ursids 

exhibit flat and wide crowns with a large bucco-lingual expansion (Peyer 1968; Du 

Brul 1977). In taxa with comparatively shorter mandibles and/or maxillae such as the 

primates and felids, the size constraint of particularly the premolar and the molar 

roots may lie mainly in the mesio-distal dimension and in the vertical dimension, i.e. 

root length, rather than in the bucco-lingual diameter. Contrary to this conjecture, 

Dahlberg (1961) found that in a Melanesian population a high degree of lower molar 

crown variation occurred in the mesio-distal dimension only but not in the bucco- 

lingual direction. On the other hand, double-rooted mandibular canines in humans 

highlight the constraint placed on the mesio-distal dimension in at least some of the 

teeth. The two roots here are separated so that they are aligned in the bucco-lingual 

direction (e.g. Alexandersen 1963).

Furthermore, the occurrence of invaginations or grooves in the roots leading to an 

hour-glass-shaped cross section of the root as in lower incisors or premolars of 

humans (the so called Tomes’ root) is a further morphological factor that brings 

about an increase of surface area. In the extreme case the grooving of the root results 

in two bifid roots, i.e. a single root which is split at the apex.
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1.6.2 Morphological level II: multi-rooted teeth

This leads to the second level of structural concepts which is the variation of root 

numbers in order to influence root surface area. A tooth with two short but 

widespread roots can have the same surface area as a tooth with just one long root. 

The advantage of the double-rooted tooth over the single-rooted tooth is that the 

former has a better area-to-volume ratio, which means that the same amount of area 

will require less volume or, in other words, space in the dental arcade and the jaw. 

Hence, two-rooted lower molars in primates might bear the same amount of surface 

area as their three-rooted maxillary counterparts but the volume may be larger in the 

former than in the latter.

The root number in mammalian incisors and canines is usually 1, even though cases 

o f double-rooted mandibular canines in humans (e.g. Pedersen 1949; Alexandersen 

1963), two-rooted maxillary canines in Macaca fuscata  (Yoshikawa & Deguchi 

1992) and deciduous maxillary and mandibular canines with two roots Hylobates lar 

and H. moloch (Remane 1960) have been described as well. The number of roots 

varies to a much greater extent in premolars and molars both on an interspecific level 

among extant and extinct primates (Bennejeant 1936; Senyiirek 1953; Remane 1921, 

1960; Abbott 1984; Wood et al. 1988; Tobias 1995) and on an intraspecific level 

between human populations (Goh 1957; Hochstetter 1975; Turner 1971, 1981; Loh

1998).

The Platyrrhines are a reminder of how root number in the postcanine dentition of 

primates can vary substantially. The Callithricidae are known for having only two 

molars. In Leontocebus, for example, both the upper and lower M l have two roots 

and the lower M2 just one root (Senyürek 1953; Remane 1960). Among the family 

Cebidae, Cebus shows an equally complex pattern of 3, 2 and 2 roots in M \  M^ and 

M^ and 2, 1 to 2 and 2 in Mi, M% and M 3 (Senyürek 1953; Remane 1960). The three 

maxillary premolars bear two roots each whilst the mandibular premolars have only 

one root each.
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Abbott’s (1984) landmark comparative study on tooth root morphology in great apes 

and Plio-Pleistocene hominins revealed the premolars as the tooth group with the 

largest variation in root number and form. Particularly, premolar root form emerges a 

useful taxonomic indicator for fossil hominins. The plesiomorphic condition in great 

apes, found also in Australopithecus afarensis and Sahelanthropus tchadensis, are 

two roots in each of the lower premolars; the lower P3 consists of a mesio-buccal and 

a plate-like distal root, while the lower P4 has a mesial and a distal root (Abbott 

1984; Wood et a l  1988; Brunet et al. 2002). Derived from this primitive pattern, in 

specimens attributed to Paranthropus boisei a premolar root molarisation with two 

plate-like roots mesially and distally in each of the premolars is recognised. In 

contrast, a root reduction occurs in fossils of Paranthropus robustus (P3 : two fused 

roots and P4 : one mesial, one distal root). Even more pronounced is the reduction in 

Ardipitheus ramidus with a Tomes’ root (Haile-Selassie 2001) and (early) Homo 

with single roots in both P 3 and P4 (Abbott 1984; Wood et al. 1988). However, a 

study by White and co-workers (2000) argues that the intra-specific variation of 

lower premolar root morphology has to be taken more fully into account. For 

example, the mandibular P 3 of Australopithecus afarensis from Maka, Middle 

Awash, Ethiopia, exhibit the molarised root pattern with two plate-like mesial and 

distal roots, a morphology usually associated with robust Australopithecines. The 

fossil L.H.-24 attributed to the same taxon encompasses a three-rooted P 3 with a 

mesiobuccal root and a distal root divided into a lingual and buccal part (White et al. 

2000). Such a three-rooted P 3 has been described in Australopithecus bahrelghazali 

as well (Brunet et al. 1995). Moreover, Bermudez de Castro and colleagues (1999) 

ascertain that in the Pleistocene specimens o f the genus Homo from Atapuerca, 

Spain, the lower premolars exhibit a distinct morphology not seen in any o f the other 

hominin fossils. Here, P 3 and P4 are characterised by a disto-lingual root portion and 

a mesio-buccal root, with a largely dominant buccal component and a smaller mesial 

portion. However, the relationship between a change in root number and differences 

in surface area was not addressed by neither o f the studies. Given that an enlarged 

root is better adapted to higher occlusal loads, differences in premolar root 

morphology can also reveal differential food processing strategies among extinct 

taxa.
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In a study of maxillary third premolars, Tobias (1995), drew attention to the clear 

link among australopithecines between the percentage frequency of three rooted 

upper third premolars and tooth size (represented in this study by a measure of ‘tooth 

material’, Tobias [1988], cited in Tobias [1995]). The exception to the predicable 

expression of this polymorphism among fossil hominids were the upper third 

premolars of Australopithecus afarensis from Hadar and Laitoli, where despite an 

83% frequency of 3 rooted upper third premolars, tooth size was judged equivalent to 

‘early Homo \  where the frequency was only 46% (Tobias 1995). Furthermore, three- 

rooted and (one lingual root and two separated buccal roots) associated with 

crowns that fall below the reported ranges of other early hominin species have been 

described in Kenyanthropus platyops (Leakey et al. 2001). It seems that some trends 

in root number may relate to tooth size and to molarisation of the premolars but that 

some groups of early hominids may simply retain a great ape-like premolar root 

configuration despite their size (Tobias 1995). A problem with this study, however, 

is that root number is defined by the number of root canals, thus a tooth with fused 

roots, but with two root canals, is considered a two-rooted tooth. Even though root 

canal number is likely to be a genetic trait, a premolar with two coalesced roots will 

not be as well anchored as a tooth with two distinct roots. Yet, it remains unclear 

what the impact of the root number variation on root surface area is.

In modem and recent human populations maxillary premolars are said to possess 

between one and three roots (Turner 1981). Two roots occur with a bifurcation of the 

lingual and buccal halves. According to Turner (1981), three roots result with 

additional splitting of the buccal root into a mesial and distal component. Inuits who 

are characterised by a high rate of third molar agenesis have extremely high 

frequencies of three-rooted mandibular first molars which could be related to large 

biting forces that are exerted on this tooth (Sumner 1965; Turner 1971; Hylander 

1977a; Spencer & Demes 1993). Furthermore, Hochstetter (1975) reported an 

occurrence o f trifurcation in 14.3% out of 400 examined mandibular first permanent 

molars in the population of Guam. The incidence of three-rooted M] was more than 

twice as prevalent in males as in females. A high frequency of three-rooted Mi is 

also found in Pacific islanders, in the case of Tongariki Easter Islanders it is said to 

be 29% (Swindler et al. 1998).
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1.6.3 The spread of postcanine roots

Apart from differences in radius and height, the stability of multi-rooted teeth 

depends on the degree of angulation, i.e. the spread of the roots (Kovacs 1971), 

which is strongly related to the direction o f the occlusal forces as has been mentioned 

above. Several authors distinguish between ‘puncture crushing’ and chewing 

(Hiiemae & Kay 1972; Spears & Crompton 1996; Spears & Macho 1998). The 

former is characterised by predominantly compressive, vertical movements and 

tooth-food-tooth contact; the latter comprises a greater medio-lateral moment and 

involves occasional contacts of the occlusal surfaces (Spears & Macho 1998). For 

example, in contrast to food processing by simple cracking of seeds and nuts, 

animals that feed on herbaceous food stuff such as grass, leaves and rhizomes require 

an axial or shearing moment in their jaw  movement to process the food and thus gain 

access to high-energy intracellular nutrients. Because of the position of the TMJ in 

relation to the dental arcade as well as the arrangement of muscles of mastication, 

puncture crushing is likely and most effectively performed posteriorly (Osborn 1987, 

1993; van Eijden 1991), whereas chewing can occur effectively farther anterior at a 

lesser force. Food processing by shearing can be achieved by a wide excursion of the 

mandible by virtue of the condyles positioned above the occlusal plane. Due to the 

greater lateral excursion that is possible by the mandible farther anteriorly, first 

maxillary molars must resist a wider range of differently directed loads than posterior 

molars. In other words, the likelihood of food being pushed against maxillary molars 

at different angles is greater mesially than distally (Spears & Macho 1998; Macho & 

Spears 1999). Moreover, the ratio of crushing versus shearing strongly depends on 

the axial inclination of the teeth. In humans, the axial tilt o f the molars increases 

gradually from anterior to posterior both in the sagittal and the coronal plane 

(Dempster et a l 1963; Smith 1986; Spears & Macho 1998), thus reducing the shear 

component in favour of a more vertical momentum on the distal teeth (Osborn 1993). 

In a similar way, the mesio-distal spread of the mandibular molar roots is largest on 

Ml and smallest on M 3 (Dempster et a l 1963). Macho and Spears (1999) point out 

that posterior molars are less well adapted to dissipate loads resulting from big 

particles, while first molars can cope with a more versatile range o f food particles 

and loads, a fact supported by the distribution of root surface area in human molars.
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This is associated with the preferred placement of the food bolus around the first 

molar where the gape is greatest and bite forces highest (Spencer 1998, 1999).

An increase of horizontal shearing forces exerted on the crown is expected to be 

countered by an increase in root number, a widening of the angle between the roots 

as well as by an arrangement and orientation of the root blades in the direction o f the 

applied occlusal force. Since the jaw  movement in primates occurs in a medio-lateral 

direction a wider jaw excursion should thus favour root size enlargement in the 

bucco-lingual dimension of the mandibular molars. Correspondingly, the angle 

between the palatal and the mesio-buccal and disto-buccal roots of the maxillary 

molars should increase with an enhanced lateral component of jaw movement. In 

contrast to mammals with an herbivorous diet, carnivorous mammals generally do 

not produce a large transverse momentum with their jaws as the morphology o f the 

cylindrical mandibular condyle allows only a slicing moment (Ewer 1973; Du Brul 

1977; Hiiemae 1978; Dessem & Druzinsky 1992; Biknevicius & Van Valkenburgh 

1996). Teeth which are loaded rather vertically are therefore likely to be 

characterised by a lower root number and/or long and parallel roots. Moreover, since 

the excursion of the mandible is greatest at the point furthest away from the fulcrum, 

the bucco-lingual root divergence is expected to be larger in molars which show a 

greater distance from the TMJ than the ones which are close to the joint.

In addition, crucial for multi-rooted teeth, is the so called bifurcational zone below 

the cervix where the roots meet (Kovacs 1971; Bassett 1972). The bifurcation can 

vary in height and thus decrease or increase the overall surface area. This difference 

is evident in postcanine teeth of carnivores compared to primates. In the former, the 

roots predominantly bifurcate immediately below the cemento-enamel-junction, 

whereas in the latter the postcanine roots are characterised by a root trunk before 

they furcate.

Figure 1.8 gives an overview of the possible modifications in tooth root morphology 

in order to enhance root surface area.
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Figure 1.8 Schematic diagrams summarising the possible modifications in tooth root morphology, a) 
Changes to a single-rooted tooth in mesio-distal and/or bucco-lingual directions (top) or stretching o f  
the tooth in superior-inferior direction (bottom), b) Cross-section o f  a single-rooted tooth whose 
surface area can be gradually enhanced by stretching in either the x or y axis, by an invagination o f  the 
root or splitting into two root, c) Root surface area enlargement in a three-rooted tooth, d) Different 
levels o f  root bifurcation result in differences in surface area, e) The stability o f  a multi-rooted tooth 
can be increase by spreading the roots.
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1.6.4 Root-crown size relationship

Since a link between tooth root form and occlusal loads has been proposed, this begs 

the question whether root size and number are in any way interrelated with crown 

size.

Observations made on some robust australopithecines suggest that very long roots in 

both front teeth with diminutive crowns (e.g. KNM-ER 3230) and postcanine teeth 

with small crowns (e.g. SK 837) are associated with tall mandibular bodies and 

relatively long roots (Fig. 1.9). On the other hand observations on some fossils 

attributed to Australopithecus africanus, suggest that occasionally, equally large if 

not larger molar crown areas are associated with relatively short tooth roots and less 

tall mandibular (and maxillary) bodies (e.g. STW 498a, b; Figure 1.9).

F igu re  1.9 C row n-root size  relationship am ong P liocen e  hom inins from South A frica. The  
Australopithecus africanus sp ecim en  ST W  498a , b (left) is characterised by a large crow n with  
relatively short roots (dotted line ind icates course o f  inferior a lveolar canal), w h ilst the secon d  lower  
molar o f  the robust australopithecine SK  837  (right) has long  roots with sm all crow ns.
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In modem humans, a study on the relationship between root length and crown 

diameters (mesio-distal and bucco-lingual) in mandibular canines, premolars and 

molars revealed a positive correlation (Gam et al. 1978). It has to be stressed, 

though, that the maximum correlation coefficients were in the order of 0.2 to 0.3 only 

and hence do not indicate a strong interdependence. Furthermore, Ozaki and co

workers (1987, 1988) in a study on the relationship between crown and root 

measurements in a sample of male and female Japanese calculated correlation 

coefficients for root length against crown height as well as mesio-distal and bucco- 

lingual crown diameters. Root length correlated significantly with bucco-lingual 

diameters in most of the upper and lower teeth in both sexes. The correlation 

coefficients were all less than 0.5. Root length and mesio-distal crown diameter 

correlated significantly only in some of the teeth.

Apart from the possible relationship between tooth root size and mesio-distal and 

bucco-lingual crown dimensions, studies by Müller (1959) and Hillam (1973) 

indirectly draw the attention to crown height in relation to the attachment area of a 

tooth. Both authors measured the surface area of mandibular and maxillary roots of 

all human tooth types. Whilst Müller (1959) computed the theoretical pressure on the 

periodontium when the tooth is subjected to a vertical force based on these 

measurements, Hillam (1973), in his study calculated the theoretical pressures in the 

region of the alveolar crest when both a lateral and an axial load are applied to a 

tooth. Moreover and more importantly, the effect of a progressive loss of periodontal 

attachment area was determined. It must be emphasised, though, that the forces 

exerting pressure on the tooth will be transformed into tensile forces acting on the 

alveolar wall/root surface and as a consequence the alveolar bone is not subjected to 

pressure (Schumacher 1995). Although the pressures exerted on the crown due to 

different food properties can vary (soft versus hard food), the periodontal tissues can 

only be used to assess forces applied to the crown, not pressures (Paphangkorakit & 

Osborn 1998). Müller (1959) ascertained that when a canine lost % of its attachment 

area through periodontitis the pressure on the periodontium increases under the same 

amount of force by more than 50% compared to a healthy tooth. The loss of 50% of 

attachment area in an upper molar even leads to double the amount of stress on the 

tooth. Hillam (1973) found that when a tooth is theoretically subjected to a constant
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vertical force there will be a rapid increase in pressure after an 80% loss of alveolar 

bone. In contrast, if the tooth is loaded laterally it is found that there is already a 

dramatic increase of pressure if  the loss of alveolar bone exceeds 55% of its original 

height. This illustrates that a tooth which is loaded by vertical forces needs less root 

length and attachment area than a tooth which sustains lateral forces. Simultaneously, 

this highlights the possible link between crown height and root height and surface 

area, respectively. A high crowned tooth with a single root which is subjected to 

lateral forces requires more root attachment area than a relatively shorter crown 

because it follows that with an increase of crown height the centre of gravity is raised 

and an increase of leverage occurs. However, the above mentioned study by Ozaki 

and colleagues (1988) does not provide clear evidence in support of this hypothesis 

at least in humans. The significant correlation coefficients for root length against 

crown height in human 1% M' and I2 in females as well as and I], P3 , P4 , Mi and M3 

in males were exclusively found to be negative (with the exception of in males). 

This means that within humans root length does not become larger with increasing 

crown height but shorter.

Kovacs (1971, 1979) summarised the possible size relationships between the occlusal 

surface of the crowns and the surface area of the tooth roots as follows: 1) When the 

amount of occlusal area and root surface area are equal, transmission of forces 

occurs. 2) A distribution of the forces on the surface of the root takes place when the 

latter is greater than the occlusal surface of the crown. 3) A concentration of the 

forces on the root surface is to be expected when the latter is smaller than the 

occlusal surface. However, only the first two relationships envisaged are viable. The 

third option, concentration, would put the tooth and the supporting structures under 

too high strain and thus should not occur frequently.

To guarantee the best possible stability of a tooth, forces should be ideally 

distributed, which is attained when root area exceeds crown area. Since an increase 

in root number is likely related to an increase in surface area a large number of roots 

should be functionally more advantageous. Moreover, enhancing the root number 

will lead to a greater degree of possibilities how the roots can be spread apart and are 

consequently able to withstand forces from different directions. A possible
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disadvantage, on the other hand, is that more roots per given root base will result in 

thinner and maybe less robust roots. It is thus to be expected that with increasing root 

number the base of the crown and root trunk must increase at the same time to 

accommodate more roots. This in turn will be limited by the space provided in the 

mesio-distal and bucco-lingual directions within the tooth row {cf. chapter 1.6.1). For 

a tooth which is restricted in its crown base size it might be more advantageous to 

have one long root instead of two short roots.

In support of the first assumption, it has been noticed that teeth with supernumerary 

roots in humans correspond with an overall increase in crown size, an enlarged 

perimeter at the cervix or enhanced cusp number (Kovacs 1971). The fact that three- 

rootedness in lower first molars of some human populations is correlated with 

agenesis or impaction of third molars (e.g. Turner 1971; Spencer & Demes 1993) is 

indicative of the spatial constraints in the mesio-distal and bucco-lingual dimensions 

in the jaw. For extant non-human primates, the results of a study of canine root 

number and size in Japanese macaques {Macaca fuscata) also give some evidence 

that root size and morphology is dependent on crown size and morphology to a 

limited extent (Yoshikawa & Deguchi 1992). The crowns of double-rooted canines 

in Macaca fuscata, which occurred more frequently in females, were found to have 

noticeably larger bucco-lingual diameters than those of crowns of single-rooted 

canines in the same species (no test of significance was performed, though). In 

addition, canines with two roots exhibited shorter overall tooth and root lengths than 

single-rooted canines (Yoshikawa & Deguchi 1992).

Even though premolar root number varies substantially among human populations. 

Turner (1981) did not detect any indication o f a relationship between the different 

premolar root forms and crown morphology, i.e. root number seems to be a variable 

independent of the maxillary P 3 crown. This, however, is in contrast with the 

described molarised P3 morphology (two plate-like mesial and distal roots) seen in 

the Australopithecus afarensis mandible from Maka, Ethiopia. It is argued that this 

pattern might be related to a relatively developed mesio-lingual portion of the P3 

crown (White et a l 2000). Also, the incidence of a P4 with Tomes’ root in the 

Miocene fossil hominin Ardipithecus ramidus seems to correspond with a well
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developed talonid (Haile-Selassie 2001). Generally, the high variation of both 

mandibular and maxillary premolar root number in australopithecines dealt with by 

numerous authors (Abbott 1984; Wood et al. 1988; Wood & Engleman 1988; Tobias 

1995) simply serves to reiterate the question whether primate root number and size is 

correlated with crown morphology or whether it is independent as Turner (1981) 

suggested.

1.7 Force production in the mammalian masticatory apparatus

In the following, biomechanical aspects of the mammalian feeding apparatus are 

presented and how they relate to root size.

1.7.1 Standard lever model

Often, the jaw  has been treated as a two-dimensional Class III lever where the load 

(bite point) and effort (masticatory muscles) act on the same side as the fulcrum 

(TMJ), and the applied force is closer to the fulcrum (Maynard-Smith & Savage 

1959; Turnbull 1970; Du Brul 1974, 1977; Hylander 1977a, 1979a; Smith 1978; 

Ward & Molnar 1980; Macho & Berner 1993; McGowan 1999).

The mechanical effectiveness of the mandible as a lever may be expressed

quantitatively as its mechanical advantage which is defined as the ratio of the force

applied to the load to that applied by the effort (Spencer & Demes 1993; McGowan

1999; Hall 2002). The mechanical advantage is also described as the ratio between

the moment arm of the effort (i.e. masticatory muscle force) and the moment arm of

the load (or bite force).

, ,  , . , load effort moment arm
{\) Mechanical advantage =

(2) Load force  = effort force  x

effort load moment arm 

effort moment arm
load moment arm

As in the musculoskeletal system generally, in the mammalian masticatory system 

the moment arm of muscle force is usually shorter than the moment arm of the bite 

point and hence its mechanical advantage is less than one (Hall 2002). This implies



that the force applied by the adductor muscles is larger than the load at the bite point 

to cause motion of the mandible. Following from equation 2, if  the bite point is 

shifted along the tooth row in a mesio-distal direction towards the fulcrum (TMJ) 

there is a rapid increase of bite force production by virtue o f shortening of the load, 

while at the same time the muscle moment arm is kept constant (Fig. 1.10). For 

instance, it has been suggested that the relative increase of enamel thickness from M* 

to in humans is a response to such an increase of bite force magnitudes in the 

posterior teeth (Macho & Berner 1993; Macho & Spears 1999).

Although a mechanical advantage of less than one is energetically not very effective 

because more muscle force has to be exerted, the distance the effort moves, or in 

other words the amount the masticatory muscles are contracted, is relatively smaller 

than the distance the load or bite point moves (known as the velocity ratio 

[McGowan 1999]).

The efficiency of the masticatory force production can be improved by altering either 

individually the effort force or the ratio between effort moment arm and load 

moment arm or a combination of the three parameters (Du Brul 1974, 1977; 

Throckmorton et al. 1980; Hunt 1998). An increase of effective bite force can be 

attained by either introducing more effort force, by lengthening the muscle lever arm 

or by shortening the bite force lever arm. If the velocity of jaw  motion is to be 

increased then shortening of the muscle lever arm and lengthening of the bite force 

lever arm is to be introduced. This illustrates that force and speed are inversely 

proportional. The following modifications to the masticatory system have to take 

place in order to enhance masticatory performance (Du Brul 1974, 1977):

1) Higher muscle forces are gained by an increase of muscle mass (although this 

might strongly depend on the microanatomy and fibre arrangement of the 

muscle as well).

2) Either shortening or lengthening of the muscle force lever arm is brought 

about by a forward or backward shift o f the line of action of muscle relative 

to the TMJ or vice versa
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3) Reduction or increase of the bite force lever arm can be attained by moving 

the teeth away or toward the TMJ or vice versa.

4) The speed to move the mandible is increased by shortening the muscle force 

lever arm and/or lengthening the bite force lever arm. This is in particular 

relevant for the front teeth.

O)

Distance of bite point from TMJ

Figure 1.10 Theoretical bite force production in a primate mandible according to the Class III lever 
model. Forces increase if  the bite point is shifted in a mesio-distal direction due to a shortening o f  the 
bite force lever arm (diagram o f  female ape mandible from Aiello & Dean [1990]).

1.7.2 Constrained lever model

As an alternative to the standard two-dimensional lever model which considers 

reaction forces in one plane only, Greaves (1978) presented a three-dimensional 

model based on an analysis of forces in both sagittal and frontal planes. Although 

originally developed for ungulates it has wider implications for the mammalian 

feeding apparatus in general (Greaves 1978, 1983, 1988; Spencer & Demes 1993; 

Biknevicius & Van Valkenburgh 1996; Spencer 1998, 1999). During chewing on one 

side of the dentition the forces generated by the adductor muscles (temporalis, 

masseter and medial pterygoid) are resisted by reaction forces at the working (or
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biting) side, the balancing (or non-biting) side as well as the bite point (Spencer & 

Demes 1993). These three points outline the so-called triangle o f support (Greaves 

1978). The individual adductor muscle actions can be mathematically expressed as 

force vectors. The combination of all these vectors results in a single vertical force 

vector. The principle constraint of the model is that this resultant muscle vector must 

lie within the triangle of support (Spencer 1993). If this is not the case, the mandible 

will rotate around an axis passing through the bite point (which acts as an occlusal 

fulcrum. Bramble [1978]) and the balancing side condyle and thus subject the 

working side condyle to tensile forces which could effectively cause disarticulation 

of the TMJ.

When the bite point is placed between two anterior teeth both the working side and 

the balancing side muscles are equally active. As a result the midline muscle 

resultant falls within the triangle of support and the TMJ is not loaded in tension 

(Fig. 1.11a). If, however, the bite point is shifted distally along either tooth row onto 

the second molar, then the midline muscle resultant no longer lies within the triangle 

of support (Fig. 1.11b). This would violate the principal criterion of the model and 

consequently would lead to the production o f tensile forces within the working side 

TMJ. Already Gysi (1921) pointed out that very tough food cannot be chewed on the 

third molar in humans because the downward pull of the fulcrum-reducing force on 

the working side would potentially damage the TMJ ligaments. Since the mammalian 

jaw joint and the articular disc are apparently constructed to resist compression (as 

e.g. in primates) such a scenario with the TMJ loaded under tension should usually 

not be expected (Greaves 1978, 1988; Spencer & Demes 1993; Spencer 1995, 1998, 

1999). A bone strain analysis of the TMJ forces in Macaca fascicularis and Macaca 

mulatta by Hylander (1979) confirmed that during both the power stroke of 

mastication and incision as well as during isometric molar and incisor biting the jaw  

joint is indeed loaded by compressive reaction forces. In a combined EMG and bone 

strain study in the domestic dog (Canis familiaris) it was also found that working 

side masseter and temporalis muscle activity generated bone strain that correlated 

with compressive joint loading, whilst however unilateral contraction of the 

balancing side muscles with an occlusal fulcrum at the camassial teeth displaced the 

condyle antero-ventrally (Dessem 1989). Given that tension in the TMJ must be

91
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F ig u re  1.11 O cclusal v iew  o f  a human m andible indicating balancing and w orking side co n d y les  
(T M Jb and TM Jw, respectively) as w ell as bite point (B ) and triangle o f  support (shaded area) as 
defined by G reaves (1 9 7 8 ). a) W hen biting on the anterior dentition (e.g . B) the m idline m uscle  
resultant (M ) falls w ithin the triangle o f  support. B alancing and w orking side m uscle  are equally  
active, b) B iting on the posterior teeth such as M? results in the m uscle resultant located ou tsid e the 
triangle o f  support. T o com pensate for this the balancing side m uscle activ ity  is reduced and the 
m uscle resultant sh ifts m edio-laterally . From Spencer (1 9 9 8 ).

avoided, during mastication on posterior teeth, a shift o f the muscle resultant force 

towards the working side is required (Greaves 1978; Spencer 1995, 1998) (Fig. 

1.11b). Such a medio-lateral repositioning is achieved by a differential activity of 

both working and balancing side musculature. While the bite point is moved 

posteriorly along the tooth row the balancing side muscle activity will be reduced 

relative to the working side activity resulting in effectively lower maximum bite 

forces than predicted by the simple or unconstrained lever model. As a consequence, 

maximum bite forces are kept constant while chewing on posterior teeth (Fig. 1.12). 

The anterior region in which the midline muscle resultant is enveloped by the 

triangle of support is also referred to as region I according to Spencer and Demes 

(1993). Maximum bite force magnitudes in this region behave as expected for the 

standard lever model, i.e. they increase as the bite point is moved distally. The region 

o f maximum but equal bite force magnitudes is termed region IF Teeth such as the 

grinding dentition o f selenodont artiodactyls or the camassial tooth complex of 

fissiped carnivores, on which high magnitude forces are exerted, should be 

positioned here, directly anterior to the muscle resultant force (Greaves 1978, 1983, 

1985; Radinsky 1981a).
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Distance of bite point from TMJ

Figure 1.12 Theoretical masticatory muscle force production along the tooth row as predicted by the 
constrained lever model (Greaves 1978) and muscle activity pattern as found in an electromyographic 
study o f  humans by Spencer (1995, 1998). Maximum voluntary activity increases as the bite point is 
moved distally (Region I). According to Greaves’ model the force production in Region II is high but 
remains constant. However, the electromyographic data indicate a reduction as the bite point is moved 
from M l to M3 in order to prevent the TMJ being subjected to tension. Adapted from Spencer (1998).

The intersection of regions I and II is defined by an axis passing through the 

balancing side condyle and the midline muscle resultant. Region 111 is considered as 

that portion of the jaw which begins behind the muscle resultant vector and ends at 

the fulcrum or TMJ. Although triangles of support could be formed in this region the 

fixed position of the masticatory muscles does not allow any antero-posterior shifting 

of the muscle resultant. Hence no teeth should be expected in this region as each 

tooth behind the resultant acts as a fulcrum during jaw  closure, thus causing the jaw 

to rotate around it and leading unavoidably to disarticulation of the jaw  joint (Gysi 

1921; Greaves 1978; Spencer 1995, 1998, 1999).
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In an electromyographic study of the temporalis and superficial masseter muscles in 

humans Spencer (1995, 1998) went on to test hypotheses both derived from the 

unconstrained lever model and from Greaves’ model. The results of this study 

corroborate Greaves’ predictions in part, but also indicate that the model is 

incomplete. The study did confirm the differential working-balancing side muscle 

activity when the bite point was moved along the dentition in Region 11, i.e. relative 

balancing side activity decreased from M l to M3. Moreover, and contrary to the 

predictions made by the constrained lever model, it was also shown that maximum 

voluntary muscle activity generated by the superficial masseter and anterior 

temporalis varied by bite point in Region 11 (Spencer 1998). Muscle force production 

peaked at the first molar and then declined as the bite point was moved form M l to 

M3 (Fig. 1.12). Among the postcanine dentition lowest maximum EMG values were 

measured during biting at P3 and M3 (Spencer 1998). Although not proven 

empirically by Spencer’s study, the differential muscle activity pattern will most 

likely affect occlusal loads exerted on the crowns as well. Several studies have 

indeed indicated a strong relationship between masticatory muscle EMG activity and 

bite force magnitude (Kawazoe et al. 1981; Devlin & Wasted 1985; Hagberg et al. 

1985; Dessem & Druzinsky 1992).

Among the carnivores, a differential recruitment of the working and balancing 

muscles was also found in the domestic dog {Canis familiaris) corroborating the 

predictions of the constrained lever model (Dessem 1989). In contrast, in an EMG 

study of the balancing and working side muscle activity of the alert ferret {Mustela 

putorius furo) Dessem and Druzinsky (1992) demonstrated that during mastication 

and crushing on the camassials the activity of the masseter and temporalis muscles 

was almost equal on both sides which was contrary to the predictions of the 

constrained lever model. It was hypothesised that the particular morphology o f the 

TMJ in the ferret with its marked postglenoid process prevented the disarticulation of 

the working side condyle.
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1.7.3 Muscle force production and occlusal loads in relation to root size 

Since the control of muscle activity during food processing is mediated by a sensory 

feedback mechanism which relies among others on periodontal mechanoreceptors as 

well as proprioceptors and muscle spindle receptors as outlined above (Linden 

1990a, b; Tiirker 2002), a close relationship between root morphology, especially 

root surface area, and muscle activity can be established. If we assume, for the sake 

of simplicity, that differences in root surface area are in accordance with variation in 

both the number and density of PDL fibres and mechanoreceptors, then any 

difference in root morphology will have a strong effect on muscle force production. 

Root surface area can therefore be used to infer muscle activity pattern in primates 

and mammals in general. It is this hypothesis, among others, this thesis sets out to 

explore for the first time.

According to the standard lever model, bite forces are assumed to increase by bite 

point, by virtue o f shortening the bite force lever arm. It follows that, since force 

production increases from mesial to distal, there should be accordingly an increase of 

root surface area. Moreover, Geppert and Müller (1951) suggest that force is also 

associated with an increase in root length as well as an increase in root number. 

However, published data on root surface areas in humans do not support this 

assumption (Watt et a l 1958; Müller 1959; Jepsen 1963; Nikolai 1985; Schumacher 

1995). Rather in agreement with the findings of the electromyographic study, root 

surface area increases from the first incisor to the first molar where it reaches a 

maximum and then drops off between the first and third molar (Spencer 1998). Since 

the pattern of muscle activity matches the distribution of tooth root surface area in 

the human dentition, it strongly emphasises the hypothesis that tooth root 

morphology has a strong influence in determining muscle activity. The reduction of 

attachment area and the presumably associated decrease in both the amount o f PDL 

fibres connecting the roots with the alveolar bone and the reduced number of 

periodontal mechanoreceptors along the molar row can be seen as evidence that 

muscle force is gradually reduced during biting on more distal molars, hence 

reducing the risk of loading the TMJ in tension as required by the constrained lever 

model. It must be stressed that whatever the “causal” relationship between one
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element or another in this biomechanical system, it is clear a high degree of fine- 

tuned co-variation exists between each of the functional components.

Although root volume is a measure of the amount of space occupied by a tooth in the 

jaws and perhaps not directly related to masticatory function, the distribution of root 

volume in modem human populations is in accordance with the data for root surface 

area (Müller 1963; Moss et al. 1967; Kovacs 1971). In the study by Moss and 

colleagues the largest tooth was found to be either the first molar (Europeans) or the 

second molar (African Americans). Common to all populations is a reduction of root 

volume posterior to the tooth with maximum root volume. This in turn corresponds 

with the root surface area pattern described above.

Apart from humans only a few studies have looked systematically at tooth root 

surface area in other primate or mammalian species (Kovacs 1971; Spencer 2003). In 

his study on tooth root form in New World monkeys Spencer (2003) has shown that 

in the four investigated species the distribution of root surface area followed a similar 

pattern as in humans. Both in Cebus apella, Cebus albifrons and Chiropotes satanas 

root surface area declined from M l to M3. The decrease of root surface area from 

M l to M3 gives good evidence that the muscle activity along the molar row in these 

species is reduced as well. It can thus be interpreted as an adaptation to prevent 

loading the TMJ in tension (Spencer 1998, 2003). Only in Pithecia pithecia were 

differences in molar root surface area less pronounced. This might be explained by 

the root number in Pithecia which is reported to possess only one-rooted teeth in 

mandibular and maxillary premolars and molars, with the exception of maxillary first 

molars which can carry up to two roots (Senyürek 1953; Remane 1960).

There is no reason why both the pattern of muscle activity and root surface area in 

humans should be unique. What is already indicated by the data on root morphology 

for some platyrrhine taxa, could be true for other primates and mammals as well. 

However, the difference in masticatory muscle activity between the domestic dog 

and the ferret as outlined above indicate that root morphology and in particular the 

pattern of root surface area in the dentition of carnivores may not be as consistent 

after all.
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1.8 Summary of hypotheses

1.8.1 Principal hypotheses

1) Differences in tooth use, occlusal loads and material properties o f food are 

likely to be reflected by root size (root length, bifurcation height, volume, 

surface area, root spread) and root number. In particular a tooth which is 

subjected to occlusal forces of a high magnitude and frequent loading is 

expected to have a large root area to resist these. Postcanine teeth which are 

subjected to horizontal shearing forces will exhibit a larger root spread 

(mesio-distal and bucco-lingual) than teeth which are loaded vertically.

2) Root surface area will increase with the number of roots. Moreover, an 

increase in root number will also be linked to an enlarged crown base area.

3) Root size will scale in a predictable way with crown size. It is predicted that 

root surface area will exceed crown surface area in all tooth classes. A high

crown is likely to be correlated with a long root as well as one with a large

surface area.

4) The distribution of root surface area along the tooth row will follow the

predictions of the standard class III lever model, i.e. root area is expected to

increase continuously from the incisors to the molars.

5) Mandibular root length will correlate with length of the mandible and face. 

However, the root length is likely to be independent o f mandibular corpus 

height.

1.8.2 Predictions about tooth root morphology in primates and carnivores

Deduced from Hypothesis 1) and based on the data on dietary adaptations more 

refined predictions can be formulated for root morphologies in cercopithecoid 

primates and carnivores.

1.8.2.1 Cercopithecoid primates

Since Pan, Pongo and Papio engage in extensive anterior tooth use during fruit 

preparation, relatively large roots in comparison to Gorilla are to be expected. Papio 

and Gorilla are more than likely to exhibit relatively large postcanine roots as an
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adaptation to hard, abrasive diets {Papio) and to folivory {Gorilla). The high occlusal 

forces exerted on the orang-utan molars during seed cracking should also be manifest 

in their root morphology. Given the less selective dietary characteristics o f Gorilla 

the difference between anterior and posterior teeth may not be as pronounced as in 

the chimpanzee. Moreover, owing to the large shearing momentum in Gorilla 

relatively wide spread maxillary molar roots are predicted.

1.8.2.2 Carnivores

The length of the mandible and thus the length o f the rostrum varies substantially in 

carnivores (Radinsky 1981a, b; Van Valkenburgh & Ruff 1987). More forceful biting 

with the anterior teeth is associated with short snouted carnivores such as the felids 

due to a shorter load moment arm and a relatively greater temporalis muscle mass 

compared to those of canids, hyaenids and ursids (Radinsky 1981a, b; Van 

Valkenburgh & Ruff 1987). It is therefore to be expected that the roots of the anterior 

teeth in felids will be larger compared to canids, hyaenids and ursids. Those species 

which include bones in their diet are expected to have relatively large camassial teeth 

and in the case of the spotted hyaena also enlarged precamassial premolars. The 

postcanine tooth roots of the panda are expected to be large in order to withstand the 

forces generated during the processing of bamboo. It is assumed that the relative 

postcanine root size of the American black bear with its more generalised diet will be 

smaller than in the hyaena and the panda. Compared to the hyaena and the dog the 

thylacine is expected to exhibit smaller roots. The postcanine root size o f the 

pinnipeds will be smaller than in the fissiped carnivores which actively use their 

postcanines and in particular the camassial teeth for food processing. It is predicted 

that canine roots will be largest in those species which heavily rely on their canines 

when making a kill and/or subsequent food processing, i.e. the canine roots of 

hyaenids and felids as well as of the thylacine would be expected to be relatively 

larger than canids. No prediction can be made for the canine root size of ursids.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

This study aims to explore the tooth root morphology of the permanent dentitions in 

four mammalian orders, namely Primates and Carnivora, Pinnipedia and 

Dasyuromorphia. The first three were selected as they show a wide range of different 

cranio-dental adaptations and feeding behaviours. In addition, as an example for 

convergence of dental morphology between phylogenetically distinct mammalian 

groups the Tasmanian wolf {Thylacinus cynocephalus, Dasyuromorphia) was chosen 

for comparison with the domestic dog. Rather than focussing on particular tooth 

groups only, all maxillary and mandibular tooth groups (incisors, canines, premolars, 

molars) were considered. Since the spatial resolution was one of the limitations of 

the method used (computed tomography; see section 2 .2 ) only representatives of 

these taxonomic groups with relatively large-sized skulls and dentitions were 

selected.

2.1.1 Primates

The primate sample exclusively comprises species o f the infraorder Catarrhini. The 

skulls and mandibles with full permanent dentitions o f Homo sapiens (two males), 

Papio anubis (one female, one male), Pongo pygmaeus (two males) and Gorilla 

gorilla (one female, one male) as well as of Pan troglodytes (two females, two 

males) were analysed (Table 2.1). The hemi-maxillae and hemi-mandibles of one of 

the male Pongo and one of the female Pan were obtained from the collections of the 

Department of Anatomy and Developmental Biology, University College London. 

Information on the sex and provenance of the non-human primates (museum 

specimens) was taken from the collection records. In the case o f the two human 

individuals no data were available. An analysis o f the two skulls conducted by the 

author revealed the male sex in both individuals based on the following 

morphological features: flaring gonion, marked external occipital protuberance, 

rounded supraorbital margin, large mastoid process, pronounced superciliary arches. 

All individuals are adults with fully erupted, permanent dentitions, with the
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exception of one subadult specimen of Pan troglodytes with third molars that are not 

fully erupted yet. A further selection criterion was that the dentitions had to be 

complete in at least one half of the mandibular and maxillary dentition. Only 

specimens were chosen with a moderate degree of coronal wear, caries decay and 

post-mortem damage. One of the male Pan skulls was a display specimen with the 

alveolar bone removed on one half of the maxilla and mandible to expose the tooth 

roots.

In order to assess the variability of tooth roots in humans a sample of individual teeth 

was compiled from a collection of extracted teeth housed at the Dental School, 

University o f Newcastle-upon-Tyne (courtesy o f Dr Don Reid). This sample of a 

total of 157 teeth included ten permanent teeth of each maxillary and mandibular 

tooth type (first and second incisor, canine, third and fourth premolar as well as first, 

second and third molar), with the exception of the lower first molar where the sample 

size was seven. Since the teeth were extracted as part of dental treatment only 

specimens were selected with the lowest possible degree o f abrasion, dental decay, 

caries and fillings.

2.1.2 Carnivora, Pinnipedia and Dasyuromorphia

All examined specimens belonging to the order Carnivora and Dasyuromorphia are 

housed at the Odontological Collection o f the Royal College of Surgeons of England. 

The carnivore sample comprised six species: the common seal as a member of the 

pinnipeds (also regarded taxonomically as a suborder of the Carnivora; cf. chapter 

1.2) as well as the domestic dog, the leopard, the spotted hyaena, the American black 

bear and the giant panda (Table 2.2), as representatives of the diverse types of 

cranio-dental adaptations and feeding behaviours within the order. The extinct 

Tasmanian wolf is a representative of the dasyuromorphs, which is commonly seen 

as showing convergence with Canis among the Carnivora. The latter genus is 

represented here by a greyhound to obtain optimum similarity in overall cranial 

build. The collection records indicated the sex for three of the seven skulls only. As 

for the primate sample the selection criteria were a full dentition in at least one half 

of the upper and lower tooth rows, low degree of tooth wear and tooth decay.
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Table 2.1 Analysed primate sample o f  specimens with full dentitions. Abbreviations: DADB = 
Department o f  Anatomy and Developmental Biology, University College London. RCS = 
Odontological Collection, Royal o f  College o f  Surgeons o f  England. GMZ = Grant Museum o f  
Zoology, University College London.

Species Sex Provenance Collection Catalogue
number

Homo sapiens male unknown DADB 0 4  14

Homo sapiens male unknown RCS PM3

Papio anubis female Tanzania RCS A 92.28

Papio anubis male Uganda RCS A 92.133

Pan troglodytes female unknown DADB N/A

Pan troglodytes female Cameroon RCS 0  67.21

Pan troglodytes male Cameroon RCS A 139.8

Pan troglodytes male unknown GMZ N/A

Pongo pygmaeus male unknown DADB N/A

Pongo pygmaeus male Borneo/London Zoo RCS A 65.31

Gorilla gorilla female Cameroon RCS A 64.31

Gorilla gorilla male Congo RCS A 64.43

Table 2.2 Analysed species o f  the orders Carnivora, Pinnipedia and Dasyuromorphia. All specimens 
are housed at the Odontological Collection, Royal College o f  Surgeons o f  England.

Species Sex Provenance Catalogue number

Phoca vitulina unknown unknown A 174.23

Canis familiaris unknown unknown A 141.53

Panthera pardus female Malawi A 116.152

Crocuta crocuta female Tanzania A 137.4

Ursus americanus unknown unknown A 171.34

Ailuropoda melanoleuca female London Zoo A 169.82

Thylacinus cyanocephalus unknown unknown A 368.3

The skulls of Canis, Panthera and Phoca were display specimens with the alveolar 

bone removed on one side of the maxilla and mandible to expose the roots. This 

facilitated the examination of the state and completeness of root formation.
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2.2 Computed tomography

2.2.1 Principles of computed tomography

Since tooth roots are embedded in alveolar bone previous morphometric analyses 

have been limited to exposed and extracted teeth, or radiographs (Bennejeant 1936; 

Senyürek 1953; Remane 1960; Jepsen 1963; Kovacs 1971, 1979; Anderson et al. 

1983; Abbott 1984; Wood et al. 1988; Hujoel 1994; Loh 1998). However, recent 

developments in medical imaging techniques have allowed the non-invasive access 

to internal structures and their subsequent visualisation. In particular, computed 

tomography (CT) has proven a useful imaging tool of mineralised hard tissues such 

as enamel and cortical bone in both extant and fossil primate species (Ruff & Leo 

1986; Daegling 1989; Spoor et al. 1993; Schwartz et al. 1998; Prevrahl et al. 1999). 

This is the technique employed in this study.

Computed tomography scanning is used to obtain cross-sectional images of an object 

by means of X-rays (Hounsfleld 1973; Momeburg 1995; Handels 2000; Fig. 2.1). In 

doing so, a fan beam of X-rays tangentially scans a slice of an object such as tooth. 

As x-rays pass through this body their absorption and scatter (attenuation) depending 

on the density properties of the object will be detected and converted into an 

electronic signal. If this is repeatedly done from many different angles the spatial 

distribution o f the attenuation values in the slice can be computed and reconstructed 

as a two-dimensional grey-scale image (e.g. Lange et al. 1988; Wegener 1992; 

Momeburg 1995; Spoor et al. 2000). In contrast to a conventional radiograph, the 

stmctures in a CT image are not superimposed and a higher contrast resolution is an 

advantage. A disadvantage with medical CT, though, is the lower spatial resolution 

compared to plain film radiography.

The CT image consists of an array of picture elements or pixels (Fig. 2.2). A standard 

image matrix produced by medical CT scanners is composed of 512 x 512 pixels. 

Each pixel is assigned a CT number proportional to the degree that the X-ray beam is 

attenuated by the object (attenuation coefficient). The pixel size depends on the area 

to be scanned per axial section, also known as the fie ld  o f  view (FOV). It is 

calculated by the quotient FOV/matrix size.
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Figure 2.1 CT scanner with stationary detectors (after Lichtenbeit et al. 1998)
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Figure 2.2 Pixels versus voxels
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Since each slice has a certain finite thickness which is determined by the imaging 

conditions, each pixel corresponds to a small cube which is known as a volume 

element or voxel (Fig.2.2). The minimum slice thickness of a CT scan usually 

amounts to 1.0 mm. By stacking up a series of contiguous equidistant slices, a 

continuous three-dimensional map of the density variations in the object can be 

constructed. A slice increment that is less than the slice thickness results in 

overlapping scans. This is advantageous when visualising detailed morphology and 

for 3D reconstructions. As has been already mentioned, compared to plain 

radiography the spatial resolution in CT scanning, i.e. the ability o f the CT system to 

transfer spatial information in an object to an image, is lower and is related to the 

geometry of the data collecting system. For modem medical CT scanners this 

resolution is about 0.3 to 0.5 mm in the plane of the image (Spoor et a l  2000). It can 

only be achieved when the pixel size is half o f the spatial resolution or smaller 

(Blumenfeld & Glover 1981, cited in Spoor et al. 2000). Perpendicular to the image 

(i.e. between images in a 3D stack), the resolution is determined by the slice 

thickness and slice increment.

For a standardised comparison of different CT images the so-called Hounsfleld scale 

was introduced which comprises 2 ^  = 4096 discrete Hounsfleld units (HU) but 

which in principle has no upper limit. This scale is calibrated upon the attenuation 

coefficient for water and air, with water reading 0 HU, air -1000 HU and compact 

bone +1000. Very dense tissue such as tooth enamel can reach the maximum value of 

3095 HU. However, since the human eye is not capable of distinguishing the full 

4096 (12 bit) different grey scales on a computer monitor the scale is therefore 

converted into an 8  bit mode with maximal 256 grey levels. This is known as the 

window technique. For tissues with a wide range of densities like bones and teeth a 

large window width is chosen in order to display the object in many shades of grey. 

The window level or centre on the density scale determines which density value, and 

hence which tissue structure, is depicted in a mean grey scale. For tissues with low 

density differences such as muscles but also fossilised bone and sediment matrix, a 

small window width is appropriate for a high-contrast image. Pixels above 

Centre+Width/2 will be displayed as white, pixels below Centre -  Width/2 as black 

(Wegener 1992; Momeburg 1995; Spoor efaT 2000).
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2.2.2 Data acquisition and imaging protocol

A Siemens Somatom Plus 4 CT scanner was used throughout the study. Apart from 

two specimens which were scanned on a scanner at London Bridge Hospital, 

London, the bulk of the sample was scanned at Hammersmith Hospital, London.

2.2.2.1 Scanning o f  the Newcastle human tooth sample

The 156 individual human teeth were mounted onto two 10 x 10 cm large layers of 

radio-translucent foam which were placed vertically in a Perspex box. This way it 

was possible to scan the whole tooth sample at once. The teeth were positioned in the 

centre o f the scanner unit with the long axis of each tooth parallel to the direction of 

the movement of the table and perpendicular to the X-ray beam. This allowed the 

scanning in transverse direction to get the highest possible number of slices of the 

teeth. The following parameters were used for sequential scans: a tube voltage of 140 

kV and a current of 94 mA for 2.0 seconds (188 mAs). The thinnest possible slice 

thickness was 1.0 mm with a 0.5 mm slice increment (i.e. after each CT slice, the 

table was moved forward 0.5 mm) resulting in 0.5 mm overlapping scans. For this 

scan and throughout the entire study the neutral convolution filter (kernel) SP90 was 

selected to reconstruct the images as it results in the most accurate representations of 

the density profile of the scanned object (Spoor et al. 1993). A field of view of 105 

mm was used with a image matrix of 512 x 512 yielding a pixel size of 0.2051 mm in 

the imaging plane. A total of 194 images were needed to cover the complete sample.

2.2.2.2 Scanning o f  the complete dentitions

The skulls with the articulated mandibles with the complete dentitions of the primate 

and camivore/pinniped-dasyuromorph sample were placed on the scanner table in an 

upright position with the rostrum facing upwards. Thus, the teeth were perpendicular 

to the X-ray beam and could be scanned in transverse direction. In order to assure 

that lower and upper antagonists did not touch each other foam was placed between 

the teeth.

The following parameters were kept constant throughout: 2 s scan time per slice and 

a neutral convolution filter as well as the image matrix o f 512 x 512 pixels.
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Table 2.3 Scanning parameters for the individuals with full dentitions. The scan time for all 
specimens was 2 s. Scans are overlapping for the primate sample whilst they were contiguous for the 
remainder o f  the sample. FOV = Field o f  view.

Specimen Tube voltage 

[kV]

Exposure

[mAs]

FOV

[mm]

Pixel size 

[mm]

Num ber o f slices

Homo, male 1 140 188 80 0.1563 123

Homo, male 2 120 180 150 0.1465 132

Pan, male 1 140 188 95 0.1856 154

Pan, male 2 120 180 93 0.1816 158

Pan, female 1 120 180 76 0.1484 125

Pan, female 2 120 180 135 0.2637 218

Gorilla, male 120 180 134 0.2617 212

Gorilla, female 120 180 108 0.2109 184

Pongo, male 1 120 180 119 0.2324 224

Pongo, male 2 120 180 135 0.2637 218

Papio, male 120 140 110 0.2148 190

Papio, female 120 180 79 0.1543 107

Canis 120 180 125 0.2441 65

Panthera 120 180 87 0.1699 67

Crocuta 120 180 118 0.2305 94

Ursus 120 180 114 0.2227 77

Ailuropoda 120 180 172 0.3359 111

Phoca 120 140 95 0.1855 98

Thylacinus 120 180 130 0.2539 66

While for the entire primate sample the slice interval is 0.5 mm (i.e. a 1.0 mm slice 

thickness was chosen with a table feed of 0.5 mm which results in overlapping 

scans), for the remainder of the sample contiguous scans were obtained ( 1 . 0  mm slice 

thickness in conjunction with a 1.0 mm increment). Depending on the size of the 

specimen the smallest possible field of view was taken to get the best spatial 

resolution.

The tube voltage, exposure, field of view, the pixel size as well as number of slices 

are listed in Table 2.3. A tube voltage of 120 and 140 kV, respectively, which is also 

common in clinical use, were selected. The magnitude of the current depends on the
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scan time (2 sec). Because the scanning did not involve any live individuals a 

relatively long exposure time could be used.

2.2.3 Image archiving

Every scan was sequentially saved as a digital image in 16 bit with each pixel 

representing one CT number in form of a binary value. Since the format is brand 

dependant and not universally readable the images were converted into a standard 

medical imaging format, called DICOM (Digital /maging and Communications in 

Medicine).

2.2.4 Post-acquisition data processing

Further analysis of the acquired data and the subsequent three-dimensional rendering 

of the teeth required several intermediate image processing steps which were 

performed on a Linux PC. In the first instance, the data in the DICOM format was 

converted in a raw 16 bit format using the software /w ogeJ (Rasband, W.S. [1997- 

2003], National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/). Subsequently, the pixel depth was reduced from 16 

(65536 CT scale levels) to 8  bits (256 CT scale levels). Even though this corresponds 

with a loss of some of the quantitative information, this operation was required for 

the calculation o f surface area of the 3D-rendered teeth which will be explained 

below. Since every voxel represents a cube with unequal edge lengths (anisotropy) 

which is defined by the length and width o f the pixel (x and y) and the slice thickness 

(z), a 3D-reconstruction would be distorted. Thus, it was required to work with 

isotropic voxels, i.e. cubes with equal x, y, z-dimensions. In this study the slice 

thickness (e.g. 0.5 mm for the primate sample) of all datasets exceeded the pixel size 

(e.g. 0.2 X 0.2 mm). Hence, additional values had to be computed in order to produce 

an isotropic dataset. This was done by a bicubic interpolation of the dataset using the 

software 3D F/DIf7VZT Version 1.3 (Medical Image Processing Group, Department of 

Radiology, University of Pennsylvania Health System). With this algorithm the 

missing CT numbers between two original slices were computed and integrated in 

the dataset. As a result, the number of slices in each dataset was multiplied.
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2.3 Three-dimensional image processing

Following the data acquisition and the subsequent data processing of the CT datasets, 

the 3D-visualisation and metric analyses of the dental roots was carried out with 

VOXEL-MAN, a high-resolution volume visualisation system originally developed 

for medical applications (Hohne et al. 1995; Tiede et al. 1998; Pommert et al. 2001). 

An advantage of VOXEL-MAN is that the CT volume is displayed simultaneously 

in three orthogonal transverse views, i.e. in the original transverse plane as well as 

the coronal and sagittal planes (Fig. 2.3). Although an identification of anatomical 

structures is already possible on these 2D-CT slices it is of advantage if these slice 

scan be assembled to form a 3D-image. In contrast to a surface-based rendering in 

which only surfaces of a structure o f interest can be extracted from the data volume, 

VOXEL-MAN offers a direct 3D volume visualisation, i.e. each voxel contributes to 

the 3D-image. This makes it possible to render 3D views directly from the 

segmented volume data. The major advantage of this system is that all image 

information which was originally acquired is kept during the rendering process. 

Hence it allows the interactive data exploration and manipulation by e.g. placing 

arbitrarily cuts through the object or remove parts of it (Pommert et al. 2002a). The 

operations involved in extracting the dentition and their respective tooth roots from 

the CT dataset were two-tiered: 1) Image segmentation and 2) Data exploration.

2.3.1 Image segmentation

A grey-scale dataset can be envisaged as a cube which is composed of individual 

sub-cubes or voxels (cf. Fig. 2.2). Each of them contains the information on the 

attenuated X-ray beam. If the present CT volumes are considered, three major 

structures can be identified: the teeth, the alveolar bone which are both represented 

by various grey-scale voxels and the air which appears as black voxels. It is now 

necessary to summarise all those voxels as one object which form an anatomical or 

functional entity, e.g. a tooth or the alveolar bone of the mandible. Apart from the 

characteristic attenuation values, further attributes such as a colour and a name will 

be assigned to the objects of interest. This operation is known as image segmentation 

(Schiemann et al. 1992). IN VOXEL-MAN, each segmented object will be saved as 

a so called attribute volume which is independent of the original CT dataset.
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I
F ig u re  2 .3  Stack o f  CT im ages o f  the dentition o f  a fem ale  gorilla  sh ow in g  the three orthogonal 
planes. T =transverse (original scan plane), C =coronal, S=Sagittal

The segmentation in VOXEL-MAN takes place in three steps. In the first step, a 

single interval of CT numbers, called threshold range, is selected which characterises 

the object o f interest (e.g. a tooth). The thresholding can be done either by using a 

histogram which displays the frequency o f all represented CT numbers in the dataset 

or by highlighting the region of interest on the orthogonal CT scans (transverse, 

sagittal and coronal) (Fig. 2.4 A). In a subsequent step, the spatially connected 

components which share the same intensity range are computed and labelled (Fig.

2.4 B). Since different structures are often linked by voxel bridges one or multiple 

layers o f voxels around the object can be removed by a mathematical-morphological 

operation known as erosion. This is followed by a component analysis which 

identifies and labels separated objects. Following selection o f the desired component, 

the operation dilation has then to be applied for an inversion of the erosion. In a final 

step, all voxels in the volume are collected by the program and shown as a painted 

three-dimensional mask. Based on this mask a 3D image o f the object can be 

rendered (Fig. 2.4 C and D). This chain o f operations is generally only applicable 

when sufficient contrast between object and background exists such as between 

alveolar bone and air.
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Figure 2.4 O perational chain o f  im age segm en tation  w ith V O X E L -M A N . A s an exam ple  the 
segm en tation  o f  a low er gorilla  canine is presented. A . T hreshold ing for dentine b y  m eans o f  an 
intensity histogram  (bottom  left). T hresholded v o x e ls  are h igh lighted  on all three orthogonal s lice s  
(green). B . R esu lts o f  a com ponent analysis sh ow n on transverse s lice . C. B ased  on  the prev iou s step  
the low er left canine has been  isolated  (pink) and appears as a mask on the orthogonal slices . T his  
level enab les m anual ed iting o f  the segm en ted  object. D . T he segm en ted  canine can n ow  be v isu a lised  
in 3D  and m anipulated (e .g . rotation o f  object and cutting the object in h a lf  by  p lacin g  an arbitrary 
plane [dashed line]).
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However, if the object of interest and the adjacent regions exhibit similar density 

properties and fall into the same threshold range, the semi-automatic segmentation is 

accompanied by manual editing of the mask in order to separate the two objects.

2.3.1.1 Protocol fo r  the segmentation o f tooth roots

Each o f the raw CT datasets was processed individually. As an example, the 

visualisation of the lower canine of the female Gorilla skull will be described (cf. 

Fig. 2.4). All other datasets were processed following the same protocol. Only one 

half of the lower and upper dentition on the same side was chosen for segmentation. 

Even though the density ranges of enamel and dentine were similar across the 

dentition, each of the 16 teeth was segmented individually. The crucial step o f the 

segmentation process was the identification of those Hounsfleld values that 

represented both enamel and dentine in order to distinguish them from air and 

alveolar bone, respectively. This is important because the accuracy of the final 3D 

reconstruction of the tooth depended on the correct choice of the lower and upper 

margin of the threshold range. Due to the limited spatial resolution of CT, the 

interface between two tissues was not clearly defined by an abrupt but rather by a 

gradual change of Hounsfleld numbers (Fig. 2.5). In particular, the interfaces 

between the enamel cap and air as well as between dentine and an alveolar bone/air 

complex were affected. As a result, the voxels in this borderline region represent a 

mean value of the CT numbers o f the two contrasting materials (Spoor et al. 2000). 

This artefact is called partial volume averaging. It was therefore required to calculate 

an average value, known as the half maximum height or HMH (Spoor et al. 1993). 

This is done by calculating the mean of the two CT number levels on either side of 

the interface (e.g. the lowest CT number for air and the highest value for dentine; cf. 

Fig. 2.5). So far, this technique has been reliably used in 2D studies on the 

dimensions o f the primate bony labyrinth as well as the cortical bone and enamel 

thickness in extant and fossil primates (Spoor 1993; Spoor et al. 1993; Spoor & 

Zonneveld 1995; Schwartz et al. 1998). Accuracy studies have demonstrated that 

measurements of distances between interfaces larger than 1.0 mm have an acceptable 

error range of ± 0.1 mm, whilst measurements for objects smaller than 1.0 mm are 

overestimated (Spoor 1993; Spoor et al. 1993).
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F ig u re  2 .5  A bove: Transverse CT scan (in 8 bit) o f  a low er canine o f  a fem ale  gorilla  at m id-root 
level. T he line A B  corresponds to the x -ax is o f  the intensity histogram  (b e lo w ) o f  an 8 bit im age (2 5 6  
grey leve ls). T he tw o intensity m axim a represent dentine; the three intensity m inim a correspond to the 
air-filled  space betw een  root and alveolar bone and the lum en o f  the pulp cavity.

T a b le  2 .4  D eterm ination o f  the threshold range for the segm entation  o f  a low er canine o f  a fem ale  
gorilla. First, the threshold ranges and m ean intensity value for each o f  the four m aterials are 
determ ined. In the second step, m ean threshold values for the interfaces enam el-air and dentine- 
alveolar bone/air m ean value are calculated . B ased on these tw o interm ediate m ean values an overall 
m ean threshold value is ascertained. T his value represents the low er m argin o f  the threshold range 
w h ich  is 130-255  in the case o f  the canine.

E n am el A ir D en tin e A lv e o la r  b o n e /a ir

T hreshold range 2 2 5 -2 5 5 0-6 168-180 6 7 -1 3 7

M ean threshold 233 2 174 111

M ean o f  pairs 118 141

O verall m ean threshold 130
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F ig u re  2 .6  D eterm ination o f  threshold ranges (pink) for enam el (A  -  C), air (D  -  F), dentine (G  -  H) 
and alveolar bone/periodontal space (J -  L) on the orthogonal C T scans o f  a low er canine o f  a fem ale  
gorilla. B ased  on these ranges, a m ean value w as calcu lated  for each tissue type. A n  overall m ean  o f  
these values d efines the low er m argin o f  the threshold range used  for the segm entation  (in  this case, 
130-255  units on  an 8 bit sca le. F igs. M  -  O). Left colum n =  transverse scan, m iddle co lu m n =  coronal 
scan, right colum n =  sagittal scan.
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Since this technique has so far been applied to determine the precise position of 

tissue interfaces for measuring linear distances on a single CT scan only, a routine 

had to be developed for resolving the tissue interfaces of a 3D object in a stack o f CT 

slices. For the purpose of establishing the correct threshold ranges of the teeth the 

mean intensity values of enamel, dentine, alveolar bone and air were determined by 

using an intensity histogram (cf. Fig. 2.4A). Figure 2.6 shows the determination of 

the threshold range for each of the structures involved for the segmentation o f the 

lower canine in the female gorilla. The values are given in Table 2.4. Subsequently, 

for each of the three tissues and air an individual mean intensity value was 

statistically ascertained.

This way, a three-dimensional HMH was calculated for the interface between enamel 

and air (mean of 118) as well as between dentine and alveolar bone/air (mean = 141). 

A then calculated overall mean of 130 for the two obtained mean threshold values 

was taken as the lower margin of the threshold range. The highest Hounsfleld 

number, which was usually found in the enamel cap, represented the upper margin of 

the range. Thus, the threshold range for the lower canine was 130 to 255 (Fig. 2.6 M 

-  O). Following the determination of the threshold range, a component analysis was 

run to identify unconnected objects. Since alveolar bone and dentine often fell within 

the same intensity range, discrimination between root and bone was not always 

possible by the thresholding process (cf. Fig. 2.6 O). As a consequence, pixel erosion 

was applied on the connected in order to isolate them. This was accompanied by 

manual editing of the mask on the orthogonal CT scans. Owing to its relatively small 

lumen the pulp cavity and the root canals were not segmented separately but included 

as part of the object tooth.

Once the segmentation of the tooth was accomplished it was 3D rendered in a 

camera window. By using a virtual cutting tool the tooth was then separated in crown 

and root. A cutting plane was defined by placing two points at the cervix of the 

rendered tooth at the level of the cemento-enamel junction (cf. Fig. 2.4 D). In a final 

step, both the crown and root(s) were saved individually as concomitant 3D attribute 

volumes apart from the original CT dataset. A corresponding name (e.g. lower canine 

crown or upper first molar root) was assigned to each of the segmented crowns and
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roots. Moreover, for distinction purposes the colour white was assigned to the 

crowns and beige to the roots. The segmented teeth were then visualised and used for 

the subsequent metric analysis.

2.3.2 Interactive 3D exploration

In addition to the segmentation of 3D datasets, VOXEL-MAN offers the possibility 

to display and manipulate the segmented objects. Interactively, the 3D rendered teeth 

can be arbitrarily rotated and shifted as well as magnified in order to fully explore 

their morphology. Moreover, objects can be removed from the scene or rendered 

transparent. The 3D depiction of a segmented object in VOXEL-MAN is based on 

the ray-casting algorithm (e.g. Lichtenbeit et al. 1998; Handels 2000). For each pixel 

in the image plane an imaginary viewing ray is computed which originates in the eye 

o f the observer and passes through the image plane. If the ray intersects the surface 

o f a segmented object the colour and the brightness of the pixel will be computed 

based on the information on position, surface orientation and other parameters. If the 

ray passes through the volume without hitting an object the pixel will displayed with 

the colour of the background. The brightness of the pixel, which is dependant on the 

position and intensity of some virtual light sources, is based on the Phong shading 

model (Phong 1975). This illumination method enables the appearance of shadows 

and reflexions on the object surface and thus produces the effect of spatial depth 

(Lichtenbeit et a l  1998; Handels 2000).

2.3.2.1 Tools fo r  metric analysis

VOXEL-MAN provides a suite o f tools for measurements of distances, angles and 

volumes. Distances are measured between two points marked on a visible surface on 

either the 3D reconstruction or the orthogonal slices or a combination of the two. 

Angles, such as between the roots, are determined by placing two planes on the 

segmented object or on the orthogonal slices. Volumes are measured by counting the 

voxels belonging to a segmented object. In addition, the subsequent rendering of a 

surface model, which is based on a triangulation of the segmented object, allows the 

calculation of the surface areas.
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The generation of such a polygon surface model is based on the marching cubes 

algorithm (Lorensen & Cline 1987). Since this algorithm works with 8 bit data only, 

the CT data sets were converted from 16 to 8 bit in the post-acquisition stage as has 

been described above. For each segmented object the already ascertained threshold 

range is selected and a binary mask generated. Subsequently, a triangulation of the 

mask containing the object is performed. The number of triangles generated by the 

last operation is determined using a custom written software. This value is multiplied 

by the pixel size yielding a value for the surface area in mm^.

Owing to the fact that the triangulation covers the whole object, i.e. in the case of the 

roots and crowns also the cutting plane is included in the result, the following steps 

had to be conducted in order to obtain the surface area. In a first step, the surface area 

of the whole tooth (without the cutting plane) was determined. In the second step, the 

surface areas for both root and crown including the cutting plane were ascertained. 

The following step involved the subtraction of the cumulative crown and root area 

from the area o f the whole tooth. The remaining value, which represented the area of 

the two cutting planes, was divided by 2. The final results for both crown and root 

area were obtained by subtracting the plane area from the whole root and crown area.

2.4 Morphometry

Both the CT-slices and the three-dimensional reconstructions were used to illustrate 

gross root morphology. These observations of root form and number were followed 

by a metric analysis. A combination of two- and three-dimensional measurements 

was used to describe the morphology of tooth roots and their relationship with the 

crowns in the CT scanned specimens. Moreover, for scaling purposes linear 

measurements of the skulls o f the various species analysed were taken.

2.4.1 Root number and gross morphology

The segmented roots and crowns were visualised in three dimensions in VOXEL- 

MAN and oriented in various positions in order to assess root number and form. The 

visualisations were captured and saved as digital image in the tagged image file
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format (tiff). In addition, the analysis was carried out on the orthogonal slices. Given 

that the complete upper and lower tooth rows o f one half o f the dentition could be 

displayed without the alveolar bone around it, the size and orientation o f each tooth 

in relation to the rest of the dentition were assessed. According to the literature, root 

number in primates varies substantially in the premolars (Abbott 1984; Wood et al. 

1988). Observations on root number and form were scored following Abbott's 

categories for hominoids (Abbott 1984). Contrary to Tobias (1995), root number was 

not determined by the number of root canals but by external morphological traits. 

Although the categories below were established to define mandibular premolar root 

morphology in great apes and fossil hominins they were also used to categorise 

maxillary premolars:

1) Single root. Teeth have a single, tapering root. Observation of the CT slices 

can reveal a single or multiple root canals. Usually, the cross-sectional form 

is circular. A single root can also be characterised by a groove on one 

(resulting in a C-shaped cross-section) or two sides o f the root, and thus 

gaining a figure of eight form in cross-section. This morphology is known as 

Tomes’ root.

2) Two roots -  Tomes ’ roots. The grooving of a root can lead to the bifurcation 

o f a single root in bucco-lingual direction with two identifiable root canals. 

The height of bifurcation can vary, ranging from a bifid root with a low 

bifurcational level to two clearly separated roots.

3) Two roots -  Mesial and distal. Roots are clearly separated into one mesial 

and one distal root with one root canal each. The level of bifurcation is 

relatively high. The individual roots are blade-like in cross-section with their 

largest extension in the bucco-lingual direction.

4) Two roots -  Mesio-buccal and distal. In cross-section the root trunk at the 

cervix appears triangular in form. The roots are split into a blade-like distal 

part and a circular mesio-buccal root portion.

No morphological categories for molar roots have been established in the literature 

neither for the primates nor other mammal groups. Since the variation in molar root 

number in cercopithecoids is usually restricted to two roots in the mandibular molars
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and three roots in their maxillary counter-parts the emphasis was put on the 

description of the cross-sectional form of each o f the root portions. Cross-sectional 

root form was divided into circular or oval and blade-like, i.e. the bucco-lingual 

diameter exceeds the mesio-lingual one. The latter one can also be characterised by 

grooving of the root on one or both sides of the root. In addition, the number o f root 

canals was reported.

Observation on root number and form in the non-primate comparative sample 

(carnivores, pinniped and dasyuromorph) were made on the 3D-rendered dentitions 

in conjunction with the orthogonal CT slices.

2.4.2 Linear measurements of the roots

The linear measurements o f the root and crown are summarised in Figure 2.7. All 

measurements were taken in millimetres [mm].

2.4.2.1 Root length

In all tooth types root length was measured as the distance between the centre of the 

plane at the cemento-enamel junction (in the following called “CEJ plane”) and the 

root tip. The cervical plane corresponded with the cutting plane between root and 

crown. Both the 3D reconstruction and the orthogonal planes were used. Curved 

roots were divided into several distances and then summed up. In the case o f multi

rooted teeth, each individual root was measured. For comparison of the length of 

different tooth types a mean for all roots was computed.

2.4.2.2 Bifurcation height

The bifurcation height reflects the size o f the trunk of a multi-rooted tooth (Kovacs 

1971). This variable was measured by placing one point in the centre of the 

bifurcational zone. The second measurement point was put at the centre of the 

cervical plane at the CEJ. For comparative purposes, a bifurcation height index and a 

trifurcation index, respectively, were calculated as follows:

Index -  height y. 100
Root length
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F ig u re  2 .7  Diagram  o f  the low er dentition and the m axillary m olars o f  a great ape sh ow ing  the linear 
and angular m easurem ents taken on the roots and crow ns. M easurem ents: I . R oot length, 2. H eight o f  
bifurcation o f  a m ulti-rooted tooth, 3. M esio-d ista l root spread in m andibular molar. 4. B u cco-lingu al 
root angulation o f  m axillary m olar, 5. Crow n height in m andibular third prem olar, 6. Crown height in 
m andibular fourth prem olar, 7. Crown height in m axillary m olar. 8. B ucco-lingu al crow n diam eter, 9. 
M esio-d ista l crow n diam eter.
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2.4.3 Angular root measurements

The spread of the roots of postcanine teeth was ascertained. For mandibular molars, a 

mesio-distal root angle was determined. For maxillary molars, the spread between 

the lingual and buccal roots was measured. In the primate sample, this angle 

represented the spread between the lingual root and the mesial and distal roots on the 

buccal side. The angles were measured both on the orthogonal slices and the 3D 

reconstructions. In VOXEL-MAN, angles are measured between two planes placed 

by the user. The definition of the planes on each o f the roots was done by placing one 

point on the root tip and the other on the midpoint of the root on the cervical plane. 

In curved roots the angles were measured in the cervical two thirds of the root. Thus, 

the first point was placed in the centre of the root at about two-thirds below the CEJ.

For the measurement of the mesio-distal angle the teeth were brought into a lateral 

position. Then the two planes were rotated to be parallel in the z-axis. Results for the 

angles were determined in degrees by the program. The bucco-lingual root angle of 

the upper molars was taken by orienting the teeth in frontal view. This was followed 

by placing the two planes to measure the angle.

2.4.4 Three-dimensional root measurements

2.4.4.1 Root surface area

The root surface area was measured in square millimetres [mm^]. As outlined in 

section 2.3.2.1, the surface area of the whole segmented root was determined first. In 

the second step the cutting plane between crown and root was subtracted from the 

first obtained value.

2.4.4.2 Root volume

The volume of the root including the pulp cavity and root canals was calculated by 

counting all voxels belonging to the segmented object. Measurements were taken in 

cubic millimetres [mm^].
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2.4.5 Linear measurements of the crown

2.4.5.1 Crown height

Throughout all crown height measurements the buccal side of the teeth was 

measured. The measurements were taken with the VOXEL-MAN distance tool. In 

incisors, the distance between incisal edge and the cutting plane at the CEJ was 

measured. Canine crown height was measured between the tip of the crown and the 

CEJ plane. The premolar crown height in primates was measured between paraconid 

(mandibular) and paracone (maxillary) and CEJ plane. Owing to different degrees of 

crown abrasion in the primate sample, molar crowns were not measured between the 

cusps and the CEJ plane but were measured as a distance between the groove formed 

by the protoconid and hypoconid and the CEJ plane of lower molars and between the 

paracone and metacone and the CEJ plane o f upper molars. Crown height of the 

premolars and molars of the non-human sample were measured between the highest 

cusp and the CEJ plane.

2.4.5.2 Crown diameter

Both the mesio-distal and bucco-lingual diameter of the crowns was measured. The 

distances were measured on the most extreme crown points of both premolars and 

molars. The incisal edge of incisors was measured as the mesio-distal crown 

diameter. The bucco-lingual diameter of the incisors was measured at the lower part 

of the crown were the width was largest. Canine mesio-distal and bucco-lingual 

diameters were taken at the base of the crown.

2.4.6 Three-dimensional measurements of the crown

2.4.6.1 Crown surface area and occlusal area

The surface area of the whole crown excluding the cutting plane was determined the 

same way as the root surface area (see above). In addition, the occlusal area was 

calculated by multiplying the mesio-distal diameter with the bucco-lingual diameter. 

The occlusal area was used as a measure to define the base of the roots. Although it 

represents an approximation, it is larger than the area measured at the root cervix 

because it takes into account the bulging of the crown. The whole surface area rather

121



than the occlusal surface area was considered as functionally more meaningful. 

Functional crown area in the postcanines relates to the contact areas in maximal 

intercuspation, the contacts established during mandibular movements and those 

contacts made indirectly through bolus interposition (Bourdiol & Mioche 2000). 

Whilst the occlusal area in the postcanines can be defined rather easily, its 

quantification is less evident in incisors and canines. Depending on the food’s 

elasticity, it can be spread over the whole crown or only over a small area.

2.4.6.2 Crown volume

As with the root volume crown volume is measured by counting all voxels in the 

segmented object including the pulp cavity.

2.4.7 Cranio-mandibular measurements

2.4.7.1 Data collection

Measurements of the face and the mandibles were taken from the above sample 

except for the female Pan and the male Pongo o f which only the mandible and the 

maxilla together with the teeth were present. Moreover, no cranio-facial size data 

were available on the extracted human teeth from the Newcastle Dental School. 

Three-dimensional landmarks were collected by using a Microscribe 3DX digitiser 

(Immersion Corporation, California, USA). The Microscribe is a digitising arm with 

five, separate rotating joints. Each joint contains a digital optical sensor which 

registers the position of the arm in space.

Each skull was placed upside down in a secure device that was attached to a table. 

The skulls were oriented in basal view so that landmarks could be taken on the teeth 

as well as on the face. Likewise, data were collected from the mandibles which were 

positioned in an occlusal view. The x, y, z coordinates of each landmark were 

captured and subsequently saved in an Excel spreadsheet (Microsoft Corporation). 

The acquired coordinates were then quantified using the software MacMorph 

(Spencer & Spencer 1993). With this software inter-landmark distances were 

calculated. Absolute linear distances were measured by selecting a combination of 

landmarks. Furthermore, a single point or a line can be projected onto a line or a 

plane in order to measure relative distances.
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2.4.7.2 Landmarks

Landmarks were chosen to reflect the size (height, length, breadth) of the masticatory 

apparatus in order to compare different sized species. In addition, the position and 

size of the maxillary and mandibular dentition in relation to the temporo-mandibular 

joint could be assessed. The majority of the landmarks, summarised in Table 2.5 and 

shown in Figures 2.8 and 2.9, were taken according to Spencer (1995; 1998). A 

problem arises with the choice o f landmarks because they are not necessarily 

homologous in the two main groups (primates and the comparative carnivorous 

sample). The landmark frontomalare temporale is easily identifiable in the primates. 

However, owing to the fact that the orbit is not closed in the species o f the other 

orders and thus this landmark as such is not present there, a landmark had to be 

defined which is geometrically and functionally similar to frontomalare temporale. 

Equally, landmarks 6 and 14 differ in the primates and carnivores.

2.4.7.3 Measurements derived from  landmarks

The height of the mandibular corpus was measured as the perpendicular distance 

between a line connecting landmarks 7 and 13 and landmark 8. A geometric mean of 

several variables was used as a surrogate for overall facial size: biarticular breadth, 

palate breadth, temporal foramen length, infratemporal height, projected facial 

length, tooth row length and mandibular corpus height. The geometric mean is 

defined as

X g =  ^ ( D i  * Z)2 * . . .  * D n)

where D  is the measurement value and N  the number o f distance values included in 

the summary o f size (Darroch & Mosiman 1985; Spencer 1995; Zar 1999).
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Table 2.5 Landmarks taken on the cranium and mandible

Number Description

1,15 Left and right glenoid fossa

2,14 In the primates: Frontomalare temporale (Brauer 1988). Most lateral 

point of the fronto-zygomatic suture. In the carnivores: Tip of the 

zygomatic process

3,17 Most anterior point of the temporal foramen

4, 16 The point at the intersection between medial and lateral pterygoid plates

5, 15 Centre of the most distal molar

6, 14 Centre of left maxillary MI in primates and centre o f left maxillary P4 in 

carnivores

7,13 Alveolar crest at lower M l

8, 12 Lower margin of mandibular corpus, perpendicular to landmarks #7/13

9,11 Most mesial positioned maxillary postcanine

10 Prosthion (Brauer 1988). Landmark at the alveolar crest between the two 

maxillary first incisors

For comparison of the root and crown dimensions with overall facial size on a 

species level, the variables used in this study were divided by the geometric mean. 

The variables used for the calculation of the geometric mean are shown in Table 2.6.

In addition to the geometric mean the relative length o f the maxillary tooth row, i.e. 

the length of the tooth row divided by the length of the rostrum, was calculated. The 

tooth row length is defined as the difference between the rostrum length (distance 

between Prosthion (landmark 10) and the line defining the biarticular breadth) and 

the distance between the most distal tooth and the biarticular breadth line. This tooth 

row length was then divided by the length of the rostrum and multiplied by 100. The 

results are expressed in %.
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Table 2.6 Variables used to calculate the geometric mean

Landmarks Measurements

1 and 19 Biarticular breadth

6 and 14 Palate breadth

1 and 3 Length of temporal foramen

2, 18 and 4 Infratemporal height. Perpendicular distance between a line 

connecting the left and right frontomalare temporale landmark and 

landmark number 4

10 and 1, 19 Projected facial length. Distance between Prosthion and a line

and 5 ,9 , 15 connecting the left and right glenoid fossae which is projected onto 

the occlusal plane. This measurement is equivalent to the projected 

mandibular length.

5 and 9 Postcanine tooth row length

7, 13 and 8 Mandibular corpus height
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8

10

Figure 2.8 Lateral and basal v iew  o f  chim panzee cranium  and m andible (lateral v iew  o n ly ), sh o w in g  
the landmarks taken. Landm arks 7, 8 and 12, 13 are not show n in basal v iew . For landmark defin ition s  
see  T able 2 .5 .
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8

Figure 2.9 Lateral and basal v iew  o f  dog  cranium  and m andible (lateral v iew  on ly), sh ow in g  the 
landmarks taken. Landm arks 7, 8 and 12, 13 are not show n in basal v iew . For landmark defin ition s  
see  T able 2 .5 .
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2.5 Statistical analysis

The results of the linear and angular measurements (mm and degree) were reported 

to two decimal places, whilst surface areas and volumes were taken to the nearest 

square millimetre (mm^) and cubic millimetre (mm^).

Results were analysed using Microsoft Excel XP (Microsoft Corporation), the 

palaeontological statistics software package PAST, version 0.97 (Hammer et al. 

2001) and the statistical software package StatView version 5.0.1 for PC (SAS 

Institute Inc). The hypotheses and predictions outlined above were evaluated through 

examination of plots of the observed dimensions and descriptive statistics. In 

addition, computation of the non-parametric Spearman rank correlation coefficients 

(rs) to test for correlation between two variables and Model II reduced major axis 

regressions (RMA) were performed. Rank correlation was used because the samples 

do not necessarily show a normal distribution. The rank correlation coefficient and 

the RMA regressions were computed in Excel using an RMA-spreadsheet (courtesy 

of N. Jeffery). The computation is based on algorithms provided by Sokal and Rohlf 

(1995). In contrast to the least square regression, where one variable is dependent 

and the other independent, this is not assumed under RMA.

Furthermore, the non-parametric Mann-Whitney U test was used to identity 

significant differences between the independent tooth groups of the Newcastle tooth 

sample. The Wilcoxon signed rank test as the non-parametric equivalent to the paired 

sample t-test was applied to test for significant differences between lower and upper 

postcanine tooth root area in the primate sample. Non-parametric tests were chosen 

because the distribution of the data can be of any shape and thus they do not have to 

be normally distributed. A level of p<0.5 was used throughout to reject null 

hypotheses.
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CHAPTER 3. THE ACCURACY OF 

TOMOGRAPHIC VOLUME VISUALISATIONS 

OF TEETH

3.1 Introduction

3.1.1 Quantification of tooth root dimensions

Traditionally, the quantification of tooth roots in humans has been limited to 

extracted teeth (Pedersen 1949; Selmer-Olsen 1949; Moss et a l  1967; Kovacs 1971; 

Gam et a l 1978a,b, 1979; Ozaki et a l 1987, 1988; Swindler & Weisler 2000). In 

some cases, root length was measured on radiographs (Smith et a l 1986, 1989). 

Hitherto, Abbott (1984) has been the only scholar to explore and analyse tooth roots 

in situ in a large sample of great apes and fossil hominins and to obtain linear and 

angular measurements from radiographs. However, the measurements were restricted 

to single-rooted and lower molars.

For the quantification of root surface area, Jepsen (1963) also used radiographs of 

extracted human teeth. The outlines of the roots were traced and the area measured 

using graph paper. Moreover, he determined the root area by using the so called 

membrane technique. This technique is based on covering the roots with a polymer, a 

wax coating, a metal foil or a metal by galvanoplasty (Watt et a l 1958; Müller 1959; 

Jepsen 1963; Despeignes 1970; Kovacs 1971). Following removal of the membrane, 

it is projected onto film or graph paper and the area is traced and calculated. 

Alternatively, the roots are coated with a metal o f constant thickness and a specific 

gravity. The calculation of the root area is then made possible by taken into account 

the weight of the metal (Kovacs 1971). More recent studies have used 

photogrammetry in order to ascertain root area. With this technique, analogue or 

digital photos are taken in either two or four views and the projected area of each of 

the images is measured and summed up (Anderson et al 1983; Verdonschot et a l 

1990; Mowry et al 2002; Spencer 2003). In another procedure, equidistant cross- 

sections along the long axis of the roots are made and an image of each of the slices
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is taken. The subsequent adding up of the circumference of each section results in the 

surface area (Nicholls et a l 1974; Hermann et a l 1983). Apart from being 

technically rather cumbersome, the techniques for measuring root surface area are 

often problematic when it comes to multi-rooted teeth. In particular, the 

photogrammetric technique is prone to underestimating the true root area as it relies 

on projections (Spencer 2003). Furthermore, Jepsen (1963) established a margin of 

±10% for area measurements obtained from radiographs. However, Verdonschot and 

colleagues (1990) reported for their computer-aided image analysis system an 

accuracy of area measurements of human anterior teeth between -5.3 and +0.8% 

which can be considered as reliable in a comparative analysis. The accuracy of root 

length measurements ranged from -2.0 to +2.1%.

Only a few studies so far have dealt with the determination of root volume. Volumes 

have been ascertained by immersion of the teeth into either mercury (Moss et a l 

1967; Kovacs 1971) or water (Müller 1959, 1963). The resulting displacement o f the 

liquid is measured. A problem, though, with the immersion method is that the liquid 

penetrates the root canals and cracks and thus causes the volume to be overestimated.

3.1.2 Quantitative computed tomography and three-dimensional imaging

Computer-based imaging techniques such as computed tomography, magnetic 

resonance imaging and digital photography are increasingly applied in anthropology, 

zoology and palaeontology (Jeffery 2000; Spoor et a l 2000; Jeffery & Spoor 2002). 

Crucial for the comparison and morphometric analysis of species or a growth series 

is the accurate representation o f the morphological structures in these images. The 

image quality, i.e. the deviation of an image from the ideal image of the structure, is 

known as the fidelity  of the image (Pommert & Hohne 2002; Pommert et a l  2002).

The bulk of CT-based studies have dealt with metric analyses of linear measurements 

such as the cortical thickness o f long bones (Ruff & Leo 1986) and of mandibular 

bone in hominoids (Daegling 1989), cranial vault thickness (Zollikofer et a l 1995), 

enamel cap thickness in extant and fossil hominins (Spoor et a l 1993; Schwartz et 

a l 1998), the dimensions o f the bony labyrinth in primates and cetaceans (Spoor
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1993; Spoor & Zonneveld 1995, 1998; Spoor et al. 2002; Hublin et a l 1996) and 

angular measurements o f the basicranium of fossil hominins (Spoor 1997). The 

reliability and accuracy levels as well as the limitations of measuring these biological 

structures on CT images have been established by comparing measurements of the 

digital representation with those of the real biological object (Spoor et a l  1993) or by 

using phantom studies (Spoor 1993; Prevrhal et a l 1999).

The visualisation of volume data obtained in CT scanning enables the exploration 

and analysis o f the structures in question in three dimensions as presented in this 

thesis. Apart from a two-dimensional analysis o f linear and angular measurements 

which already can be done on the 2D images, the calculation o f volumes and surface 

areas is made possible. While it is almost standard practice to render 3D 

reconstructions of fossil human crania and their endocasts as part of a non-metric 

analysis or to virtually reconstruct missing or fragmented bones (Zollikofer et a l 

1995, 1998; Manzi et a l  2001; Vekua et a l 2002), some studies have moved on to 

apply volume visualisations to take angular measurement of the anterior cranial fossa 

(Seidler et a l 1997), to ascertain the endocranial capacity of hominin fossils (Conroy 

et a l 1990, 1998, 2000) or to quantify the volume of the maxillary sinus in 

hominoids (Rae 2002; Rae & Koppe 2000; Rae et a l  2003). Others performed a 

shape analysis to compare the crania of modem humans and Neanderthals based on 

tomographic volume visualisations (Ponce de Leon & Zollikofer 2001 ; Zollikofer & 

Ponce de Leon 2002).

The accuracy of CT images and of the resulting 3D visualisations depends on a 

number of acquisition and processing parameters including the spatial resolution of 

the scanner, the convolution kernel, the field of view and the resulting pixel size, the 

isotropy of the voxels, slice thickness and distance, interpolation algorithm as well as 

the window setting and the segmentation parameters, e.g. the threshold value (Spoor 

et a l 2000; Pommert et a l 2002). Whilst most of these parameters can be kept 

constant it is usually the slice distance, the voxel size and the threshold value which 

vary according to the size and the material properties of the scanned specimen. In 

particular, the threshold value is the crucial step in a CT-based study. Since no 

standard technique exists for the determination of the threshold range it is important
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to assure that the segmented object reflects the true morphology and dimensions. A 

study on the accuracy of isosurfaces using simulated and phantom tomographic 

volume data confirmed the threshold value as the critical factor (Pommert et a l 

2002b). When an appropriate threshold value was used the accuracy was almost one 

order of magnitude better than the resolution of the scanner (Pommert et a l 2002b).

Linear measurements can not be considered as accurate when the distance between 

two material interfaces is less than twice the spatial resolution of the scanner which 

is on average 0.4 mm (Spoor et a l 1993, 2000). Objects larger than 1.0 mm can be 

accurately measured with an error margin of ±0.1 mm (Spoor et a l 1993; Prevrhal et 

a l  1999). This has fewer consequences for the visualisations of a relatively large 

morphological entity such as an endocast or a sinus than for a small one. For 

instance, the comparison between the calculation of the endocranial capacity in 

modem human skulls by using CT based visualisations and a seed-filling method 

showed a 2% error only (Conroy et a l 1998). In contrast, reconstructions of 

relatively small objects such as the bony labyrinth or a tooth are more affected in 

their accuracy by the limitations of the imaging technique.

Measurements concerned with this study were linear distances as well as volume and 

surface area of tooth roots and crowns. Given the novelty of the methods used hardly 

any data exist on the reliability of the variables measured on basis of 3D rendered 

object. Therefore a study was conducted to establish the accuracy and the reliability 

of the dimensions of the 3D reconstructions.

The following questions regarding the variation in slice increment, the image 

resolution and the segmentation by thresholding were addressed:

1. What effect has the slice thickness on the linear dimensions of the scanned and 

visualised object?

2. What is the difference in accuracy between volume visualisations based on 

medical and micro CT scanning?

3. What is the accuracy of linear measurements taken from volume visualisations 

obtained from medical CT scans?
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4. What is the accuracy of volume and surface area measurements of volume 

visualisations obtained from medical CT scans?

3.2 Material and methods

In order to assess the accuracy and validity of the volume visualisations rendered in 

VOXEL-MAN a range of experiments was designed. The CT data volume of the 

extracted human teeth from the Newcastle School of Dental Sciences was taken as 

the basis of this study. The CT scanning was done on a Siemens Somatom Plus 4 

scanner as outlined in section 2.2.2.1. The parameters which remained constant 

throughout the study were: the spatial resolution of the scanner of about 0.4 mm 

(Spoor et a l 2000), the neutral convolution filter SP90, isotropic voxels and the 

bicubic interpolation algorithm performed with the software 3DVIEWNIX. The 

following parameters varied: slice increment and the threshold value. Their influence 

on the accuracy of the rendered objects was taken into consideration.

Furthermore, the influence of the level of accuracy by increasing the in-plane spatial 

resolution and the slice thickness was tested by comparing the scans of the medical 

CT scanner with those made by a micro-CT (pCT) scarmer. In a further experiment, 

the quality of the visualisation method was determined by a phantom study.

For all experiments involving linear measurements a localisation error, i.e. the 

difference between actual and ideal surface position, was determined. Therefore, 

distances were measured by using digital callipers on a selection of teeth and 

compared to the same measurements taken on the virtual reconstructions of the same 

teeth.

The non-parametric Wilcoxon signed rank test was used to test whether linear and 

volumetric differences seen between two methods were significant. Moreover, the 

Spearman’s rank correlation coefficient and the reduced major axis regression 

(RMA) were determined. A slope which was significantly different from 1.0 

indicated a systematic error o f either of the methods.
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3.2.1 Variation of slice increment

The sample of extracted human teeth was CT-scanned using the parameters 

described in section 2.2.2.1. The thickness of each of the 194 slices was 1.0 mm with 

a slice increment of 0.5 mm resulting in 0.5 mm overlapping scans. Subsequently, a 

copy of the acquired dataset was made. This copy was split into one dataset 

comprising only those slices with odd numbers (slices # 1, 3, 5 ,..., 193) and another 

one which included only those slices with even numbers (slices # 2, 4 ,..., 194). All 

three datasets were interpolated to a voxel size o f 0.21 x 0.21x 0.21 m m \

Three molars (one M% one Mi and one M^) represented in all three datasets were 

selected for a threshold based segmentation in VOXEL-MAN. The threshold range 

was determined as explained in section 2.3.1.1. The volumes of each molar 

(including crown, roots and pulp cavity) were ascertained. In addition, in the two 

maxillary molars the point-to-point distances between the disto-lingual cusp and the 

lingual root tip as well as the mesio-buccal cusp and the mesio-buccal root tip were 

measured. Tooth length of the single mandibular molar was measured between the 

mesio-buccal cusp and the mesial root tip as well as the centro-buccal cusp and the 

distal root tip. Differences in the volumes and linear distances determined for each of 

the datasets were compared.

3.2.2 Quantification of tooth volume

Prior to CT-scanning the Newcastle tooth sample rubber casts were made of the roots 

and crowns using President high-resolution dental putty (Coltène AG). The casts 

were filled with water and weighted on a digital scale. Owing to the specific density 

of water, Ig of water corresponds equally to a volume of 1ml. An advantage o f this 

technique opposed to the immersion technique described above is that cracks and 

cavities of the roots and crowns should not cause an overestimation of the volume. 

The results were compared with the values obtained from the 3D-rendered tooth 

roots of the same sample. The visualisation parameters and the protocol have been 

discussed in section 2.3.1.1.
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3.2.3 Callipers versus digital measurements

As one test of accuracy of the volume visualisation, ten isolated modem human teeth 

(two upper molars, two lower molars, one upper premolar, two lower premolar, two 

upper canines and one upper incisor) from the Newcastle tooth sample were selected. 

The segmentation was performed following the protocol in section 2.3.1.1. Three- 

dimensional reconstructions of the teeth were rendered using VOXEL-MAN. 

Landmarks on the crowns and roots of the ten teeth were chosen which were easily 

identifiable on both the 3D reconstructions and the real teeth. Sliding callipers were 

used to take metric measurements such as tooth length (cusp to root tip), cusp to cusp 

distance and crown diameter. The same measurements were taken on the rendered 

teeth using the VOXEL-MAN distance tool. The localisation error was determined.

3.2.4 Micro-CT study

In a further experiment an isolated modem human upper first molar of the Newcastle 

tooth sample was scanned on an industrial pCT scanner housed at Pennsylvania State 

University (OMNI-X, Bio Imaging Research Inc., Chicago, Illinois). The parameters 

used were a voltage of 70kV and a current of 220pA. The scanning produced a 

dataset with a five-fold higher resolution than the medical Siemens Somatom Plus 4 

CT scanner. The pixel size of the pCT dataset was 0.04 x 0.04 mm^ compared to 

0.21 X 0.21 mm^ for the medical CT dataset. Each of the 902 pCT slices had a slice 

thickness of 27 pm or 0.027 mm. The original 16bit dataset was scaled to an 8bit 

dataset in order to reduce the size o f the data volume. Moreover, the conversion was 

required for the calculation of the surface area. In a last step, the dataset was 

interpolated in order to get isotropic voxels (0.04 x 0.04 x 0.04 mm^).

The visualisation of the molar based on both the medical and the pCT datasets was 

done in VOXEL-MAN. The threshold values were ascertained according to section 

2.3.1.1. The total volume of each o f the visualisations was computed as the sum of 

all segmented voxels. A surface-based model of each o f the 3D rendered molars was 

generated which enabled the quantification of the total tooth surface area. Moreover, 

on both 3D-reconstmctions six 2D measurements were taken. The following point- 

to-point distances were measured: 1) mesio-lingual cusp to palatal root tip, 2) bucco-
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lingual cusp to palatal root tip, 3) mesio-buccal cusp to mesio-buccal root tip, 4) 

mesio-buccal cusp to mesio-lingual cusp, 5) disto-lingual to mesio-buccal crown 

diameter. 6) mesio-distal crown diameter at cervix. The results of both volume 

visualisations were compared with linear measurements taken with callipers on the 

real tooth and with the volume of the tooth acquired by using a water-filled rubber 

cast (see above).

3.2.5 Phantom study

For the verification of all metric analyses a phantom study was conducted. Two 

cones made out o f two different materials with density properties close to 

mineralised tissue were CT scanned. Cone 1 was made out of Nylon and had a height 

of 40.0 mm and a diameter of 25.0 mm. Cone 2 was made of Teflon with a height of

30.0 mm and a diameter of 10.0 mm. The two cones were CT scarmed on a Siemens 

Somatom Plus 4 scanner with an exposure time of 2 sec, 120kV, 90 mA and the 

neutral convolution kernel SP90, yielding 84 overlapping scans of 0.5 mm slice 

thickness each. The field of view was 50 mm resulting in a pixel size of 0.098 mm^. 

Following acquisition of the data the scans were converted from 16 bit into 8 bit and 

subsequently interpolated to gain isotropic voxels. The two cones were segmented 

and visualised in VOXEL-MAN. Linear, volumetric and planimetric measurements 

were taken on the reconstructions and compared with the numerical description of 

the real cones.

3.2.6 Threshold range variation

The threshold range of the upper first molar, which was also used in the pCT study, 

was determined according to the segmentation protocol. Both volume and surface 

area for the whole tooth was determined based on a threshold range o f 103 to 255 

HU and taken as reference values. The tooth was then segmented repeatedly using 

different lower margins of the threshold range (88, 91, 94, 97, 100, 106, 109, 112, 

115 and 118 HU). The upper margin of 255 HU remained the same in each case. The 

volumes and surface areas for each of the different threshold ranges were calculated 

accordingly and compared to the reference values.
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All comparisons were made to the level of the nearest tenth of a millimetre for linear 

measurements, the nearest mm^ for area measurements and the nearest mm^ for 

volume measurements.

Table 3.1 Differences o f  linear measurements in millimetre taken from the visualisations o f  three 
molars. Comparison took place between the CT dataset with 0.5 mm slice increment and two datasets 
with 1.0 mm slice increment (odd and even numbers). Landmark measurements LM l and LM2 are 
cusp to root tip distances taken on the VOXEL-M AN rendered 3D reconstructions. See text for 
definition o f  the distances.

Measurement M' M, M^

Volume (mm^) 0 0 0

% 0 0 0

Dataset 1.0 mm, LMl (mm) +0.1 -0.1 0

odd numbers % 0.5 0.4 0

LM2 (mm) 0 +0.1 -0.3

% 0 0.4 1.3

Volume (mm^) 0 0 0

% 0 0 0

Dataset 1.0 mm, LMl (mm) 0 0 0

even numbers % 0 0 0

LM2 (mm) -0.1 -0.1 0

% 0.5 1.3 0

3.3 Results

3.3.1 Slice increment

No difference was observed between the volumes of the three teeth obtained from the 

three datasets (Table 3.1). The error of the dataset with 0.5 mm increment and the 

dataset with 1.0 mm increment varied between 0 and 0.3 mm with a mean of 0.3 mm, 

whilst the error range for the other dataset (even numbers) was 0 to 0.1 mm (mean = 

0.03 mm) (Table 3.1). The Wilcoxon signed rank test showed that neither of the 

results of the CT based technique were significantly different from the callipers 

measurement (z-value for 1.0mm [odd numbers] =-0.365 and z-value 1.0mm [even 

numbers]—1.34, p>0.05, n.s.).
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Figure 3.1 Bivariate plot o f  tooth volume gained from the casting method with water and tooth 
volume obtained from CT volume visualisations. Open squares = single-rooted teeth, closed squares = 
multi-rooted teeth.

3.3.2 Validity of volume measurements

The results for the tooth volumes obtained from the casting method and the 

segmentation method using VOXEL-MAN were highly correlated (product moment 

correlation r = 0.995, p < 0.001; Spearman rank correlation rs = 0.991, p < 0.001). 

The slope of a Model II RMA regression was 1.03 and significantly different from

1.00 (p < 0.001) with an intercept of -5.59 (Figure 3.1). The 95% confidence interval 

of the slope was found to be between 1.02 and 1.05. The mean differences between 

the volumes of the teeth obtained by the water and the CT method was 24 ± 23 mm® 

which is equivalent to 4%. In addition, the result of the Wilcoxon test for paired 

samples showed that there was no significant difference between the results of the 

two methods (z-value = -0.639, p > 0.05).
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Table 3.2 Localisation error o f  linear measurements (in mm) taken from volume visualisations o f  
selected human teeth compared to measurements taken with callipers. B = buccal, BL = bucco-lingual, 
DB = disto-buccal, DL = disto-lingual, MB = mesio-buccal, ML = mesio-lingual.

Tooth Measurement Callipers Visualisation Error %Error

ML-DB cusp distance 5.9 5.8 -0.1 1.7
M' (a) Tooth length 19.3 18.9 -0.4 2.1

DB-DL cusp distance 5.7 5.7 0.0 0.0
M ‘ (b)

Tooth length 18.9 18.3 -0.6 3.2

DB-DL cusp distance 6.5 6.5 0.0 0.0
M ,(a )

Tooth length 21.4 20.9 -0.5 2.3

MB-ML cusp distance 5.4 5.3 -0.1 1.9
M, b

Tooth length 21.9 21.5 -0.7 3.0

MD crown diameter 7.4 7.6 +0.2 2.7
P3

Tooth length 23.3 22.6 -0.7 3.0

BL crown diameter 9.8 10.0 +0.2 2.0
P"

Tooth length 21.8 21.5 -0.3 1.4

B-ML cusp distance 5.1 4.9 -0.2 3.9
P4

Tooth length 25.3 24.6 -0.7 2.8

I'
Incisal edge length 8.6 8.5 -0.1 1.2

Tooth length 19.3 19.0 -0.3 1.6

MD crown diameter 7.5 7.7 +0.2 2.7
q W

Tooth length 27.6 27.3 -0.3 1.1

MD crown diameter 7.4 7.4 0.0 0.0
q W

Tooth length 25.1 24.7 -0.4 1.6

3.3.3 Validity of linear measurements

The localisation errors for the linear measurements taken on the volume 

visualisations of the ten different teeth ranged from 0.0 to 0.7 mm with a mean of 

0.29±0.21 mm (Table 3.2). The average difference between all measurements of real 

and virtual teeth was 1.8%. This difference was foimd to be significant (Wilcoxon 

signed rank test, p<0.01). The majority o f the distances taken on the 3D rendered 

reconstructions were shorter than the measurements taken with the callipers 

(localisation error < 0) which was also indicated by an RMA slope of 0.97 (p<0.001, 

95% confidence interval was between 0.96 and 0.98). The measurements of tooth 

length, or in other words the distance between cusp and root tip, yielded a larger 

error than the other measurements (cusp to cusp distance and crown diameter). The
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range for the former was -0,7 to -0.3 mm compared to -0.2 to +0.2 for the latter. The 

Wilcoxon signed rank statistics showed that the results for root length measurements 

were significantly different (z-value=-2.80, p<0 .0 1 ), whilst differences were not 

significant for the measurements taken perpendicular to the tooth axis (z-value=- 

0.423, p>0.05, U .S .) .

3.3.4 Level of accuracy determined by the pCT study

The differences between the linear as well as the volumetric and planimetric 

measurements obtained from the visualisations from the medical and pCT scans are 

presented and compared with the dimensions of the real tooth in Table 3.3. Figure

3.2 shows a picture of the human upper first molar and two volume visualisations 

based on the medical CT dataset and the pCT dataset.

Distances taken on the medical CT rendered tooth differ on average 3% from the 

callipers measurements, while there was no difference except for one measurement 

(cervical diameter) between the real tooth and the pCT based reconstruction. The 

calculated volume of the medical and pCT based reconstructions was larger (1% and 

3%, respectively) than ascertained with the casting method. The surface area was 3% 

larger in the pCT scanned tooth than in the conventional CT scanned tooth.

Table 3.3 Measurements taken on a human upper molar compared to the 3D reconstruction o f  the 
same tooth based on a medical CT dataset and a pCT dataset. BL=bucco-lingual, DL=disto-lingual, 
MB^mesio-buccal, MD=mesio-distal, PAL=palatal

Measurement Real tooth medical CT pCT Difference in % real 
vs. virtual (CT/pCT)

ML cusp-PAL root 22.4 21.6 22.4 3.6/0

BL cusp-PAL root 21.9 21.1 21.9 3.7/0

MB cusp-ML cusp 6.3 6.4 6.3 1.6/0

MB-DL crown width 13.1 13.3 13.1 1.5/0

MD cervix diameter 7.9 8.2 8.1 3.8/2.5

Volume 1174 mm^ 1181 mm^ 1207 mm^ 0.6/2.8

Surface area - 844 mm^ 869 mm^ -
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A

B

F ig u re  3 .2  A. Photo o f  a human upper first molar in mesial v iew . B. Reconstruction o f  the sam e tooth  
based on medical CT scans in m esio-lingual v iew . C. Reconstruction based on a pC T  dataset in 
m esio-lingual view . The resolution o f  the pC T  scans is f ivefold higher than o f  the conventional  CT  
scans.

3.3.5 Phantom study

Figure 3.3 illustrates the quality of the two rendered cones. The results of the 

phantom study are given in Table 3.4. The volume of 3D rendered cone 1 was 

marginally larger than the calculated value (+ 1.7%), while there was a +5.4% 

difference between the volume of cone 2 and the calculated volume. The difference 

of surface area was -  1.1% for cone 1 and + 0.5% for cone 2. For both cones, the 

linear dimensions were smaller than their numerical description (between - 1 . 2  and - 

5.3%).
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F igu re  3 .3  V o lum e visualisations o f  cone  1 (left) and cone 2 (right).

T a b le  3 .4  D im ensions  o f  the visualisation o f  cone 1 (N y lo n )  and cone 2 (Teflon) compared to the 
dim ensions o f  the phantoms. D ifferences are indicated in %.

Measurement Cone 1 

original

-  Cone 1 

visualisation

-  Cone 2 

original

-  Cone 2 -  

visualisation

Height [mm] 40.0 39.0  (-2 .5% ) 30.0 28 .4  (-5.3% )

Diameter [mm] 2 5 ^ 2 4 .7  (-1.294) 1 0 . 0 9.9  (-1.0% )

V olum e [mm^] 6545 6653  (+1.7% ) 785 8 27  (+5.4% )

Surface area [mm^] 2 1 3 7 2113  (-1.1% ) 556 5 5 9  (+0.5% )

3.3.6 Variation of the threshold range

The results for the volumes and surface areas obtained from varying threshold ranges 

of the volume visualisations of the human upper first molar are presented in Table 

3.5. A deviation of ±20 CT numbers from the ascertained threshold range of 103 -  

255 CT numbers corresponded to a ±3% difference in surface area and a +5 to -6 % 

difference in volume. A deviation of 3 CT numbers corresponded to a ±1% variation 

in tooth volume which was the difference in volume seen between the results 

obtained from the casting method (0.6%, cf. Table 3.3).
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Table 3.5 Surface areas and volumes o f  a 3D rendered human upper molar based on different 
threshold ranges. In all cases the upper margin o f  the threshold is 255 CT numbers. The threshold 
range o f  103 -  255 was ascertained using the segmentation protocol described in section 2.3.1.1.

Lower margin o f  threshold range [CT 

number]

Surface area 

[mm^]

Volume

[mm^]

%Surface

area

% Volume

88 871 1244 3.1 5.1

91 870 1231 3.0 4.2

94 860 1219 1.9 3.2

97 855 1206 1.2 2.1

100 850 1193 0.7 1.0

103 844 1181 0 0
106 840 1168 -0.5 -1.1

109 834 1155 -1.2 -2.2

112 830 1141 -1.7 -3.4

115 824 1127 -2.3 -4.6

118 819 1114 -3.0 -5.7

3.4 Discussion

The results show that a difference in slice increment has only a small effect on the 

dimensions of the 3D rendered reconstructions after interpolation o f the CT datasets. 

Linear measurements show a mean error o f 0.2 mm, whilst no deviation was found 

for the volume measurements. This implies that the use of different CT slice 

increments (0.5 and 1.0 mm) for the primate and the carnivore sample should not 

have a significant impact on the results.

The results of the volume measurements hased on the CT reconstructions of the teeth 

show that the segmentation method can compete with alternative methods used 

previously. The overall difference of 24 mm^ (4%) and the slope of the regression 

line (y=1.03x -  5.59) indicates that the values obtained from the casting method are 

slightly higher than those of the CT based method. Since the slope is significantly 

different from 1.00 and outside the confidence range (1.02 - 1.05) the difference 

between the results of the two methods is due to a systematic error. This can be 

explained by the overestimation of the tooth volume due to water used as the
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measurements medium. Due to the surface tension, water forms a convex meniscus 

and thus makes precise volume measurements difficult.

The comparison between the scanning o f a tooth on a pCT scanner and a medical CT 

scanner illustrates that a higher spatial resolution and as a consequence a smaller 

slice thickness lead to more accurate reconstructions. In three out of four linear 

measurements no difference is observed in comparison to the callipers 

measurements. The difference seen in the mesio-distal diameter at the tooth cervix 

might be due to the very exact positioning of the two measurement points of the 

VOXEL-MAN distance tool which is not possible with callipers. Even though no 

alternative method was used for the quantification of the surface area, it can be 

assumed that the results of the pCT study reflect the true value. A difference of 25 

mm^ (3%) between the medical CT and the pCT rendered tooth might therefore be 

considered as the error margin o f the former method. The results of the phantom 

study support this notion. The larger of the two cones yielded 24 mm^ (1%) more 

surface area than expected, while the difference is even lower for the smaller cone 

(3mm^ or 1% difference). These results coincide with the accuracy level o f between -

5.3 and +0.8% reported for an image analysis system of for root area measurements 

(Verdonschot et al. 1990). Furthermore, the error margin of the segmentation is well 

below the 10% error of a root area quantification based on radiographs (Jepsen 

1963).

The accuracy o f the linear measurements taken from the volume visualisations is 

found to be about 2%. This is in congruence with the error range of 2% found by 

Verdonschot and colleagues (1990). The virtual measurements along the long axis of 

the tooth, i.e. between the cusps and root tips, are all significantly smaller than the 

callipers measurements. This is likely due to the rounding off of both tips and edges 

of the 3D reconstructions which is possibly caused by the partial volume averaging 

effect. This artefact occurs particularly along the thickness of the slice (Spoor et a l 

2 0 0 0 ) and becomes especially evident in thin, tapering structures such as the root tip. 

In contrast, measurements taken between two cusps show a lower degree of 

inaccuracy and they were not significant. This imaging artefact is highlighted by the 

phantom study as well. All linear measurements are based on landmarks placed on
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both the tip and the edge of the cone and are smaller than known dimensions of the 

cones. It is also conceivable that the segmentation of a tooth is based on a wrongly 

determined threshold. The variation o f the threshold range shows that a difference of 

±15 CT numbers corresponds to 3% deviation in surface area and a 5% difference in 

volume. However, a poor threshold selection leads to noticeable surface artefacts of 

the rendered object (Pommert, pers. comm.) which is not the case in this study (cf. 

Fig. 3.2 and 3.3).

Another explanation for the inaccuracy of the volume visualisations may lie within 

the conversion of the 12bit CT scale with 4096 CT numbers into an 8 bit scale with 

only 256 CT units. This corresponds to a loss in quantitative information and might 

be the reason for over- or underestimated results.

In conclusion, since the variation of biological structures is usually larger than the 

method error the use o f CT and 3D imaging can be considered as a reliable method 

for the quantification of tooth volumes and surface areas as well as linear 

measurements. In comparison, in the literature reported data for linear measurements 

such as tooth root length, root surface area and volume vary to a greater extent 

between different tooth groups than the measurement error (0.29mm, 25mm^, 

24mm^) presented in this study (Table 3.6).

Table 3.6 Published mean values and standard deviations o f  tooth root length, surface area and 
volume o f  the human maxillary dentition

Root length [mm]^ Root area [mm ]̂^ Root volume [mm^’

n Mean S.D. n Mean S.D. n Mean S.D.

I‘ 249 12.04 1.54 19 204 31.4

F 245 12.06 1.48 25 179 24.9

C 156 15.70 1.79 26 273 43.9

256 12.74 1.62 20 234 33.7 28 310 70

P" 255 13.64 1.89 19 220 39.0 12 310 70

M ‘ 236 12.36 1.35 15 433 40.9 15 760 90

M" 219 12.38 1.50 10 431 62.5 7 690 70

M" 108 10.76 1.69 28 530 30
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CHAPTER 4. RESULTS I

4.1 Root size variation in the human sample

In this chapter the variation in root morphology of the extracted tooth sample from 

The Dental School, University o f Newcastle-upon-Tyne is presented and compared 

to two complete human dentitions.

4.1.1 Non-metric description of human tooth roots

In Figure 4.1, the 3D reconstructions o f the extracted teeth are shown. All 

reconstructions were rendered with VOXEL-MAN. Macroscopic examination 

revealed that six o f the maxillary third premolars had single roots, while two had 

Tomes’ roots and two possessed clearly separated double roots. One of the two 

human specimens {Homo-\JCL) with a complete dentition had a double-rooted upper 

third premolar and a maxillary fourth premolar with two fused roots. The remainder 

of the Newcastle sample had exclusively single-rooted maxillary fourth premolars. 

Five out of the ten mandibular second molars had roots which were fused at the apex. 

In one case, the mesial and distal roots were connected by a sheath. In one of the 

maxillary second molars the disto-buccal and lingual roots were fused. In four of the 

mandibular third molars and three of the maxillary third molars the roots were 

characterised by partial or complete fusion of the roots. This was observed in the 

complete specimen Homo-RC^ as well. Moreover, the mandibular second molar 

showed a fused root at the apex.

4.1.2 Metric description of root morphology

The raw data for the root measurements are listed in the Appendix (Table A .l). As 

part o f the metric analysis the non-parametric Mann-Whitney-U test was used for the 

comparison of two independent samples, in this case between two adjacent tooth 

classes.

146



Q U O  # a  @

A  0  #  #  0

: . s v . î » v . v «  »oso3«o^
oq#» ë# 0# 0* & ^ % 0  & & 0 6  0

#ot$#sù«## Qoeoqo^oqoo

scam

F ig u re  4.1 Three-dimensional reconstructions o f  the human teeth represented in the N ew cast le  
sample . Mandibular and maxillary incisors, canines and premolars are shown on the left side, whilst  
molars and premolars are depicted on the right.

4.1.2.1 Root length

Both mandibular and maxillary root lengths of the two complete specimens {Homo- 

RCS and Homo-VCL) mostly fell within the range of the extracted tooth sample 

(except II of Homo-RCS and of Homo-UCL). Mandibular root length in the two 

specimens with complete dentitions peaks at P4 and declined both mesially and 

distally to it, exceeding canine root length (Table 4.1 and 4.3; Fig. 4.2). In the 

extracted tooth sample, the lower canine was the longest tooth on average followed
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by the fourth premolar. The latter and the third premolar showed the lowest degree of 

variation as indicated by coefficients o f variation. IN contrast root length in M 3 was 

most variable. The differences in root length between the tooth classes P 4  and Mi as 

well as between P4 and P 3 were significant as the results of the Mann-Whitney-U test 

reveal (Table 4.2). Likewise, differences between C and P 3 and C and h  were 

significant. In the maxillary dentition, root length differences were not as pronounced 

as in the mandibular dentition (Fig. 4.3). None o f the adjacent tooth groups were 

significantly different in length (Table 4.4). The canines were the longest in both 

Homo-RCS and Homo-UCL. The range of canine root length in the extracted tooth 

sample was conspicuously wide which is also demonstrated by the high coefficient 

o f variation.

The results of the bifurcation and trifurcation height index are presented in Tables

4.5 and 4.6. This index was calculated by the furcation height divided by root length 

and expressed in %. A high value corresponds to a large root trunk relative to root 

length. As Figure 4.4 shows, the height o f bifurcation in the mandibular molars 

increased from mesial to distal in the Newcastle sample and Homo-VCL. The 

missing value for the M 3 of Homo-RCS indicates single-rootedness. In the maxillary 

molars, the furcation height index also increases between M* and M^ even though the 

value ranges for the three teeth overlap considerably (Figure 4.5). The size of the 

root trunk is most variable in M2 and M^ (C.V. of 24.2 and 17.1%, respectively). The 

two individual human dentitions also show an elongation of the root trunk.

4.1.2.2 Root surface area

Both the complete dentitions and the extracted tooth sample showed a similar pattern 

of root surface area from mesial to distal (Tables 4.1 and 4.3). The distribution of 

mandibular and maxillary root area is depicted in Figures 4.6 and 4.7. The molars 

showed the largest surface area and were most variable in the mandibular molars. In 

the mandibular dentition the first molar had the largest root area which is 

significantly different to both the mandibular fourth premolar and the second molar 

(Tables 4.1 and 4.2). Even though a peak in root surface area was seen in the 

maxillary second molar, the difference with the maxillary first molar was not 

significant (Table 4.4). However, the differences between the maxillary second and
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third molars were significant (Table 4.4). Among the non-molar teeth, the 

mandibular canine had the largest root surface area.

4.1.2.3 Crown base area

The distribution o f the occlusal area as a measure for the base of the root was in 

agreement with the root surface area pattern (Tables 4.1 and 4.3). From mesial to 

distal, it increased and reached a maximum at the first molar and then dropped off 

towards the distal end of the tooth row. The results o f both complete dentitions were 

relatively low in comparison to the sample of extracted teeth. The coefficient of 

variation exhibited the highest values among the mandibular and maxillary 

premolars.

4.1.2.4 Root volume

The mandibular and maxillary root volume was largest in the molars both in the 

extracted tooth sample and the two specimens with the complete dentitions (Figures 

4.8 and 4.9). While the sequence in mandibular molar root volume was similar to the 

distribution of root surface area (Mi>M 2 >M]) with significant differences, maximum 

root volume in the maxillary molars was found in the second molar (M^>M’>M^; 

differences are significant at the 95% level). Compared to all other root 

measurements the results for root volume showed the largest variation {cf. C.V. 

values in Tables 4.1 and 4.3).

4.1.2.5 Root spread

The mesio-distal root angulation of the mandibular molars showed diverging roots in 

Ml and converging M2 roots in both the extracted tooth sample and the two skulls 

(Table 4.7; Figure 4.10). Whilst the roots o f the M3 in the two human skulls were 

either fused or converging, they were spread in the Newcastle sample. In contrast, 

the values o f the bucco-lingual root angle o f the maxillary molars were entirely 

positive, i.e. all the roots were diverging (Table 4.8; Figure 4.11). A reduction o f the 

angle was, however, observed between M l and M3.
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Table 4.1 Descriptive statistics for root length, area, occlusal area and root volume in mandibular 
human tooth types o f  the Newcastle tooth sample. For comparison, the results o f  two complete 
mandibular dentitions (//ow o-U C L and Homo-RCS) are presented as well. The sample size for all

Variable II h C P3 P4 Ml M2 M3

Root length Mean 14.2 12.6 16.8 14.5 16.1 14.3 13.5 12.4
(mm) Min 12.1 10.1 12.3 12.8 14.1 11.6 11.7 9.5

Max 16.3 14.5 18.9 17.5 18.2 15.8 16.1 18.2
S.D. 1.61 1.47 2.1 1.36 1.15 1.41 1.59 2.59
C.V. 11.3 11.6 12.5 9.0 6.7 10.3 11.8 20.9
Homo-RCS 10.4 11.5 13.4 15.5 17.1 15.0 14.2 15.3
Homo-\JCL 12.5 13.5 15.8 15.8 16.5 14.6 15.3 13.1

Root area Mean 174 147 271 179 208 413 318 286
(mm^) Min 138 105 187 148 166 263 245 203

Max 198 177 331 214 252 505 448 338
S.D. 20 23 46 21 25 77 64 43
C.V. 11.3 15.3 16.9 3.9 7.5 18.5 20.3 15.2
Homo-RCS 115 152 186 183 177 372 324 243
Homo-IJCL 128 89 253 231 235 447 417 328

Crown base Mean 38 37 57 54 58 127 113 106
area Min 31 30 48 45 48 115 89 95
(mm^) Max 47 42 71 71 70 150 131 116

S.D. 4 4 8 7 8 12 11 7
C.V. 11.2 11.2 14.6 13.6 13.1 9.4 10.1 6.3
Homo-RCS 29 30 45 46 47 109 99 81
Homo-\JCL 15 31 54 50 57 100 98 97

Root volume Mean 148 126 313 174 223 486 434 387
(mm^) Min 107 74 200 133 164 297 263 267

Max 181 157 400 225 278 644 635 528
S.D. 25 25 69 28 39 106 107 85
C.V. 16.8 19.9 21.9 16.0 17.5 21.8 24.7 22.0
Homo-RCS 78 114 173 163 156 379 347 279
Homo-\JCL 93 117 266 215 247 475 471 370

Table 4.2 Results o f  Mann-Whitney U-Tests for the comparison root length, area and volume o f  
adjacent mandibular tooth groups.

Mandibular root length (for all tooth groups n=10, except M ,=7 and M]=9)

Il I2 C P 3 P4 Ml M2 M3
U=24, U=7, U=17, U=16, 

p>0.05,ns p<0.01 p<0.05 p<0.05
U =10,
p<0.05

U=24,
p>0.05,nj

U=24,
; p>0.05,ns

Mandibular root surface area (n=10, M ,^7)
Il I2 C P 3 P4 Ml M2 M3

U=14, U=0, U=3, U=16, 
p<0.01 p<0.001 p<0.001 p<0.05

U=0,
p<0.001

U=14,
p<0.05

U=38,
p>0.05,ns

Mandibular crown base area (n=10. M i=7)
Il I2 C P 3 P4 Ml M2 M3

U=47, U=0, U=40, U=38, 
p>0.05 p<0.001 p>0.05 p>0.05

U=0,
p<0.001

U -1 3 ,
p<0.05

U=25,
p>0.05
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Table 4.2. continued 
Mandibular root volume (n=10, M ,=7)

1, I2 c P3 P4 Ml M 2 M 3

U=27, U=0, U=3, U==14, U=0, U=22, U=40,
p>0.05,ns p<0.001 p<0.001 p<0.01 p<0.001 p>0.05,ns p>0.05,ns

Table 4.3 Descriptive statistics for root length, area. occlusal area and root volume in maxillary
human tooth types o f  the Newcastle tooth sample compared to the results o f  two complete maxillary
dentitions (//ow o-U C L and //ow o-R CS). The sample size for all tooth types is 10,

Variable I' I: C P" p4 m ' M^ M"

Root length Mean 11.9 12.2 13.6 14.1 14.7 13.1 13.5 12.0
(mm) Min 9.8 9.4 8.8 11.3 11.3 10.9 10.7 9.9

Max 15.1 15.1 17.4 16.2 21.5 14.6 16.4 14.6
S.D. 1.9 1.8 3.1 1.5 3.0 1.31 1.9 1.4
C.V. 16.3 14.4 22.6 10.4 20.5 10.0 15.5 11.8
Homo-RCS) 12 11.9 15.5 13.2 14.8 13.2 14.5 12.6
Homo-\JCL 13.4 13.8 17.1 12.5 14.4 12.8 13.6 11.9

Root area Mean 174 165 218 201 215 386 430 327
(mm^) Min 129 119 172 139 162 312 512 254

Max 248 214 278 238 316 476 550 400
S.D. 37 26 34 33 47 54 83 49
C.V. 21.4 15.8 15.5 16.6 21.9 14.1 19.3 15.1
Homo-RCS) 166 139 227 96 183 394 310 203
Homo-UCL 198 194 277 252 274 467 441 270

Crown base Mean 57 38 238 65 64 122 120 109
area Min 51 32 186 55 55 106 101 88
(mm^) Max 67 47 321 80 72 146 139 134

S.D. 4 4 44 9 6 13 12 12
C.V. 7.7 11.6 6.0 13.0 9.1 10.9 10.1 11.2
Homo-RCS 42 30 54 48 50 115 105 78
H omo-CCL 59 38 63 56 62 110 110 81

Root volume Mean 190 160 56 195 228 430 543 404
(mm^) Min 103 103 50 125 157 311 351 270

Max 319 220 60 259 371 569 813 521
S.D. 64 31 3 40 66 78 132 83
C.V. 33.5 19.4 18.4 20.7 28.9 18.1 24.4 20.6
Homo-RCS 167 108 234 135 162 420 346 227
Homo-\JCL 210 183 306 224 266 485 479 292
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Table 4.4 Results o f  Mann-Whitney U-Tests for the comparison root length, area and volume o f  
adjacent maxillary tooth groups.

jl j2 C P" P' M' M^ M"
U=40, U=36, U=48, 

p>0.05,ns p>0.05,ns p>0.05,ns
U -4 9 ,

p>0.05,ns
U=35,

p>0.05,ns
U=45,

; p>0.05,ns
U=27,

p>0.05,ns

Maxillary root surface area (n=10)
I' f  C P̂ M ’ M^ M"

U -4 4 , U=9, U=39, 
p>0.05,ns p<0.01 p>0.05,ns

U=40,
p>0.05,ns

U = l,
p<0.001

U=34,
p>0.05,ns

U=14,
p<0.01

Maxillary crown base area (n=10)
I' C P̂ P' M ‘ M^ M^

U -0 , U=0, U=15,
p<0.001 p<0.001 p<0.01

U=47,
p>0.05,ns

u = o ,
p<0.001

U=45,
p>0.05,ns

U=24, 
p>0.05, ns

Maxillary root volume (n=10)
I' C P" P' M ‘ M^ M"

U=37, U=4, U=24, 
p>0.05,ns p<0.001 p=0.05

U=36,
p>0.05,ns

u = l ,
p<0.001

U=20,
p<0.05

U=18,
p<0.05

Table 4.5 Bifurcation height index o f  mandibular molars 
human dentitions.

in the Newcastle sample and two complete

BI (%) M, M2 M3

Mean 32.0 40.9 42.4

Min 27.8 32.3 32.4

Max 41.6 67.2 47.3

SD 4.6 9.9 5.0

C.V. 14.4 24.2 11.8

Homo-RCS 28.8 29.0

Homo-\JCL 29.5 28.9 36.0

Table 4.6 Bifurcation height index o f  maxillary third premolar and molars in the Newcastle sample 
and two complete human dentitions.

BI (%) p3 M' M^ M^

Mean 47.8 39.4 40.4 47.2

Min 44.4 33.8 32.6 36.4

Max 51.2 45.1 50.8 56.4

SD 4.8 3.5 6.9 7.2

C.V. 10.0 8.9 17.1 15.3

Homo-RCS 34.8 44.9 76.5

Homo-UCL 54.6 33.5 38.2 46.2
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Table 4.7 Mesio-distal root angles o f  mandibular molars in the Newcastle sample and two complete 
human dentitions.

MD root angle M, M2 M3

Mean 11.9 -1.7 5.9

Min 4.2 -13.8 -3.2

Max 19.0 16.3 16.2

S.D. 5.6 10.4 6.6

C.V. 47.4 611.8 111.9

Homo-RCS 5.3 -13.4

Homo-\JCL 5.6 -2.1 -4.8

Table 4.8 Bucco-lingual root angles o f  maxillary third premolar and molars in the Newcastle sample 
and two complete human dentition

BL root angle p3 M' M^ M"

Mean 0.2 29.4 18.0 14.0

Min -0.4 18.7 9.0 -9.3

Max 0.8 37.4 27.9 27.6

S.D. 0.9 5.5 6.4 14.1

C.V. 450 18.7 35.6 100.7

Homo-RCS 14.3 9.1 6.0

Homo-\JCL 14.8 30.9 23.8 9.4
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Figure 4.2 Box plot showing the ranges o f  the mandibular root length along the tooth row o f  the 
Newcastle tooth sample compared to two human specimens with the full dentition (o^Homo-RCS, 
x^Homo-UCL). Abbreviation: 11=1], 21=12, 31=C, 41=?3, 51=?4, 61=M], 71=M2, 81=M3.
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Figure 4.3 Box plot showing the ranges o f  the maxillary root length along the tooth row o f  the 
Newcastle tooth sample compared to two human specimens with the full dentition (o=Homo-RCS, 
x=Homo-VCL). Abbreviation: lu= l', 2u=I^ 3u=C, 4u = P \ 5u=P'*, 6 u = M ',  7 u = M ^  8u=M \
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Figure 4.4 Box plot o f  bifurcation height index ranges in mandibular molars o f  the Newcastle sample 
compared to two complete human dentitions (o=Homo-RCS, x=Homo-lJCL). Third molar roots in 
Homo-RCS are fused.
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Figure 4.5 Box plot o f  bifurcation height index ranges in maxillary third premolars and molars o f  the 
Newcastle sample compared to two complete human dentitions (o=Homo-RCS, x=Homo-\JCL).
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Figure 4.6 Box plot showing the ranges o f  mandibular root area in the extracted tooth sample 
compared to two ftill dentitions {o^Homo-KCS, x=Homo-\JCL). Abbreviations as in Fig. 4.2.
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Figure 4.7 Box plot showing the ranges o f  maxillary root area in the extracted tooth sample compared 
to two full dentitions (o^Homo-RCS ; x=Homo-\JCL). Abbreviations as in Fig. 4.3.
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Figure 4.8 Box plot indicating the ranges o f  mandibular root volume in the extracted tooth sample 
compared to two full dentitions (o=Homo-RCS, x=//omo-UCL). Abbreviations as in Fig. 4.2.
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Figure 4.9 Box plot indicating the ranges o f  maxillary root volume in the extracted tooth sample 
compared to two full dentitions (o^Homo-RCS, \=Homo-\]CL). Abbreviations as in Fig. 4.3.
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Figure 4.11 Box plot o f  bucco-lingual root angles o f  maxillary molars o f  the Newcastle sample 
compared to two complete human dentitions (o^Homo-RCS, x=Homo-UCL)
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4.1.3 Root-crown size relationship

The descriptive statistics of surface area and volumes o f the crowns of the extracted 

teeth compared to the results for the two complete dentitions are listed in Tables 4.9 

and 4.10. Figures 4.12 and 4.13 show bivariate plots of the mandibular root against 

crown surface area and volume, respectively. The relationship between root and 

crown volume and surface area was ascertained by calculation of Spearman rank 

correlation coefficients. Neither surface area nor volumes of the maxillary roots of 

the combined sample of extracted teeth and the two complete dentitions (n=12 per 

tooth type, except for M, where n=9) correlated significantly with the crowns 

(p>0.05). For the mandibular teeth, only the mandibular first incisor, the mandibular 

canine and the mandibular fourth premolar show a significant positive correlation 

between root and crown surface area and volume (Tables 4.11 and 4.12). A Model II 

reduced major axis regression for root against crown surface area and volume 

indicates negative allometry for the mandibular first incisor both surface area and 

volume (slope is 0.82 and 0.67, respectively). The slopes are significantly different 

from a slope of one (p<0.001). The roots and crowns of the mandibular canine and 

fourth premolar scale positive allometric (Table 4.11).

Table 4.9 Descriptive statistics for crown area and volumes o f  the extracted mandibular teeth 
(Newcastle tooth sample) compared to the results for two complete dentition (Homo-RCS and Homo- 
UCL). N=10, except Mi with n=7.

Variable I) h c+ P3 P4 Ml M2 M3

Crown area Mean 147 150 199 151 158 320 291 243
(mm^) Min 118 123 153 125 137 288 255 215

Max 196 199 278 199 181 389 339 286
S.D. 24 22 37 24 16 33 24 23
C.V. 16.3 14.7 18.6 15.9 10.1 10.0 8.2 9.5
Homo-RCS 105 116 150 130 138 256 243 202
Homo-UCL 65 159 147 143 164 231 218 227

Crown Mean 153 151 266 195 214 575 528 409
volume Min 108 112 194 153 172 503 434 339
(mm^) Max 218 218 350 276 257 748 661 509

S.D. 33 29 54 40 32 80 66 57
C.V. 21.6 19.2 20.3 20.5 15.0 13.9 12.5 13.9
Homo-RCS 87 103 168 148 160 415 386 300
Homo-UCL 42 79 177 171 205 347 336 364
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Table 4.10 Crown area and volumes o f  the extracted maxillary teeth (Newcastle tooth sample) 
compared to the results o f  two complete dentitions (Homo-KCS and Homo-\JCL). N=10.

Variable l ‘ l' C+ M' M^ M"

Crown area Mean 207 144 170 209 188 302 269 242
(mm^) Min 186 130 150 186 156 256 235 179

Max 235 177 185 254 213 351 302 332
S.D. 16 15 10 21 16 36 26 45
C.V. 7.7 10.4 5.9 10.0 8.5 11.9 9.7 18.6
Homo-RCS 144 101 165 61 148 226 237 186
Homo-\JCL 183 136 171 81 165 229 214 185

Crown volume Mean 267 161 223 291 263 523 466 405
(mm^) Min 235 142 191 237 206 415 387 255

Max 306 203 250 382 307 612 549 617
S.D. 27 21 19 41 29 78 64 105
C.V. 10.1 13.0 8.5 14.1 11.0 14.9 13.7 25.9
Homo-RCS 167 98 204 151 177 408 394 271
Homo-\JCL 217 140 224 51 215 344 326 269

Table 4.11 Spearman’s rank correlation coefficients and RMA statistics for mandibular and maxillary 
root to crown surface area(*p<0.05, **p<0.01). None o f  the correlation coefficients for the maxillary 
dentition is significant. N=12, M ,=9

II I2 C P 3 P 4 M, M2 M3

h 0.62* 0.39 0.60* 0.43 0.69* 0.42 0.36 0.03

slope 0.67 1.23 1.24

95% Conf. Int. 0 .39 ,0 .94 0.58, 1.88 0.60, 1.87

Intercept 46.20 -10.71 -38.76

1' C p3 P4 M ‘ M" M^

Ts -0.01 -0.23 -0.31 0.05 -0.12 0.24 0.56 0.08

Table 4.12 Spearman’s rank correlation coefficients and RMA statistics for mandibular and maxillary 
root to crown volume ( ’“p<0.05, **p<0.01). None o f  the correlation coefficients for the maxillary 
dentition is significant. N=12, M |=9

II I2 C P 3 P 4 Ml M2 M 3

Ts 0.79** 0.01 0.61* 0.29 0.69* 0.0 -0.01 -0.06

slope 0.82 1.24 1.60

95% Conf. Int. 0.42, 1.21 0.53, 1.96 0 .73 ,2 .47

Intercept 53.81 25.51 -43.32

1' 1' C P̂ p4 M ‘ M^ M^

rs -0.01 -0.22 -0.16 0.0 -0.37 -0.17 0.48 0.17
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CHAPTER 5. RESULTS II

5.1 Tooth root morphology in the primate sample

In the following, the results for the primate sample with the complete dentitions are 

presented.

5.1.1 Non-metric variation of tooth root morphology

VOXEL-MAN based 3D reconstructions of the examined species are shown in 

buccal, lingual, superior and inferior views at the end of this chapter (Figures 5.19 to 

5.26). The reconstructed dentitions of four specimens are shown in the Appendix 

(Figures A .l to A.4).

All twelve primate specimens had incisor, canine and molar root numbers as 

expected, whilst the premolar root number and morphology varied. Specimen '"Pan, 

female 1” was characterised by having a fourth maxillary molar (Figure 5.22). The 

crown was complete with parts o f the root cervix present. This specimen possessed a 

diastema between the maxillary second incisor and the canine resulting in an overbite 

o f the anterior teeth. The form of the palatal molar roots in Gorilla gorilla was 

elongated in mesio-distal direction and wide at the apex. This was particularly 

expressed in the male specimen. Moreover, the palatal aspect of this root was gutter 

shaped. By contrast, in Pan and Pongo the palatal root was conical and tapered 

towards the apex. The morphology of the premolar roots is presented in detail below 

(see section 5.1.3).

5.1.2 Metric variation o f primate tooth root morphology

The geometric means were calculated based on seven measurements o f the cranio

facial-mandibular complex for ten of the twelve primate specimens with complete 

dentitions (Table 5.1; see Appendix Table A.2 for individual measurements). The 

two specimens "Pan, male 2” and "Pongo, male 2” were not included in this list 

because they consist of maxilla and mandible only.
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Table 5.1 Geometric mean based on seven measurements o f  the face, mandible and the dentition o f  
the examined primate specimens with complete dentitions and crania

Specimen Geometric mean [mm]

Papio anubis, female 44.03

Papio anubis, male 1 58.94

Homo sapiens, male 1 49.50

Homo sapiens, male 2 53.11

Pan troglodytes, female 1 56.17

Pan troglodytes, male 1 56.85

Pan troglodytes, male 2 59.10

Pongo pygmaeus, male 1 74.07

Gorilla gorilla, female 68.62

Gorilla gorilla, male 80.27

Sexual dimorphic differences were obvious for the male and female Gorilla and 

Papio specimens. In Pan, the sexual dimorphism in the mandibulo-cranial complex 

was not as marked.

The results for root surface area, root volume, root length and occlusal area were 

divided by the geometric mean for standardisation purposes.

5.1.2.1 Root length and bi- and trifurcation height index

The results for root length in the primate sample are listed in Table A.3 in the 

Appendix. As Figure 5.1 shows, mandibular root length was largest in the canines of 

the non-human primates. Mandibular incisors were comparably small in Homo, 

whereas the postcanine roots in Homo were relatively very large compared to the 

other species, with the P4 root being the longest. The molar roots of Pan and Pongo 

were the shortest compared to the other species. If the canines are excluded, the roots 

of the non-human primates become shorter between the incisors and molars. In the 

maxillary dentition of the non-human primates, there was a marked difference 

between the length of the canines and the rest of the teeth (Figure 5.2).

A comparison of the bifurcation indices revealed that in both the mandibular and 

maxillary postcanine roots. Homo had the relatively largest root trunk for its root
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length, followed by Pan (Figures 5.3 and 5.4; Tables A.4 and A.5 in the Appendix). 

The index was smallest in Papio implying a short root trunk compared to its root 

length. In all the species the bifurcation height index was larger in the premolars than 

in the molars. In Homo, the furcation height index was similar in size in Mi and M 2 

and was largest in M 3, while there was an increase from mesial to distal in the other 

species. In the maxillary dentition, the furcation height index of Homo, Pan and 

Gorilla increased from mesial to distal. In Pongo, the index indicated an equal 

amount of maxillary root trunk relative to root length. In Papio, the index was larger 

for M^ than both M* and M^.

5.1.2.2 Crown base area

The data for the mandibular and maxillary crown base area are given in Table A.3 of 

the Appendix. The distribution of the mean occlusal areas in the primates is plotted 

in Figures 5.5 and 5.6. In Homo, all mandibular teeth apart from the molars were 

smaller in the occlusal plane compared to the non-human primates. Gorilla had 

smaller mandibular incisors than the remainder o f the non-human primates, but the 

width and length of M 2 and M 3 in Gorilla was relatively larger than in Pan and 

Pongo. The mandibular canine roots of Pan and Pongo were relatively widest 

compared to the rest of their dentitions as well as compared to the canines of Gorilla, 

Papio and Homo. As for the root surface area, the size sequence for occlusal area in 

Homo was MI>M2>M3 and for Gorilla and Pan it was M2>M1>M3. In Papio the 

widest tooth was M3 followed by M2 and M l. In Pongo, the sequence was 

M 3>M2 >M] and M^>M^>M\ In the maxillary dentition, the difference between first 

incisors and the canines and postcanines was less than in the mandibular dentition in 

all species. As in the mandibular dentition, the canines in Pan and Pongo were 

relatively larger than the rest o f the dentition.
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5.1.2.3 Root surface area and volume

All non-human primate species show a similar distribution of mandibular and 

maxillary root surface area when scaled to facial size (Figures 5.7 and 5.8; Appendix 

Table A.6). Whilst the molar roots of Homo overlap with the other species, the 

remainder of the dentition was comparatively smaller in both the mandibular and 

maxillary dentition. Among the non-human primates, Gorilla and Papio had 

relatively large molar root surface areas, with Homo taking a middle position and 

Pan and Pongo having the smallest molar root surface area. The difference between 

mandibular and maxillary incisor root area compared to the molar roots was greater 

in Gorilla, Papio and Homo than in Pongo and Pan. Homo was the only species 

with molar root surface area sequence M1>M2>M3 in both the mandibular and 

maxillary tooth rows. In all non-human primate species the sequence is M2>M1>M3 

with the exception of the maxillary molars o f Papio where M^>M^>M^. The 

premolars were largest in Gorilla and Pongo. Canine root surface area was distinctly 

larger in the non-human primates compared to Homo. Both in the mandibular and 

maxillary canines, Pongo and Pan had slightly larger canines than Gorilla and 

Papio.

To test whether the mandibular and maxillary roots achieve the same amount of 

surface area despite differences in root number, roots of the individual postcanine 

tooth classes were taken into account. The results of the Wilcoxon signed rank test 

showed that the null hypothesis was accepted for the tooth groups P4, M l, M2 and 

M3 (Table 5.2). However, root surface area was significantly different in mandibular 

and maxillary P3s. If the premolar and molar groups were taken together, the null 

hypothesis was rejected in both cases.

The comparison of root volume in the mandibular and maxillary dentitions o f the 

examined species showed the same pattern as the root surface area, though the 

differences on a species level were less pronounced (see Appendix; Figures A.5 and 

A.6).
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T a b le  5.2 W ilcoxon  signed rank test results for the com parison between mandibular and maxillary  
postcanine root surface area testing for the null hypothesis that there is no difference between  
mandibular and maxillary root surface area.

N Z-value P

P3 /P' 1 2 -1 .96 P < 0 . 0 5 *

P4 /P ' 1 2 -0 .47 P > 0 .05 ,  n.s.

m , / m ' 1 2 -0 .55 P > 0 .05 ,  n.s.

Ms/M^ 1 2 -0 .16 P > 0 .05 ,  n.s.

Mj/M^ 1 2 -1 .18 P > 0 .05 ,  n.s.

P 3 .4/P''' 24 -1.91 P > 0 .05 ,  n.s.

M 1.2 .3/M 24 - 1 . 0 2 P > 0 .05 ,  n.s.
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the tooth row in the primate sample with com plete  dentitions and crania.
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5.1.2.4 Root spread

All non-human primate species had diverging mandibular roots in the mesio-distal 

axis as expressed by a positive angle (Appendix Table A .l) . In contrast in Homo, 

only Ml had spreading roots whilst the roots o f M] and M 3 were converging as 

indicated by the negative angles (Figure 5.9). In all species except in Homo, the 

mesio-distal root angle was largest in the most distal tooth. The results for bucco- 

lingual root angle o f the maxillary molars showed that in Homo and Gorilla the 

premolars roots became wider mesially with a peak at M% followed by a reduced 

root angle towards M^ (Figure 5.10; Appendix Table A.8 ). In Pan the angle were 

equal for M* and M^ but relatively smaller in M \ The premolar roots showed a 

relatively small angle compared with the molars. In Pongo, the roots were widest 

apart in M% converged in M^ and P"* and were wider again in M^ and P \  respectively. 

In Papio, it was the reversed situation. Here the bucco-lingual root became smaller 

between and P"̂  and then increased between M* and M \
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5.1.3 Root-crown size relationship

In Tables 5.3 and 5.4 the RMA statistics and the rank correlation coefficients for 

mandibular and maxillary root surface area against crown surface area are given (raw 

data Tables A.9 and A. 10) In the mandibular dentitions of Papio, Homo, Pongo and 

Gorilla the roots correlated significantly with the crowns, whilst there was no 

significant correlation in Pan (Figure 5.11). The ratio of root to crown surface area 

indicated that the roots are larger than the crowns in all species with the exception of 

I2 in Homo (Figure 5.12). In Gorilla, the ratio of root to crown surface area became 

gradually smaller from mesial to distal. In Pan, the incisor crowns were relatively 

large whilst between the canine and the third molar a decline of the ratio could be 

ascertained. All species had in common a reduction of the root to crown surface area 

ratio from M] to M 3 , except for Papio where M 2 was larger than Mj.

In the maxillary dentition, the root surface area of Homo, Pan and Gorilla correlated 

significantly with crown surface area (Table 5.4; Figure 5.13). Gorilla (I  ̂ and C) and 

Homo (P^) showed the largest root to crown ratios (Figure 5.14). In all species the 

roots became larger relative to the crowns between I* and C. Moreover, the ratio for 

the maxillary molars decreased between M* and M^ in Homo, Pongo and Gorilla, 

while it was highest in the M^s of Papio and Pan.

Table 5.3 Spearman rank correlation and RMA statistics for mandibular root to crown surface area

Species h P RMA slope 95% Conf. Int. o f  slope Intercept

Papio 0.95 p <  0.001 1.84 1.30,2.38 -67.93

Homo 0.83 p < 0 .0 5 1.92 1.28,2.57 -81.54

Pan 0.45 p > 0.05, ns

Pongo 0.71 p < 0.05 2.58 1.84,3 .32 -316.27

Gorilla 0.90 p < 0 .0 1 1.80 1.17,2.43 45.92

Table 5.4 Spearman rank correlation and RMA statistics for maxillary root to crown surface area

Species h P RMA slope 95% Conf. Int. o f  slope Intercept

Papio 0.62 p > 0.05, ns

Homo 0.83 p < 0.05 1.74 0 .82 ,2 .66 -37.45

Pan 0.93 p <  0.001 1.98 1.25,2.70 -115.19

Pongo 0.43 p > 0.05, ns

Gorilla 0.98 p <  0.001 2.63 1.85,3.41 -275.30

172



1 8 0 0

1600 -

1400

^  1200 
E
& 1000 
re

/ /♦

2re 800 -
oo
q: 600

400  -

200  -

o Papio

■ Homo

A Pan

O Pongo

♦ Gorilla

— RMA-Papio

RMA-Homo

-------- -  RMA-Pongo

-  - -  - -  RMA-Gorilla

0 200  400  600 800 1000 1200 1400 1600 1800
Crown area [mm^]

F ig u re  5.11 Bivariate plot o f  mandibular root against crown surface area (mean values)

Papio 

■  - Homo 

Pan 

-O— Pongo  

Gorilla

P3 P4 

Tooth type

F igu re  5 .12  Plot o f  mean mandibular root surface area d ivided by crown surface area along the tooth  
row

173



„ 1200

— 1000

z  8 0 0  

§
^  6 0 0

A

O Papio

■  Homo

A Pan

O Pongo

♦  Gorilla

 RMA-Homo

  RMA-Pan

 RMA-Gorilla

0  2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  1 4 0 0  1 6 0 0  1 8 0 0

Crown area [mm^]

Figure 5.13 Bivariate plot o f  maxillary root against crown surface area (m ean values)

ooDU

3

2 .5

O Papio 

- ■  -  Homo 

A Pan 

—O— Pongo  

— ♦—  Gorilla

2

5

1

0 .5

0
C P 3 M l M2 M31 1 12 P 4

Tooth type

Figure 5.14 Plot o f  mean maxillary root surface area divided by crown surface area along the tooth

174



5.1.4 Number, morphology and size of primate premolar roots 

The premolar root number and morphology are presented in Table 5.5. For a 

comparison, the root number and form of the isolated human premolars are included 

as well.

Table 5.5 Root number and form in primate mandibular and maxillary premolars. B: buccal; BD: 
bucco-distal; D: distal; MD: mesio-distal; ML: mesio-lingual; PAL: palatal; T: Tom es’ root
Species P3 P4 P" P'

Papio, female 2 (1M , ID  blades) 2 (IM , ID blades) 3 (2B, IPAL, 
triangular)

3 (2B, IPAL, 
triangular)

Papio, male 2 (IM , ID blades) 2 (IM , ID blades) 3 (triangular) 3 (triangular)

Pan, female 1 2 (1MB; ID), fused 2 (IM ; ID blades) 2 (IB , IPAL) 2 (IB , IPAL)

Pan, female 2 1 (C-shaped) 2 (ML-BD) circular 3 (2B, IPAL) 2 (IB , IPAL)

Pan, male 1 2 (1MB, ID) 2 (IM , ID blades) 3 (2B, IPAL) 2 (IB , IPAL)

Pan, male 2 2 (1MB, ID) 2 (IM , ID blades) 3 (2B, IPAL) 3 (2B, IPAL)

Pongo, male 1 2 (1MB, ID) 2 (IM , ID blades) 3 (2B, IPAL), 3 (2B, IPAL)

Pongo, male 2 2 (1MB, ID) 2 (IM , ID blades) 3 (2B, IPAL) 3 (2B, IPAL)

Gorilla, female 2 (1MB, ID) 2 (1M , ID blades) 3 (2B, IPAL) 2 (IB , IPAL)

Gorilla, male 2 (1MB, ID) 2 (1M , ID blades)* 3 (2B, IPAL) 3 (2B, IPAL)

Homo, male 1 1 (circular) 1 (circular) 1 (ellipsoid) 1 (ellipsoid)

Homo, male 2 1 (circular) 1 (circular) 2 (IB , IPAL) 1 (ellipsoid)

Homo, isolated 
premolars

1 circular to ellipsoid 
root, n=10

1 circular to 
ellipsoid root, n=10

1 ellipsoid, n=6 
IT, n -2
2 (IB-PL) n=2

1 ellipsoid 
root, n=10

* Roots rotated around 90 degrees (possibly pathological).

In Papio the two mandibular premolar roots were blade-like and the three maxillary 

premolar roots were triangular in form (Figures 5.19 and 5.20). The two Homo 

specimens possessed circular-shaped single roots in the mandibular premolars and 

the maxillary fourth premolars (Figure 5.21). The o f  Homo, male 2” had two 

separated roots aligned in bucco-palatal direction (Figure A .l, see Appendix). The 

lower premolars and the P' ŝ in the isolated human tooth sample are all single-rooted. 

By contrast, four o f the P^s are either two-rooted or show a Tomes’ root. The root 

morphology in the four Pan specimens was slightly more variable than in the other 

species with one to three roots present (Figure 5.22 and 5.23 as well as Figures A.2 

and A.3). ''Pan, female 1” had a single-rooted P3 with two root canals visible on the 

CT scans, while there were two roots in the other female (although almost 

completely fused) and the males. One of the male specimens {Pan, male 2) had three
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canals present in the double roots, i.e. one canal in the mesial root and two in the 

distal root. Three of the four chimpanzees had P^s with three roots (one buccal and 

two palatal) whereas Pan, female 1 had only two roots (buccal and palatal). Among 

the P' ŝ, the two female specimens and Pan, male 1 bore two roots (bucco-palatally 

aligned). A three-rooted P"* was only observed in Pan, male 2. The two Pongo 

specimens had two roots each in the mandibular premolars and three roots in the 

maxillary premolars (Figures 5.24 and A.4). Their Pgs are two-rooted with one 

mesio-buccal and one disto-lingual root, whereas their P4 S had two blade-like mesio- 

distal roots. The female Gorilla was characterised by a three-rooted P  ̂ (Figure 5.25). 

However, the P"̂  was only two-rooted due to two fused buccal roots which was 

gutter-shaped on the buccal aspect. Only a single root canal could be identified on 

the CT scans. The male Gorilla had three roots in both maxillary premolars (Figure 

5.28). These roots resembled those of the molars by having palatal roots which were 

elongated in the mesio-distal direction. The P 3 S in both Gorilla specimens carried a 

circular mesio-buccal root and a blade-like distal root. The roots of the P4 S were 

blade-like and aligned mesio-distally in the female specimen. Noteworthy is that in 

the male specimen the roots of the left P4 were rotated around 90° and thus aligned in 

bucco-lingual direction (Figure 5.26E). The P4 roots on the opposite side of the 

mandible were not rotated as the CT scans showed.

Correlates of premolar root surface area with other root and crown size parameters 

were explored by taking into account the entire primate sample, i.e. the extracted 

human tooth sample and the complete dentitions. Root surface area correlated 

significantly with root length in all premolars with one, two or three roots (Table 5.6; 

Figure 5.15). The RMA slope indicated that single-rooted premolars gain less surface 

area with increasing root length than multi-rooted premolars. The slope of 0.82 for 

single-rooted premolars was not significantly different from 1.0 (p>0.05, n.s.).

Root surface area correlated highly significantly with occlusal area, albeit the rank 

correlation coefficient for one-rooted premolars was rather low (rs=0.46; Table 5.6;  

Figure 5 .16 ) .  The RMA slopes for one and three-rooted premolars only varied 

marginally (5 .1 0  and 5 .11 ,  respectively) while it was larger for two-rooted premolars
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Table 5.6 Spearman rank correlation and RMA statistics for premolar root surface area against root 
length, occlusal area and crown area.

Premolar root surface area against root length

n h p-value slope 95% conf. int. intercept

1 root 47 0.69 P <  0.001 0.82 0.64, 1.01 1.87

2 roots 16 0.88 P <  0.001 1.67 1.31,2.02 -5.96

3 roots 25 0.95 P <  0.001 1.49 1.29, 1.70 -1.86

Premolar root surface area against occlusal area

n r. p-value slope 95% conf. int. intercept

1 root 47 0.46 P < 0 .0 1 5.12 3.79 ,6 .45 -98.62

2 roots 16 0.89 P <  0.001 5.42 4.27, 6.57 -122.06

3 roots 25 0.88 P <  0.001 5.13 4.27, 5.98 -71.73

All premolars 88 0.85 P <  0.001 5.37 4.99, 5.75 -109.24

Premolar root surface area against root volume

n h p-value slope 95% conf. int. intercept

1 root 47 0.96 P <  0.001 3.06 2.77 ,3 .35 -3.81

2 roots 16 1.00 P <  0.001 3.03 2 .83 ,3 .22 -2.49

3 roots 25 0.99 P <  0.001 2.81 2 .67 ,2 .96 -0.47

Premolar root surface area against full crown area

n h p-value slope 95% conf. int. intercept

1 root 47 0.20 P > 0.05, ns 1.44 -0.05, 0.79 -37.65

2 roots 16 0.81 P <  0.001 1.92 1.44,2.41 -53.72

3 roots 25 0.85 P <  0.001 1.88 1.54,2.21 -24.26

(5.42). A slope of 5.37 was found if all premolars were taken together with 95% 

confidence limits between 4.99 and 5.75. This suggests that root surface area and 

crown base size increased at the same rate independent of the number of premolar 

roots. Likewise, root surface area and root volume correlated significantly in all 

premolar types. All premolars had in common an RMA slope o f about 3.0 as 

demonstrated by the 95% confidence intervals (Table 5.6, Figure 5.17).

Root surface area was found to correlate significantly with crown surface area in 

two- and three-rooted premolars only, whilst there was no significant correlation in 

one-rooted premolars (Table 5.6; Figure 5.18).
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Figure 5.19 One half o f  the dentition o f  a female Papio anubis. A. Buccal view. B. Lingual view C. Superior view . D. Inferior view . Scale=3cm
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Figure 5.20 One half o f  the dentition o f  a male Papio anubis. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view. Scale=3cm
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Figure 5.21 One half o f  the dentition o f  a male Homo sapiens. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure 5.22 One half o f  the dentition o f  a female Pan troglodytes with supernumerary fourth molar crown. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior
view. Scale=3cm
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Figure 5.23 One half o f  the dentition o f  a male Pan troglodytes. A. Buccal view. B. Lingual view  C. Superior view. D. Inferior view . Scale=3cm
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Figure 5.24 One half o f  the dentition o f  a male Pongo pygmaeus. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view. Scale=3cm
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Figure 5.25 One half o f  the dentition o f  a fem ale Gorilla gorilla. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure 5.26 One half o f  the dentition o f  a male Gorilla gorilla. A. Buccal view. B. Lingual view C. Superior view . D. Inferior view . E. Transverse CT-scan o f  mandible
showing the rotated roots o f  the left P4 (arrow). The roots on opposite side are aligned normally. Scale=3cm
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CHAPTER 6. RESULTS III

6.1 Tooth root morphology in the carnivore sample

In the following the results for the Carnivora, Pinnipedia and Dasyuromorphia are 

presented. These three taxa will be referred to as the “carnivores” or the “carnivore 

sample” in the remainder of this chapter. Three-dimensional reconstructions of one 

side of the carnivore dentitions are found at the end of this chapter (Figures 6.10 to 

6.16).

6.1.1 Root number and non-metric root morphology

In Table 6.1 the numbers of roots in the carnivore sample are presented. The 

mandibular teeth in the carnivores possessed between one and two roots. Two of the 

specimens (Crocuta and Ailuropoda) were characterised by accessory roots found at 

Ml. Ailuropoda carried one accessory root on the distal aspect of its mesial Mi root 

(Figure 6.16). The distal root of the Mi in Crocuta was split bucco-lingually, thus 

forming an accessory root (Figure 6.14). Given the size of this root portion it might 

classify as a third root. With the exception of Phoca which had one root each in ?i 

and ? ' and two roots in the remaining mandibular and maxillary postcanines, the 

distal postcanines of all the other species exhibited between one and four roots 

{Ursus). The M^ of Ailuropoda was three-rooted whereby the palatal root seemed to 

be composed of two roots which were connected by a sheath. An examination of the 

CT scans revealed that it comprised two distinct root canals. Common to all species 

except Phoca was an increase in root number from the most mesial postcanine to the 

most distal one. The distal root of the M"* in Thylacinus was reduced and was 

markedly smaller than the remaining two roots. The incisors of both mandibular and 

maxillary teeth of all species carried one root each. Phoca possessed two incisors in 

the mandibular tooth row opposed to three in the maxillary. In the postcamassial M  ̂

of Panther a three roots were identified but its size was relatively small.

Diastemata were present in Thylacinus and Canis between C, P I, P2 and P3 of both 

upper and lower dentitions (Figures 6.10 and 6.12); in Panthera between C and the
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postcanines (Figure 6.13); in Ursus between Pg/P^ and the remaining postcanines 

(Figure 6.15). The teeth of Phoca, Crocuta and Ailuropoda were eharaeterised by 

almost no spacing between the teeth although in the latter two speeies a small 

diastema was present between C and P2 (Figures 6.14 and 6.16).

In this context, the relationship between the eanine root size and the size and loeation 

o f the posteanines is noteworthy. Conspicuous were the sigmoid formed mandibular 

and maxillary eanines in Phoca. As can be seen from the inferior and superior 

aspeets the upper and lower canine roots were oriented in such a way that they run 

parallel to the first three postcanine roots (Figure 6.11). By contrast, for instance, in 

Ursus the canine root was situated directly underneath the anterior most postcanines 

(Figure 6.15). Here, only a small P 3 and P^, respectively, were aeeommodated above 

the eanine roots. These teeth were followed by a diastema. The loeation o f the 

subsequent tooth (P 4 and P \  respeetively) eorresponded with the tip of the canine 

root.

T a b le  6.1 Mandibular and maxillary root number in Dasyuromorphia, Pinnipedia and Carnivora

Species li b I3 C Pi P 2 P3 P4 M, M 2 M 3 M 4

Thylacinus 1 1 1 1 2 2 2 2 2 2 2

Phoca 1 1 1 1 2 2 2 2

Canis 1 1 1 1 1 2 2 2 2 2 1

Panthera 1 1 1 1 2 2 2

Crocuta 1 1 1 1 2 2 2 2*

Ursus 1 1 1 1 1 2 2 2 1

A iluropoda 1 1 1 1 2 2 2 2* 2 2

* accessory root

Species 1 ' 1“ l' C ?' P- P̂ P' m ' M- M-’ M^

Thylacinus 1 1 1 1 1 2 2 2 3 3 3 3

Phoca 1 1 1 1 1 2 2 2 2

Canis 1 1 1 1 1 2 2 3 3 3

Panthera 1 1 1 1 1 2 3 3

Crocuta 1 1 1 1 1 2 2 3

Ursus 1 1 1 1 1 1 2 3 4

A iluropoda 1 1 1 1 1 2 3 3 3 3
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6.1.2 Metric variation o f carnivore root morphology

As for the primate sample, the geometric means o f seven measurements of the face, 

the mandible and the tooth row for the carnivore specimens were calculated (Table 

6.2; see Table A.2 in the Appendix for individual measurements). Ailuropoda as the 

largest specimen had almost double the facial size as Phoca with the smallest 

mandibulo-facial dimensions. Canis and Panthera as well as Thylacinus and Crocuta 

were similar sized. The root size dimensions of all the seven species were divided by 

this value for standardisation purposes. In the remainder of this section the change of 

root size within the tooth row of the various species, i.e. length, crown base area, 

surface area and volume, are investigated. The quantified root dimensions are 

reported in the Appendix (Tables A .l 1 to A. 17).

Table 6.2 Geometric mean based on seven measurements o f  the face, mandible and the dentition o f  
the dasyuromorph, pinniped and carnivore specimens

Specimen Geometric mean [mm]

Thylacinus cynocephalus 62.35

Phoca vitulina 49.53

Canis familiaris 55.99

Panthera pardus 53.59

Crocuta crocuta 67.78

Ursus americanus 62.02

Ailuropoda melanoleuca 89.40

6.1.2.1 Root length

The raw data for the carnivore sample are presented in the Appendix (Table A .l 1). In 

addition. Figure A.7 and A.8 in the Appendix plot the mandibular and maxillary root 

length along the tooth row. Mandibular non-canine roots were longest in Panthera, 

Crocuta and Ailuropoda. In the maxillary dentition of Crocuta Î  and are 

particularly long. Compared to the postcanine roots which were relatively equal in 

length, the canines in both Thylacinus and Phoca were very long. In the postcanines 

of Canis the camassial teeth (P'^/Mi) bear the longest roots. In Panthera the 

camassials were slightly shorter than their mesial neighbours P  ̂ and P 4 . In Ursus the 

mandibular and maxillary M2 and M3 had the longest roots if  the canines were
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excluded. Likewise, in Ailuropoda the mandibular and maxillary M l and M2 were 

longest.

The hi- and trifurcation height indices of the mandibular and maxillary postcanines 

are presented in Tables 6.3 and 6.4. The multi-rooted teeth of Thylacinus and Canis 

did not show a root trunk, i.e. the roots were separated directly below the cemento- 

enamel junction (cf. Figures 6.12 and 6.14). In the mandibular postcanines of 

Panthera, Crocuta, Ursus and Ailuropoda the height of the root trunk covered less 

than a fifth of the root length (<20%). In Phoca, the P2 and P3 were separated at a 

relatively low level (38% and 64%, respectively). In none of the species a mesio- 

distal increase of bifurcation height was observed. In the maxillary dentition, the root 

trunks of Ursus and Ailuropoda became shorter towards the distal end of the tooth 

row. The M  ̂ and M^ roots o f Ailuropoda were completely separated.

Table 6.3 Bifurcation height index o f  mandibular postcanines in the carnivores
BI (%) Pi P2 P3 P4 M, M2 M3 M4

Thylacinus 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Phoca - 38.0 64.3 14.1 14.8

Canis - 0.0 0.0 0.0 0.0 0.0 0.0

Panthera 0.0 0.0 14.9

Crocuta 6.7 0.0 9.4 15.7

Ursus - 15.9 9.6 17.4

Ailuropoda 12.9 8.6 5.7 7.7 8.3

Table 6.4 Bi- and trifurcation height index o f  maxillary postcanines in the carnivores
BI (%) P ‘ p3 P4 M ‘ M  ̂ M" M^

Thylacinus 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Phoca - 9.1 17.4 13.2 36.6

Canis - 0.0 0.0 0.0 0.0 0.0

Panthera 0.0 0.0 8.0 41.2

Crocuta - 4.4 12.1 0.0

Ursus - - 26.0 16.1 16.8

Ailuropoda 14.0 8.4 4.3 0.0 0.0
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6.1.2.2 Crown base area

The distribution o f mandibular and maxillary crown base areas which corresponds to 

occlusal area along the tooth row are plotted in Figures 6.1 and 6.2. In Phoca, the 

occlusal area of the canine was about the same size as of P3. In all other species 

canine base size was exceeded by the distally positioned postcanines.

The incisor base size was relatively smallest in all species. In the mandibular 

dentition, Crocuta had the widest teeth for its craniofacial size followed by 

Ailuropoda. In the maxillary dentition, both Crocuta and Ailuropoda had comparably 

wide teeth. Crocuta exhibited the largest front teeth, and in particular the l \  

compared to the rest of the sample. In the maxillary dentition of Crocuta the was 

wider than P"̂ . In Thylacinus, Canis, Crocuta, Ursus and Ailuropoda a size gradient 

was visible, i.e. the crown base was becoming larger in mesio-distal direction. In 

Phoca, the difference between the postcanine crown bases was not as pronounced.

0 .3 5

0 .3

2  0 .2 5

0.2

o  0 . 1 5

0 .0 5

II 12 13 C PI P 2  P 3  P 4  M l M2 M3 M4

♦ — Thylacinus 

O - Phoca  

-A— Canis 

■ Panthera 

O Crocuta 

O Ursus 

O Ailuropoda

Tooth type

Figure 6.1 Plot o f mandibular crown base (occlusal area) relative to facial size (geometric mean) 
along the tooth row in the carnivore sample with complete dentitions and crania.
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F igu re  6.2 Plot o f  maxillary crown base (occlusal area) relative to facial size (geometric  mean) along  
the tooth row in the carnivore sample with com plete  dentitions and crania.

6.1.2.3 Root surface area

Incisor root surface area in both the mandibular and maxillary dentition became 

larger between 11 and 12 in all species except in the maxillary incisors of Thylacinus. 

The plots of the distribution of upper and lower root surface area are found in the 

Appendix together with the raw data (Figures A.9 and A. 10; Table A. 12). Root 

surface area increased between 1% and I3 in Canis, Panthera and Crocuta whereas it 

remained equal in size in Thylacinus, Phoca, Ursus and Ailuropoda. In the maxillary 

incisors the l^s were largest compared to 1  ̂ and 1  ̂ in all species (with the exception of 

Thylacinus where l'̂  is largest). Canine root surface area peaked in Panthera, 

Crocuta and Ursus and was smallest in Ailuropoda. The canine roots o f Thylacinus, 

Phoca and Canis took an intermediate position. The surface area of the Mi and M2 

roots m Ailuropoda even exceeded that of the canine root.

Owing to the fact that mandibular and maxillary teeth in the carnivores did not 

occlude directly but showed a shifted occlusal pattern, i.e. one maxillary tooth 

occluded with two mandibular antagonists or vice versa, the root surface areas for the
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mandibular postcanines were calculated according to the observed occlusal pattern. 

Thus, the distal and mesial roots of two mandibular adjacent teeth were transformed 

into one functional unit (Table 6.5).

Table 6.5 Distribution o f  root surface area in the carnivores after correction for occlusal pattern
Thylacinus

P' P̂ M'

161 177 263 276 389 419 144

52 150 219 227 242 335 335 155

Pl-M P l-o/Pz-M P2-D/P3-M P3.D/M1.M Mi.d/M2-M M2.D/M3.M M3.D/M4.M M4.D

Phoca

P' p2 P" P̂ M ‘

88 158 170 164 120

137 161 185 157 71

P1/P2-M P 2-d/P 3-M P 3-d/P 4-M P4.D/M1.IVI M,.D

Canis

P' P̂ P" P'̂ M' M"

83 135 184 482 375 117

113 155 214 380 342 119

P1/P2.M P2-D/P3-M P3-D/P4-M P4.D/M1.M M 1.D/M2-M M2.D/M3

Panthera
p2 P̂ P' M ‘

59 384 676 56

110 344 630 132

P3-M P3-D/P4-M P4.D/M1.M M].d

Crocuta

P' P̂ P4

244 646 1519 1511

278 910 1169 1729

P2-M P2-D/P3-M P3-D/P4-M P4.D/M1.M
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Table 6.5 continued

Ursus

P" P' M'

87 57 275 583 734

82 86 312 454 524

P3 P4-M P4.D/M1.M M).d/M2-M M2-D/M3

Ailuropoda

P' P̂ P" P4 M'

56 366 831 1509 2563 2717

141 426 786 1662 2157 2228

P2-M P 2-d/P 3-M P 3-d/P 4-M P4.D/M1.M M i.d/M2-M M2.D/M3

Figure 6.3 illustrates the revised pattern of root surface area distribution in the 

maxillary and mandibular postcanine dentitions of the seven species. As the result of 

the Wilcoxon signed rank test indicated there was no significant difference between 

the cumulative mandibular and maxillary postcanine root surface area despite 

differences in maxillary and mandibular root number (p>0.05, n.s.; Table 6.6). In 

Crocuta, Ursus and Ailuropoda the root surface area increased from mesial to distal 

while reaching a peak surface area on the most distal tooth. In Thylacinus, Phoca, 

Canis and Panthera, the root surface area increased along the tooth row but dropped 

off distally. In Panthera the decline of the root surface area at M l was particularly 

evident owing to the reduced Mi. In Canis and Panthera the maximum was reached 

at the camassial tooth complex. The two species with the largest root surface area 

were Crocuta (P3 and P4) and Ailuropoda (M l and M2). Phoca had notably the 

smallest root surface area. Even though root surface area increased from PI to P3 and 

then decreased again, the difference was not as pronounced as in the other species.
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Table 6.6 Cumulative root surface area o f  the mandibular and maxillary postcanines. The result o f  the 
Wilcoxon signed rank test statistics shows that there is no significant difference between mandibular

Species Mandibular [mm^ Maxillary [mm^

Thylacinus 1695 1829

Phoca 712 701

Canis 1323 1376

Panthera 1216 1175

Crocuta 4086 3921

Ursus 1458 1736

Ailuropoda 7402 8042

Wilcoxon test result z-value = -1.01, P = 0.31, n.s.

6 .1.2.4 Root volume

The distribution of root volume across the maxillary and mandibular dentition both 

within and between the carnivore species is comparable to the distribution of the root 

surface area. The plots o f mandibular and maxillary root volume along the tooth row 

are shown in the Appendix (Figure A. 12). Canine and postcanine root volumes were 

largest in Panthera, Crocuta and Ailuropoda.

6 .1.2.5 Root spread

The results of the mesio-distal spread in the mandibular postcanine roots are 

presented in Figure 6.4. The raw data is found in the Appendix (Table A. 13). An 

angle of 0 degree denotes parallel roots, while a positive angle relates to root 

divergence and a negative value stands for converging roots. Apart from Phoca, in 

the entire sample an increase of the angle was observed in the distal most teeth. The 

Ml of Panthera and the M 2 of Canis showed the widest root angle whilst the angles 

\n Ailuropoda were relatively low, in the latter implying either parallel or converging 

roots. Both in Thylacinus and Ailuropoda the anterior most premolar adjacent to the 

canine exhibited a larger root spread than the subsequent tooth.

In the maxillary dentition of Ailuropoda, through to M^ carried roots which were 

aligned in the bucco-lingual direction (Figure 6.5; Table A. 14 in the Appendix). The 

spread o f the roots was not continuous though. Whilst the angle was relatively low in 

the three premolars, the roots were widest apart in M* but then converged again in
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M . In Thylacinus only the maxillary molars had bucco-lingually oriented roots 

opposed to the premolars which had two mesio-distally placed roots each. The 

bucco-lingual angle of the molar roots gradually became wider in mesio-distal 

direction. In contrast, the postcanine root angulation of Canis and Ursus was reduced 

mesio-distally. The maxillary camassials (P"̂ ) of Panthera and Crocuta were the only 

teeth in these species with roots in bucco-lingual alignment. Their root angulation 

was relatively low in comparison to the other species, i.e. the roots were almost 

parallel (7° and 12°, respectively). Phoca was the only species with no roots in 

bucco-lingual direction.
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P 1m n P 2m n P 3m n P 4m n  M1mn M2mn M3mn M4mn

Figure 6.4 Plot o f mesio-distal root spread in the mandibular postcanines o f the carnivore sample. A 
positive value indicates root divergence, a negative value root convergence.
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Figure 6.5 Plot o f bucco-lingual root spread in the maxillary postcanines o f the carnivore sample. A 
positive value indicates root divergence, a negative value root convergence.

6 .1.3 Root-crown size relationship

The relationship between mandibular root and crown surface area are investigated by 

bivariate plots (Figure 6.6). In all species significant correlations between roots and 

crowns were observed (Table 6.7). The slope was steepest in Phoca (2.86) and 

lowest in Canis. The slope of 1.17 in Canis was not significantly different from 1.0 

(p>0.05, n.s.), thus showing that the roots and crowns scaled isometrically. Figure 

6.7 plots the ratio o f root to crown surface area across the mandibular tooth row. In 

all species root surface area decreased relative to crown surface area in mesio-distal 

direction. The roots were particularly large compared to crown size in Thylacinus 

and Phoca. In the entire sample the postcanine root to crown surface area ratio 

became smaller except in Ailuropoda where the ratio increases.

Maxillary root surface area was also found to correlate significantly with crown 

surface area in the entire sample (Table 6.8; Figure 6.8). As for the mandibular 

dentition the slope was steepest in Phoca due to the very large canine root. The slope 

of 1.42 in Canis was not significantly different from 1.0 (p>0.05, n.s.). Figure 6.9

199



depicts the ratio o f maxillary root to crown surface area. A gradient of declining root 

surface area relative to crown surface area was seen in Thylacinus, Panthera and 

Crocuta, whilst it was less obvious in the remaining species. The ratio o f in Phoca 

and o f P* in Ursus particularly stood out. The canine root to crown surface area ratio 

was largest in Thylacinus and Phoca.

Table 6.7 Spearman rank correlation and RMA statistics for mandibular root to crown surface area
Species h P RMA slope 95% Conf. lim. for slope Intercept

Thylacinus 0.91 p <  0.001 1.71 0.65 ,2 .76 0.27

Phoca 0.93 p <  0.001 2.86 1.20,4.52 -76.67

Cants 0.94 p <  0.001 1.17 0.72, 1.62 32.87

Panthera 1.00 p <  0.001 2.04 1.33,2.74 2.89

Crocuta 0.90 p < 0 .0 1 1.51 1.18, 1.84 79.88

Ursus 0.97 p <  0.001 1.66 1.17,2.16 -36.65

Ailuropoda 1.00 p <  0.001 2.05 1.87,2.24 10.56

Table 6.8 Spearman rank correlation and RMA statistics for maxillary root to crown surface area

Species h P RMA slope 95% Conf. lim. for slope Intercept

Thylacinus 0.87 p < 0 .0 1 2.34 1.09,3.60 -38.42

Phoca 0.70 p < 0.05 3.55 1.92,5.18 -49.78

Cants 0.82 p < 0 .0 1 1.42 0.71 ,2 .14 6.49

Panthera 0.76 p < 0.05 1.90 1.29,2.50 17.43

Crocuta 0.90 p <  0.001 1.39 0.91, 1.87 173.83

Ursus 1.00 p <  0.001 1.89 1.39,2.40 -35.16

Ailuropoda 0.99 p <  0.001 2.11 1.85,2.38 -32.73
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Figure 6.10 One half o f  the dentition o f  a Thylacinus cynocephalus (sex unknown). A. Buccal view . B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure 6.11 One half o f  the dentition o f  a Phoca vitulina (sex unknown). A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure 6.12 One half o f  the dentition o f  a Canis familiaris (sex unknown). A. Buccal view. B. Lingual view  C. Superior view. D. Inferior view . Scale=3cm
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Figure 6.13 One half o f  the dentition o f  a female Panthera pardus. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure 6.14 One half o f  the dentition o f  a fem ale Crocuta crocuta. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure 6.15 One half o f  the dentition o f  a Ursus americanus (sex unknown). A. Buccal view. B. Lingual view  C. Superior view. D. Inferior view . Scale=3cm
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Figure 6.16 One half o f  the dentition o f  a female Ailuropoda melanoleuca. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view. Scale=3cm
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CHAPTER 7. RESULTS IV

7.1 Comparison between primate and carnivore root morphology

7.1.1 Relative tooth row length

In Table 7.1 the relative lengths of the maxillary tooth row in primates are presented. 

The larger the value the longer the tooth row and consequently the smaller the 

distance between the TMJ and the last tooth which has consequence for the ratio 

between load and muscle moment arm. Among the primates the tooth row takes up 

about 56% {Homo, male 2) to 66% (Gorilla, female) of the rostrum length. The tooth 

row length are longest in the papionins with the exception of the female Gorilla. In 

the carnivores, the tooth row length of Phoca is half the length of the mandible. By 

contrast, three quarters o f the mandibular length in Ailuropoda are occupied by the 

tooth row. Likewise, the relative tooth row lengths for Crocuta, Canis and Ursus are 

longer than the primates.

Species/specimen Relative maxillary tooth row length in % 
(tooth row length/ length TMJ-prosthion)

Papio anubis, female 61.4

Papio anubis, male 61.8

Homo sapiens, male 1 58.2

Homo sapiens, male 2 56.1

Pan troglodytes, female 1 58.1

Pan troglodytes, male 1 57.2

Pan troglodytes, male 2 60.0

Pongo pygmaeus, male 1 60.9

Gorilla gorilla, female 66.4

Gorilla gorilla, male 59.1

Thylacinus cynocephalus 61.4

Phoca vitulina 51.4

Canis familiaris 67.3

Panthera pardus 58.0

Crocuta crocuta 64.1

Ursus americanus 68.2

Ailuropoda melanoleuca 75.6
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7.1.2 Root surface area and volume

Figure 7.1 plots the maxillary root surface area distribution along the tooth row in the 

examined primate and carnivore species. Generally, root surface area varies to a 

greater extent in the carnivores. The incisors are larger in the primates than in the 

carnivores. The maxillary canine root surface area of the primates falls within the 

same range as the carnivores. Among the primates, the canine root surface areas of 

Pongo and Papio are about the same as for Panthera and Crocuta. While in the 

primates canine root surface area exceeds that of the rest o f the dentition, in the 

majority of the carnivores the canines are comparable in size with the largest 

postcanines. The postcanine root surface area is largest in Crocuta, Ailuropoda and 

Panthera. The M* and of Ursus and the camassial of Canis fall within the 

variation of primate root surface areas. The postcanine root surface areas o f Phoca 

and Thylacinus are below those of the primates. In the postcanines o f the primates, 

root surface area reaches a peak at one of the molars (M l in humans and M2 in the 

non-human primates) and then drops off which is also the case in Thylacinus, Phoca, 

Canis and Panthera. By contrast, in Crocuta, Ursus and Ailuropoda the root surface 

area increases gradually in mesio-distal direction.

Whilst root surface area is an indicator of differences in masticatory function root 

volume reflects space occupied by the individual teeth relative to each other. The 

relative root volume of primates and carnivores is presented in Figures 7.2 and 7.3. 

Among the primates, the canines in Papio, Pan and Pongo take up relatively more 

space than in Homo and Gorilla. In Homo the molar roots are particularly large. 

Compared to the primates, Phoca, Panthera and Ursus have very large canine roots 

relative to the size of the incisors and postcanines. In Ailuropoda, only less than a 

fifth of total root volume accounts for canine root size.
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Figure 7.1 Maxillary root surface area distribution in primates (mean values) and carnivores relative to facial size

212



7.1.3 Root-crown size relationship

7.1.3.1 Tooth row

The comparison of the root to crown surface area ratio reveals differences between 

the incisors of primates and carnivores (Figures 7.4 and 7.5). Carnivores have 

especially large incisors roots for their crown surface area or vice versa. Among the 

postcanine dentition, the ratios overlap partly in both carnivores and primates even 

though the premolars and molars of primates have higher ratios. In the canines, the 

roots of Thylacinus and Phoca have particularly large surface areas in relation to 

their crovm surface areas, i.e. the roots are three to four times larger than the crowns. 

The mandibular and maxillary canines of Canis, Crocuta and Ursus as well as the 

non-human primate species have about two times more surface area than crown 

surface area.

7.1.3.2 Canine roots

In Table 7.2 the rank correlation coefficients and the RMA statistics canine root size 

against crown size are presented. The primate sample includes the canines o f the 

human extracted tooth sample as well as the two non-human primate specimens with 

the incomplete mandibles and maxillae. Both the carnivore and the primate root 

surface area correlate significantly with crown surface area (Figure 7.6). The RMA 

slope indicates that root surface area relative to crown surface area in the primates 

increases to a larger extent (slope of 2.4 and 1.95 for mandibular and maxillary 

canines, respectively) than it does in the carnivores (1.89 and 1.63). No significant 

correlation is found for root against crown height in the carnivores whilst it is highly 

significant in the primate sample (Table 7.2). Significant associations are found 

between root surface area against crown height in both mandibular and maxillary 

canines of primates and carnivores which is plotted in Figure 7.7. The RMA slopes 

reveal that root surface area increases at a faster pace in primates than it does in 

carnivores (Table 7.2). In the maxillary canines of the primates, the male Papio 

specimen has less root surface area than expected for its canine surface area as well 

as crown height whilst it is the reverse in the male Gorilla (Figures 7.6 and 7.7). 

Among the carnivores, Ailuropoda has relatively large mandibular canine root 

surface area for its crown height (Figure 7.7).
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Table 7.2 Rank correlation and RMA statistics for mandibular and maxillary canine root to crown
relationships (surface 
***P<0.001

area and height) in the primate (P) and carnivore (C) samples. **P<0.01,

n Ts RMA slope 95% Conf. Int. o f slope Intercept

8
P mn 22 0.92*** 2.40 2.20,2 .60 -174.80

. 3 mx 22 0.75*** 1.95 1.66,2.24 -80.60

> c
O ^ CQg § :

C mn

mx

7

7

0.94**

1.0***

1.89

1.63

1.09,2.69

1.23,2.02

135.71

291.25

P mn 21 0.81*** 1.39 1.16, 1.63 3J^
.x:.OT) mx 21 0.79*** 1.44 1.16, 1.73 1.18
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7.2 M andibular dimensions and root length

Table 7.3 presents the Model 11 reduced major axis regression statistics as well as the 

Spearman’s rank correlation coefficients for mandibular root length compared to the 

height of the mandible at Mi for twelve primate specimens representing five species 

as well as for the carnivore specimens. As can be seen, there was a highly significant 

correlation between root length and mandibular corpus height in both tooth types of 

primates and carnivores. The hypothesis that root length is independent of 

mandibular corpus height was therefore rejected. Only canine root length in primates 

scaled positively allometric with corpus height (Figure 7.8).

When mandibular root length and the projected length of the face, which is 

equivalent to the projected length of the mandible, were compared significant 

correlations exist only in the canines of both primates and carnivores (Table 7.4). 

The RMA slopes indicated negative allometry (Figure 7.9). The hypothesis that root 

length scales significantly with mandible length is only partly corroborated.
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Table 7.3 Spearman rank correlation and R M A  statistics for mandibular root length and mandibular  
corpus height at Mi. Primates n = l 2 ,  C n= l  I; carnivores n=7.

Tooth Ts P R M A  slope 95%  Conf. Int. o f  slope Intercept

Primates C 0.85 p<0.05 1.81 0 . 8 9 ,2 . 7 4 -31 .74

Ml 0.94 p<0.001 0.62 0 .4 1 ,0 .8 2 -2 .88

Carnivores C 0.88 p<0.01 0.54 0 . 1 3 ,0 .9 4 17.21

Ml 0.82 p<0.05 0.77 0 .40 ,  1.13 -4 .97

Table 7.4  Spearman rank correlation and R M A  statistics for mandibular root length and projected  
mandibular length. Primates n=IO, C n=9; carnivores n=7

Tooth h P R M A  slope 95%  Conf. Int. o f  slope Intercept

Primates C 0.98 p < 0 .0 0 l 0.26 0 .1 9 ,0 .3 2 -7.93

Ml 0 .64 p>0.05 ,  n.s. 0.10 0 . 0 3 ,0 .1 7 2.37

Carnivores C 0 .84 p<0.05 0.18 0 . 0 6 ,0 .2 9 5.00

Ml 0 .32 p>0.05 ,  n.s. 0.25 0 .0 2 ,0 .4 8 -22 .34
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Figure 7.8 Bivariate plot o f  root length o f  mandibular canines and first molars against mandibular  
corpus height at M l  in primates and carnivores.
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CHAPTER 8. DISCUSSION

This study sets out to place comparative tooth root morphology into context across 

various primate and carnivore species, particularly in relation to dietary adaptations, 

crown morphology and size as well as measurements of the face and the mandible.

8.1 Limitations of the study

8.1.1 Method error

As has already been shown in Chapter 3 the accuracy of linear as well as volumetric 

and planimetric measurements depends strongly upon the limited spatial resolution 

of the CT-scanner. Furthermore, although the segmentation process of the CT images 

is semi-automatic the correct choice of the threshold range is always subjected to an 

intra-observer error. However, as was also shown the method error was smaller than 

the biological variation o f human tooth root measurements reported in the literature. 

In comparison to alternative measurement techniques, CT scanning and 3D imaging 

can be considered reliable techniques for the quantification of tooth size. The use of 

virtual objects, though, has the disadvantage that no spatial feedback exists when 

placing landmarks for measurements as it is the case with callipers.

8.1.2 Sample size

The significance of the results is limited because of the relatively small sample size. 

Rather than focussing on only one or two species with a large sample size, a wide 

range of species was chosen covering four biological orders with diverse dietary 

adaptations. Due to the limited amount of specimens that were CT-scanned no 

reliable conclusion could be made about possible sexual dimorphism in root 

morphology. Any future study will obviously seek to increase the sample size.
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8.1.3 Measurement parameters

The use of periodontal attachment surface area per se as a construct of function may 

be too simplistic as the PDL micro-structure varies considerably. Results by 

Akiyoshi and Inoue (1963) showed that the density and thickness of the PDL fibres 

vary according to the masticatory stress a tooth is subjected to, whilst the actual 

amount of surface area remains the same. Moreover, the size of the periodontal 

space, the physical properties of the periodontal constituents and the meshwork of 

blood vessels have also an influence on the stability o f a tooth and may differ intra- 

and interspecifically (e.g. Geppert & Müller 1951; Schroeder 1986; Chiba et al. 

1990; Komatsu et al. 1998). Furthermore, the results of a study by Kleinfelder and 

Ludwig (2002) remind us that less attachment area is not automatically associated 

with a reduced signal to the jaw-closing muscles. Thus, the properties o f the PDL are 

not necessarily reflected by root surface area exclusively and may obscure apparently 

simplistic hypotheses about function and root surface area alone. It remains to be 

demonstrated systematically whether differences in the periodontal structures on an 

intra- and an interspecific level exist and if so, what implications this has for 

masticatory function. For example, the question may be raised whether differences in 

the canines of carnivores which actively use these teeth during hunting and 

subsequent food processing compared to primates are manifest in the microscopic 

architecture o f the periodontium as well. However, for the purpose of the present 

comparative study which used dry skulls and isolated teeth without any information 

on the soft tissue the use of root surface area as a means to explain functional 

differences is deemed reasonable.

8.2 Tooth root morphology and size in primates and carnivores

8.2.1 Humans

The extracted human tooth sample allowed assessing the intraspecific variability in 

tooth root size at least in one o f the investigated species.
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8 .2.1.1 Root length

The results for mandibular and maxillary root lengths concur with data presented in 

the literature (Campbell 1925; Selmer-Olsen 1949; Barnes 1969; Ozaki et al. 1987; 

Swindler & Weisler 2000; Table 8.1).

Table 8.1 Published mean maxillary (a) and mandibular (b) root height in millimetres in some modern 
human populations. Standard deviation and sample size given if  present.

a)

Population h h C P3 P4 Ml M2 M3

Norwegian 12.6±0.7 14.1±0.7 16.0±0.9 14.4±0.8 15.9±0.9 13.7±0.8 14.2±1.0 13.0±1.4

Lapps' n=397 n=420 n=449 n=410 n=408 n=283 n=257 n=170

Marshall 12.8 14.8 16.3±1.6 14.3±0.7 15.2±1.6 14.8±2.0 14.6±0.7 14.2

Islanders^ n=l n=2 n=8 n=7 n -8 n=8 n=7 n=2

Teso, 13.2±1.0 13.5±1.3 15.9±2.4 17.0±1.4 16.6±2.0 15.2±1.3 15.5±1.7 15.4±1.6

Uganda^ n=4 n=5 n=3 n=6 n=7 n=18 n=15 n=16

Australian 13.4 14.7 18.1 16.3 16.5 14.2 15.0 14.0

Aborigine"^ n=4 n=8 n=17 n=23 n=16 n=7 n=8 n=6

Japanese^ l l . l i l . l 12.2±1.2 13.8±1.4 13.1±1.4 13.3±1.4 13.5±1.4 12.9±1.1 11.7±1.9

n=276 n=280 n=171 n=256 n=248 n=163 n=144 n=88

b)

Population C P̂ P̂ M ‘ A /

Norwegian 12.1±1.2 12.8±1.0 16.9±1.1 14.1±1.0 14.7±1.1 13.5±1.2 13.8±1.1 12.5±1.3

Lapps' n="276 n=281 n=403 n=308 n—282 n=137 n=198 n=161

Marshall 13.5±1.3 15.3±1.8 17.9±1.7 14.7±2.4 14.7±1.6 13.5±1.4 13.7±2.7 13.0

Islanders^ n=7 n=7 n=8 n=8 n=7 n=9 n=3 n==2

Teso, 13.8±1.2 13.7±1.4 17.9±0.4 15.0±1.5 16.4±2.6 15.2±1.9 14.9±1.2 13.7±1.4

Uganda^ n=19 n=20 n=15 n=15 n=10 n=9 n=13 n=14

Australian 14.6 15.6 20.0 16.3 16.9 13.5 13.6 13.9

Aborigine'* n=18 n=15 n=41 n=35 n=36 n=5 n=15 n=22

Japanese^
11.5±1.6

n=289

11.7±1.4

n=285

15.0±1.7

n=176

12.4±1.5

n=289

13.2±1.8

n -287

12.0±1.3

n=263

12.1±1.6

n=243

10.7±1.4

n=115

' Selmer-Olsen (1949),  ̂ Swindler & Weisler (2000), Barnes (1969), Campbell (1925), ^ Ozaki et

at. (1987)

In the present study it was found that both the mandibular and maxillary fourth 

premolar together with the canine have the longest roots. This is also confirmed by 

the published data based on several geographically distinct populations. Given that
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P4 and C complete eruption and root formation later than all the other teeth with 

deciduous predecessors (Berkovitz et a l 2002), it gives weight to the hypothesis that 

root length is linked to the timing and duration of root formation and the eruptive 

processes. Such a link is indirectly supported by studies on the relationship between 

the length of mandibular premolar roots and the premature extraction of their 

deciduous predecessors (Brin & Koyoumdijsky 1981; Brin et a l 1991). It has been 

reported that after premature extraction, in some cases, the eruption is expedited and 

as a consequence the permanent premolar roots are about 1/4 to 1/3 shorter than 

expected in normal eruption (Gron 1962; Brin et a l 1991).

8.2.1.2 Root surface area and volume

The results for mandibular and maxillary root surface area in the human sample fall 

within the same range as published values by Jepsen (1963) (Table 8.2). The 

comparison with other studies is rendered more difficult because no standard 

deviations were given (e.g. Watt et a l 1958; Hillam 1973; Nikolai 1985; Hujoel 

1994; Schumacher 1995; Table 8.2). Unfortunately no data from geographically 

diverse populations other than the Europeans exist to compare with the present 

findings. The results of root volume in the examined mandibular and maxillary 

human teeth match less well with the previously published data (Table 8.3). The 

results o f a study by Moss and others (1967) on African and European Americans 

exceed the molar root volumes almost by a factor of two (Afro-Americans). Yet even 

higher values were found in a Hungarian (Kovacs 1971) and a Swiss sample (Müller 

1963). The difference in the results between the present and the comparative studies 

are likely due to the measurement technique applied in those studies. The teeth were 

submerged into a liquid and the resulting displacement was measured (Müller 1963; 

Moss et a l  1967; Kovacs 1971). Problems, however, arise with cracks and orifices in 

the teeth as well as the exact determination of the level up to which the roots are 

submerged which can lead to a considerable measurement error.

223



Table 8.2 Published mean values (standard deviation and sample size were present) for root surface 
areas (in mm^) in the human dentition. Provenance o f  populations unknown. * Data based on a meta
analysis o f  22 published studies.

Mandibular dentition h I2 C P 3 P4 Ml M2 M3

Watt et al. (1958) 162 175 272 197 204 450 400 373

n=5 n=5 n=5 n=5 n=5 n=5 n=5 n=5

Jepsen (1963) 154±27 168±22 268±42 180±27 207±27 431±60 426±70 -

n=10 n=10 n=18 n=24 n=17 n=15 n=10

Nikolai (1985) 105 125 160 130 135 350 280 190

Hujoel (1994) * 150 170 230 210 230 390 350 -

n=336 n=335 n=344 n=329 n=318 n=336 n=311

Schumacher (1995) 210 210 260 240 240 440 440 -

M axillary den tition C P̂ M ‘ A f A /

Watt e t al. (1958) 205 177 267 220 217 455 417 305

n=5 n=5 n=5 n=:5 n=5 n=5 n=5 n=5

Jepsen (1963) 204±31 179±25 273±44 234±34 220±39 433±41 431±63 -

n=19 n=25 n=26 n==20 n=19 n=15 n=10

Nikolai (1985) 140 110 205 150 140 335 270 195

Hujoel (1994) * 200 170 290 250 240 500 410 -

n=358 n=349 n=440 n==300 n=302 n=359 n=313

Schumacher (1995) 230 220 260 260 240 450 450 -

Table 8.3 Published mean values (standard deviation and sample 
(in mm^) in some modern human populations.

size were present) for root volumes

M an dibu lar dentition h I2 c P3 P4 Ml M2 M3

African Americans' - “ 340±80 330±80 770±130 860±280 630±120

n=10 n=6 n=27 n=20 n=19

European Americans' - - 280±50 310±70 680±140 610±130 600±140

n=15 n=8 n=13 n=14 n=22

Hungarians^ 150 320 480 410 530 1270 1060 980

Swiss^ min 146 134 236 203 198 594 492 202

max 198 189 396 254 256 786 716 474
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Table 8.3 continued

Maxillary dentition
„ .

C P" M‘ A f

African Americans' - - - 370±80 430±70 720±230 810±180 740±160

n=18 n=13 n=15 n=21 n=22

European Americans' - - - 310±70 310±70 760±90 690±160 530±170

n=28 n=12 n=15 n=7 n=28

Hungarians^ 570 410 570 600 450 1340 1120 720

Swiss^ min 180 159 297 206 205 613 516 209

max 340 259
3

496 284 278 1105 998 326

Despite differences in absolute values, both the published data and the present study 

agree in the relative distribution of root surface area within the human dentition. The 

molar roots are larger than the rest of the teeth with the first molar being the largest. 

Even though the mean root surface area of the maxillary second molar was largest in 

this sample the difference between first and second maxillary molar was non

significant. Moreover, in the two complete human dentitions both the mandibular and 

maxillary M l were found to be the largest teeth. The decrease in root surface area in 

the molar row is accompanied by both an increase in bifiircational height and a 

decrease in crown base area. Likewise, root volume is relatively largest in the molar 

region with a peak on M]. Possibly due to the heterogeneous sample of extracted 

teeth in the maxillary dentition M^ was significantly larger than M* and M \ Again, 

the two complete human dentitions confirmed the M l as being the tooth with the 

largest volume. Bite force studies show that maximal chewing forces in the molar 

region are on average 847±131N in males and 597±94N in females, whilst maximal 

bite forces in the incisal region amount to 287±75N (cJ) and 243±56N ($ ) (Waltimo 

& Kononen 1993). The limitation of maximal molar biting was related to the 

maximum muscular potential whilst the primary limiting factor for incisal biting was 

linked to the periodontal ligament.

8.2.1.3 Root divergence

Instead o f measuring the deviation of each root from the perpendicular o f the cervical 

axis (e.g. Dempster et al. 1963; Abbott 1984) this study was confined to the 

determination of the postcanine root divergence and convergence. The first molar as 

the tooth with the largest root surface area coincides with roots that demonstrate the
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largest mesio-distal angle among mandibular molars and the largest bucco-lingual 

angle in the maxillary molar row. The combination of all the above mentioned 

dimensions in conjunction with an almost vertical axial inclination of the first molar 

opposed to the gradually inclined second and third molars (Smith 1986; Osborn 

1993) underline the prominent role of the first molar in the human dentition during 

mastication (Spears & Macho 1998; Spencer 1998; Macho & Spears 1999).

8.2.1.4 Root-crown size relationship

Root surface area and volume prove to be independent of crown surface area and 

volume in the majority of tooth types. Only the mandibular II, C and P4 roots 

correlated significantly with crown size. The increase of crown surface area and 

volume of Ii exceeded that of root size as shown by the RMA slope of 0.67 and 0.82 

for surface area and volume, respectively. The reverse was the case for the size 

relationship in C and P4 . Müller (1963) reported a positive allometric scaling 

relationship for the volumes of all tooth types.

The data presented here for surface areas and volumes confirm studies which have 

already shown a weak, although significant, relationship between linear 

measurements of the roots and crown, i.e. root length versus crovm diameter and 

height (Gam et al. 1978; Ozaki et al. 1987a, b). It must be stressed, though, that the 

present sample is derived from a clinical collection of extracted teeth and hence 

might be biased to odd shaped teeth owing to pathology. Moreover, virtually none of 

the examined teeth was free of tooth wear which accounts for a reduction in overall 

crown surface area and volume. Hence the “true” relationship between root and 

crown surface area and volume might be obscured.

8.2.2 Primates

8.2.2.1 Human versus non-human primates

Differences in primate root surface area and volume corrected for facial size are 

particularly obvious between the anterior and the premolar dentition of Homo
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sapiens and of the non-human primates. In particular the incisor and canine root 

surface areas and volumes in humans are markedly smaller than in any of the other 

species. On the other hand, the molar roots o f H. sapiens are relatively larger than in 

Pan troglodytes and Pongo pygmaeus. Humans have the relatively longest roots but 

in the molars at least a third of the length is taken up with the root trunk. This 

cautions against using root length alone as an indicator of functional differences. 

Nevertheless, the amount of human molar root surface is still equal to or higher than 

in Pan and Pongo, Homo sapiens and G. gorilla are the only species which 

demonstrate a gradual increase in bucco-lingual maxillary molar root spread from 

distal to mesial, i.e. M3<M2<M1. This is associated with an increased lateral 

excursion at the anterior end of the mandible (Spears & Macho 1998). Whilst only 

humans exhibit a decrease in mesio-distal divergence of the mandibular molar roots 

the non-human primates show the reversed pattern, i.e. postcanine roots diverge 

increasingly from P 3 to M 3 in P. troglodytes, G. gorilla, P. anuhis and to a lesser 

extent in P. pygmaeus.

8.2.2.2 Tooth function and root morphology in non-human primates

The results corroborate the hypothesis that differences in tooth use, occlusal loads 

and material properties of food are reflected by differences in non-human primate 

root size. The species which engage most in anterior tooth use, i.e. P. troglodytes, P. 

pygmaeus and P. anubis, have relatively larger incisor roots than G. gorilla. In 

contrast, the latter exhibits larger molar roots than both P. troglodytes and P. 

pygmaeus which account for a diet consisting of leaves, seeds, grasses, roots, ferns, 

insects and fibrous fruits (Remis 1997; Tutin et al. 1997; Goldsmith 1999; Remis et 

a l 2001; Swindler 2002; Deblauwe et a l 2003). The results partly confirm a study 

by Taylor (2002) on the form and function of the masticatory apparatus in African 

apes. Her findings indicated an improved masticatory efficiency in gorillas 

(mountain and lowland) over the common and the pygmy chimpanzees. A reason for 

the relatively large surface area molar roots in G. gorilla might be their shape. The 

morphology of the palatal root of the maxillary molars appears to be different to that 

of P. troglodytes and P. pygmaeus. In the gorillas the palatal roots are mesio-distally 

elongated and broad at the apex rather than conical in cross-section and tapered as in 

the latter species. Mesio-distally elongated palatal roots have also been described for
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the maxillary molars of a recently discovered Miocene hominid, Sake lant hr opus 

tchadensis (Brunet et a l  2002).

Chimpanzees are known to be predominantly frugivorous but their diet also consists 

of leaves, seeds and grasses (Hylander 1975; Kay 1975; Shea 1983; Tutin & 

Fernandez 1993; Wrangham et a l 1998; Newton-Fisher 1999; Basabose 2002; 

Stanford & Nkurunungi 2003). Moreover, the diet is supplemented by meat of small 

mammals as well as ants and termites (Uehara 1997; Swindler 2002). As has already 

been described for incisor and molar crown size relative to body size (Hylander 

1975; Kay 1975), incisor root surface area is larger than in the other species, whilst 

molar root surface area is relatively smallest. The relatively large molar root trunks 

relate to less amount of root surface area in comparison with the gorillas and orang

utans. Surprisingly, the spread of the two last maxillary molars is relatively wide 

which is not expected for a largely frugivorous species. Despite the relatively large 

maxillary incisor roots (and crowns) in chimpanzees their root to crown surface area 

ratio is smaller than in the gorillas, i.e. in the latter the roots are relatively larger for 

their crown size. It has to be said though that the gorilla specimens exhibited a higher 

degree o f incisor crown abrasion than the chimpanzees which in turn corresponds to 

a reduced crown area.

The postcanine root morphology in P. anubis reflects the processing of resistant 

foods, such as seeds, rhizomes and leaves, which require large occlusal forces (Kay 

1978; Smith et a l  1983; Hassanali 1991; Whiten et a l 1991; Nowak 1999). Both the 

M2 and M3 roots are relatively largest in terms of surface area compared to the other 

species. This is strongly linked to a very low hi- and trifurcation height in these teeth. 

Moreover, both the relative long roots and the wide crown bases contribute to such 

large root surface areas and volumes. In addition, the mandibular postcanine roots 

are spread wide apart compared to the great apes and humans and thus contribute to 

the stability of the teeth, whereas the sectorial P 3 has converging roots. However, the 

maxillary postcanines exhibit less divergence and hence less horizontal shearing 

forces are expected.

Despite large occlusal forces which are reported to be exerted on the molars of P. 

pygmaeus during biting on Macadamia seeds (about 2000N) and Mezzettia seeds (ca.
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6000N; Lucas et al. 1991; 1994), the relative low magnitude of molar root surface 

areas does not support this assumption but instead indicates an adaptation to 

frugivory as in the chimpanzees. Orang-utans are known to consume predominantly 

ripe and succulent fruits as well as fruits with hard pericarps in addition to leaves, 

bark, flowers, vines, flowers, fungus, insects, honey and some animal prey (Kay 

1975; Galdikas 1988; Hamilton & Galdikas 1994; Ungar 1994; Swindler 2002). On 

the other hand, for a given crown surface area the orang-utans possess relatively 

large root surface area compared to the remaining species, thus distributing the forces 

exerted on the crowns (Kovacs 1971). Spears and Crompton (1996) showed by 

applying a finite stress analysis that the cusps of the molars of the orang-utans 

fracture food particles by vertically oriented crushing rather than by shearing. A 

further stress analysis by Macho and Spears (1999) also confirmed that the loading 

regime in P. pygmaeus is different to that in other great apes. The observed 

maximum root surface area in mandibular and maxillary M2s compared to M l and 

M3 is not associated with the divergence of the roots in this tooth. The mandibular 

molar roots are almost parallel and do not diverge as seen in the other apes and the 

baboons. Whilst the bucco-palatal roots in maxillary M l in f . pygmaeus diverge 

considerably this is not the case for M^ and M^. Compared to G. gorilla which is 

expected to generate large shearing forces in order to process leaves and other 

resistant and fibrous foods, it can be confirmed that the molar roots of P. pygmaeus 

are less well adapted to chewing but rather to vertical crushing (Spears & Crompton 

1996). The results for the root surface area and spread do not necessarily support the 

findings made by Macho and Spears (1999) that mandibular and maxillary molar 

crowns in orang-utans are better adapted to dissipate loads exerted by large-sized 

food particles posteriorly.

8.2.3 Carnivores

As for the primates, differences in tooth root size are associated with variation in 

dietary specialisation. Maxillary postcanine root surface area is not significantly 

different from its mandibular counterpart after correction for the interdigitating 

occlusal pattern in the carnivores. The distribution of mandibular and maxillary root
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volume corresponds well with root surface area and can also be used as an indicator 

for dietary differences.

8.2.3.1 Meat/bone and meat dietary groups

Crocuta crocuta as a durophagous carnivore exhibits the largest roots in terms of 

length, crown base area, surface area as well as volume and shows a clear adaptation 

to masticating bones. Bone cracking occurs between the pointed crowns of and the 

? 3 /4  but also the canines function as bone crushers (Van Valkenburgh & Ruff 1987; 

Anyonge 1996; Jones & Stoddart 1998). Even though the bone cracking teeth are 

said to be found within or near the region of maximum bite forces and relatively 

wide gape (Radlanski 1981b; Biknevicius & Van Valkenburgh 1996) the roots of the 

camassial tooth complex (P'^/Mi) are in fact marginally larger implying that these 

teeth are still subjected to relative larger occlusal forces.

Compared to the spotted hyaena. Cants familiaris -  a further representative of the 

meat/bone group -  has relatively small sized roots. Apart from the canines the 

camassials as the principal cutting teeth correspondingly bear the largest and wide

spread (P"̂ ) roots. The postcamassials which are used for bone crushing are 

comparably small. Bone processing in felids {Panthera pardus) occurs with both 

premolars and molars opposed to the canids and hyaenids (Van Valkenburgh 1996). 

The camassial roots of the leopard are larger than those of the dog, although the 

latter is a domesticated animal and hence might be smaller than a wild dog or wolf. 

The roots of the leopard’s P"̂  are almost parallel, whereas the M] roots show a 

remarkable degree of divergence. Canine root size was also found to be smaller in 

the dog than in the leopard. This concurs with findings made on the canine strength 

of felids, hyaenids and canids (Van Valkenburgh & Ruff 1987). The canines of the 

latter are medio-laterally compressed and inflict shallow, slicing wounds but are 

prone to fracture if an uneven load is applied. In contrast, the round-shaped canines 

of felids are adapted to cause deep, penetrating bites and to hold on stmggling prey. 

The more forceful canine biting of the felids is also associated with a shorter snout 

and thus a shorter load moment arm compared to carnivores with long muzzles, e.g. 

the canids (Du Bml 1974; Radinsky 1981a, b; Van Valkenburgh & Ruff 1987). It is 

also conceivable that dogs as opposed to the leopard have smaller canines because
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they are co-operative hunters of large prey whereas leopards are solitary hunters 

(Van Valkenburgh 1989).

The incisors o f felids are aligned in a transversely linear arcade, whereas in canids 

and hyaenids the anterior teeth are arranged in parabolic arcades. Relative to body 

size canids show greater bending strength in medio-lateral direction than felids, 

which seems to be associated with the shape of the contour of the incisor arcade 

(Biknevicius et a l 1996). The root surface area in the three incisors, however, does 

not reveal such a different loading regime. The amount of relative root surface area 

was equal in both P. pardus and C. familiaris but both were smaller than in C. 

crocuta.

Postcanine and canine root size in the extinct carnivorous marsupial Thylacinus 

cynocephalus is comparable to that of the placental carnivore C. familiaris although 

they are clearly distinguishable by their incisor root size. Based on an 

ecomorphological study Jones and Stoddart (1998) found that the canine strength of 

thylacines is intermediate between that of felids and canids which is also confirmed 

by the present root data. Moreover, it was concluded that in terms of convergence 

with placental carnivores thylacines consumed small prey relative to their body size 

comparable to a small-sized canid such as the coyote (which belongs to the 

meat/non-vertebrate dietary group) but not to the placental wolf Canis lupus 

(Werdelin 1986; Jones & Stoddart 1998). The close resemblance in root size of the 

thylacine and the canid is likely due to the fact that the examined specimen was a 

domestic dog with a presumably different diet than a wild-bred animal.

8.2.3.2 Non-vertebrate/meat and non-meat dietary groups

Ur sus americanus exhibits large root surface area on the most distal molars. As a 

rather dietary generalist feeding on predominately fruits, berries, nuts, grass and 

insects supplemented by less than 50% meat (Van Valkenburgh 1989; Noyce et al. 

1997; Nowak 1999; Rode & Robbins 2000) root size falls below that of the leopard 

and the hyaena. However, it still exceeds the root surface area of the camassials of
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the dog. The canine is in terms of root size comparable to that o f the seal and the 

thylacine but well above that of the herbivorous panda.

The postcanine root size (surface area, volume and crown base area) as well as the 

relatively wide angle between the palatal and buccal roots in M* and in 

Ailuropoda melanoleuca suggest very high occlusal loads with a strong horizontal 

component imposed by the crushing and mastication of bamboo (Carter et al. 1999; 

Nowak 1999). This is in agreement with the medial and lateral pterygoid muscles 

which are well-developed and larger than in other ursids (Endo et al. 2003). Even 

though their main function is medio-lateral movement of the mandible it has been 

assumed that they act as supporters of the very large and rostro-caudally divided 

masseter as well as temporalis muscles during pressing and crushing of bamboo 

stems (Endo et al. 2003). Compared to other ursids the ventral border o f the 

mandible is bulging below the molar region to resist the high masticatory forces 

(Sasaki et al. 2000). The bucco-lingual root divergence of the maxillary postcanines 

increases in mesio-distal direction pointing towards increased shearing forces. In 

contrast, the roots of the mandibular postcanines are either parallel or converge. This 

is also found in C. crocuta, the other species with relatively largest root surface area. 

The canine roots of the panda are reduced in comparison to other carnivorous 

species.

8.2.3.3 Marine dietary group

Opposed to the terrestrial carnivores, Phoca vitulina has the same root number in 

both maxillary and mandibular postcanines. All double roots are aligned mesio- 

distally which suggests that there is virtually no mesio-lateral moment involved 

during mastication. The magnitude of the individual postcanine root surface area is 

low and uniform as expected. This is also associated with a high bifurcation index, 

i.e. the roots split at a relatively low level. The postcanines are not adapted to 

comminute food but to capture rapidly moving prey such as fish and cephalopods 

(Loughlin 1982; Hillson 1986; Werth 2000; Pierce & Santos 2003). In contrast to the 

postcanines, the canine root is well developed but does not correspond to a 

proportionally high crown. The canine crown does not protrude the crowns o f the 

remaining dentition as seen in terrestrial carnivores. This suggests that these teeth do 

not penetrate but only inflict piercing wounds to the prey. Moreover, only the prey o f
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relatively small size can be consumed. Higher canine crowns require a wide jaw gape 

in order to open the mandible and grasp food. However, in an aquatic environment 

this is disadvantageous because of the high resistance of water when closing the 

mandible.

8.3 A comparison of primate and carnivore root form and function

8.3.1 Primate versus carnivore root surface area

The postcanine root surface area relative to facial size in the primates is more 

coherent than in the carnivores. In C. crocuta, A. melanoleuca and P. pardus the 

postcanines which are primarily involved in forceful biting have larger root surface 

area than any of the other carnivorous species and the primates. The two species 

among the carnivores and primates which engage in mastication o f tough, fibrous 

foods, A. melanoleuca and G. gorilla, require relatively wide spread roots. Canine 

root size is also larger in the leopard and the hyaena compared to the primates 

although the difference is less pronounced. The incisor roots, on the other hand, are 

more prominent in the primates. The ratio between both mandibular and maxillary 

root to crown surface area in primate postcanine teeth is only marginally higher than 

that in carnivores despite obvious differences in crown morphology and masticatory 

function. Whether these differences are significant remains unresolved, though. 

However, the root to crown surface area ratio in the incisors and canines of 

carnivores is noticeably larger than in primates. The seal and the thylacine have 

particularly more canine root surface relative to crown size than any of the other 

carnivores and primates.

Root surface area within the mandibular and maxillary dentition of the individual 

carnivore species correlates strongly with crown surface area. Both humans and 

gorillas scale significantly in terms of mandibular and maxillary root and crown 

surface area. In the other primate species this is only the case in either the 

mandibular or maxillary dentitions.
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8.3.2 Root size and force production along the tooth row

Common to the molars o f the great apes and humans is that M3 root surface area is 

smallest. Moreover, it can be confirmed that molar root surface area in humans 

becomes smaller posteriorly as has been demonstrated by previous analyses (Watt et 

al. 1958; Nikolai 1985). It also concurs with the distribution of molar root surface 

area observed in some platyrrhine species (Spencer, in press). Opposed to humans, in 

P. troglodytes, G. gorilla and P. pygmaeus the M2s have larger root surface areas 

than M l and M3. The difference between M l and M2 is discernible in the gorillas, 

less so in the other two species. It remains open though whether these differences are 

significant.

8.3.2.1 Primates

Two of the three P. troglodytes specimens exhibited a relatively short tooth row 

compared to facial length. This means that the muscle resultant is brought forward to 

increase the efficiency on anterior biting (Du Brul 1977; Spencer & Demes 1993). 

Compared with other hominoids {H. sapiens, G. gorilla and Hylobates hoolock), in 

P. troglodytes the muscle vector of the masseter muscle and to a lesser degree the 

temporalis and the medial pterygoid muscles intersect the occlusal plane furthest 

anterior when in the mandible is in centric occlusion (Spencer 1999). However, if the 

muscle resultant is moved forward more constraint is put on the triangle of support. 

Biting on the most distal molars might therefore lead to exertion o f high tensile 

forces on the TMJ. This is avoided by reducing the root surface area of the molars 

and in particular of M3 as seen in P. troglodytes and P. pygmaeus. Relative root 

volume distribution concurs with these findings. Whilst the incisors are large, the 

molar volume is extremely low.

In humans it is very likely that the decline in molar root surface area is related to the 

observed maximum voluntary muscle activity generated by the superficial masseter 

and anterior temporalis (Spencer 1998). If root surface area reflects the masticatory 

muscle activity pattern in the other species as well and possibly also the bite forces 

exerted on the teeth then the data presented confirm that the jaw  of great apes does 

not behave like a class III lever. The findings can be rather seen as a support for the 

constrained lever model which predicts that muscle activity does not increase
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gradually from mesial to distal in order to prevent the TMJ being put under high 

tensile forces (Greaves 1978; Spencer 1998, 1999). Whilst it can also be argued that 

in humans the first molar is larger than the second and third because the jaw  gape is 

widest at this position or because M l erupts first and is thus subjected to more tooth 

wear, this does not account for the differential pattern in the great apes where M l is 

not the most prominent tooth.

In contrast, P. anubis exhibits molar roots which are larger at the distal end of the 

molar row with a peak at M 3 and M^. The roots of M l are clearly smaller than the 

rest. Compared to the majority of the other primate species the distance between the 

last tooth in the tooth row and the TMJ is smallest (with the exception of the female 

G. gorilla specimen) implying a shorter muscle moment arm but also a short load 

moment arm and consequently higher forces when biting on the distal postcanines. 

The difference, however, is small and no appraisal on its significance can be made.

8.3.2.2 Carnivores

The carnivorous species C. crocuta, A. melanoleuca, U. americanus, P. pardus with 

very large postcanine root surface areas compared with the primates show a gradual 

increase in root surface area with a peak at the most distal tooth. Although in the 

leopard there is a drop of root surface area between and M* it is not expected that 

the last tooth is engaged in the masticatory process. In contrast, C. familiaris and T. 

cynocephalus exhibit a distal root surface area reduction. P. vitulina also shows a 

slight decrease in distal postcanine root surface area. Electromyographic data of the 

temporalis and masseter muscle activity during mastication and bone crushing in the 

dog showed that the balancing side magnitude was always smaller than the working 

side in order to reduce mechanically disadvantageous TMJ forces (Dessem 1989). 

The observed root surface area pattern in the dog supports this finding and suggests 

that maximum masticatory forces in the camassials are relatively low compared to 

other carnivores and are reduced in the postcamassials. On the other hand, the alert 

ferret {Mustela putorius furo) has an almost equal balancing and working side 

masticatory muscle activity during mastication and cmshing on the camassials 

(Dessem and Dmzinsky 1992). Unlike the primates with their flat and open jaw 

joints, camivores are characterised by a transversely elongated condylar head which
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articulates with a deep, medio-laterally oriented glenoid fossa (Ewer 1973; Dessem 

& Dmzinsky 1992; Biknevicius & Van Valkenburgh 1996). It has been suggested 

that in ferrets, badgers and wolverines the postglenoid process projects antero- 

ventrally and encapsulates the ventro-medial aspect of the condyle. Hence it acts as a 

mechanical stop and prevents the jaw joint from dislocation (Dessem & Dmzinsky 

1992). Such an enforced TMJ morphology is also recognised in ^ . melanoleuca and 

C. crocuta and to a lesser degree in U. americanus and P. pardus, the four species 

with relative largest root surface area (Figure 8.1). In the panda the length of the 

tooth row comprises about % of the length of the rostmm. This corresponds to the 

molars being positioned very close to the TMJ and thus a very short load moment 

arm. Bite forces are consequently very high when biting on the distal molars. To 

restrict a ventral displacement of the jaw joint during forceful biting the postglenoid 

process embraces the mandibular condyle. Crocuta also exhibits well-developed 

preglenoid and postglenoid processes. A relative wide gap between the TMJ and the 

tooth row in P. pardus corresponds to an increased bite lever arm when biting on the 

camassials. The morphology of the pre- and postglenoid processes does not indicate 

high tensile forces experienced by the TMJ. Ursus americanus also exhibits a mesio- 

distal gradient of root surface area but its TMJ morphology does not point to high 

tensile stress either. Compared to the root size in the panda, hyaena and leopard a 

high muscle force recmitment in the American black bear can be excluded even 

though the position of the tooth row is relatively close to the TMJ. The pre- and 

postglenoid processes in C. familiaris and 7. cynocephalus are smaller and do not 

encircle the condyle which corresponds with relative low root surface area on the 

postcamassials (Figure 8.1).

In P. vitulina a rapid and forceful capture o f prey with the anterior teeth is 

guaranteed by relatively forward shifted masseter muscles to improve the mechanical 

advantage at this point as well as a short tooth row which is relatively close to the 

ftilcmm or TMJ. It has been stated that in the Caspian Seal {P. caspica) the masseter 

is well developed whilst the temporalis muscle is rather thin (Endo et al. 2002). A 

similar situation can be assumed in P. vitulina, too. A forward shift of the muscle 

resultant, however, is accompanied by an increase in load moment arm and thus a 

reduction of the bite forces which can be exerted on the postcanines.
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The small, equally sized postcanine roots also point out that bite forces are low and 

hence there is no risk of imposing high tensile forces on the mandibular joint. This is 

confirmed by the TMJ morphology which is found to be flat with a low postglenoid 

processes. In order to avoid a very long load moment arm for the canine the 

postcanines are located immediately behind the canine crown without a diastema as
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in several long-snouted camivores (e.g. ursids, canids). This is made possible by the 

sigmoid shaped canine root which is situated infero-medially to the postcanines 

rather than beneath as for instance in U. americanus. As a consequence Ursus 

exhibits a long diastema and relatively small mesial premolars.

8.3.3 Correlates o f canine root size

8.3.3.1 Function

In order to gain sufficient stability a large, high crowned tooth such as the canine is 

expected to be accompanied by a long root with large surface area. This hypothesis 

was corroborated for the primate and in part for the carnivore sample. Particularly in 

those camivores which engage in active hunting such as the hyaenas and the felids, 

the canines are put under high tensile strain when biting through skin and muscle of 

the stmggling prey which is trying to escape (Van Valkenburgh & Ruff 1987; 

Biknevicius & Van Valkenburgh 1996). Moreover, bone consumption imposes large 

strains on the canines. The thylacine exhibits relatively large canine root surface area 

for its crown surface area and height compared to the placental camivores. Since the 

subfossil T. cynocephalus is taxonomically related to the extant dasyurids (among 

them the quolls and the Tasmanian devil, Sarcophilus harrasii) which are said to 

possess continuously erupting canines through life (Jones & Stoddart 1998), it is 

conjectured that this also applies to the thylacine and thus the roots appear to be 

relatively large.

Among the primates, the maxillary canine of the male gorilla bears relatively more 

root surface area than expected for its crown height and surface area. Given that 

gorillas strip the outer layers of stems, bark and bamboo (Tutin et al. 1997) it can be 

conjectured that the (maxillary) canines are involved in this food preparation. Such 

an ingestive behaviour should subject the canine crown to tension which requires 

large root surface area to resist the tensile forces. Conversely, in the male baboon the 

maxillary canine crown exhibits more surface area and is taller than expected for its 

root surface area. This suggests that the canine in Papio might be less concemed with 

high occlusal forces exerted during food processing and/or during intra-specific
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fighting or defence. A large canine crown with a relatively small root might therefore 

be seen as a behavioural adaptation, e.g. display (Lucas 1981).

Two parameters which were not taken into account are the curvature and the 

orientation of the canine root. A strongly curved root must not necessarily be very 

long to resist high occlusal loads exerted on the crowns. This might explain why no 

significant correlation was found between root length and crown height in the 

carnivore sample. It can be hypothesised that canine root length in addition to an 

almost horizontal orientation as described in P. vitulina might be related to the 

stability of the mandible during biting. During forceful and fast biting on the anterior 

teeth the mandible is subjected to bending, i.e. tension occurs at the alveolar crest 

while the lower border of the mandibular corpus is subjected to compression. The 

amount of bending moments is a function of the load moment arm of the anterior 

teeth and force magnitude applied to the teeth (Biknevicius & Van Valkenburgh 

1996). In particular, the mandible of the seal will be severely bent when snapping for 

prey under water due to the resistance of water. Consequently, biting with a long 

mandible with the canine crown far apart from the TMJ produces higher bending 

moments than biting on the canine of a short mandible provided the bite force is the 

same in both cases. It is known that tooth roots and the alveolar bone between and 

beneath the roots are vital in maintaining mandibular corpus rigidity under torsion 

(Daegling et al. 1992). It can be hypothesised that long and horizontally oriented 

canine roots not only resist strain in the mandible imposed by torsion but also reduce 

bending forces and act as a pillar. Conversely, the relatively short-snouted leopard 

exhibits a canine root with less axial tilt and should thus experience less bending in 

the mandible during forceful biting. The data presented here confirm that a high and 

significant correlation exists between mandibular length and canine root length in 

both camivores and primates. However, this is not the case for the mandibular first 

molar. In contrast, Siegel (1972) found significant correlations between root length 

and mandibular length in all teeth of baboons. The highest coefficients were found 

for the canine and the third premolar. Furthermore, in humans significant 

correlations, though of low order, between root length of C, P3, P4, M l and M2 and 

mandible length have been reported as well (Gam et al. 1980).
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8.3.3.2 Dental development and eruption

The considerably large canine roots relative to crown size and relative to postcanine 

root size in the non-human primates and to a lesser extent in the carnivores, e.g. the 

seal, suggest that root size is not only related to diets and tooth function but might 

also involve other factors. Contrary to findings made by previous studies on humans 

(Smith et al. 1989) and cercopithecine and colobine genera (Ward 1978), a high 

interdependence between the mandibular canine and first molar root length and 

mandibular height was found in this study over a wide range of species. Moreover, as 

has been illustrated for the morphology and size of the canine in relation to the 

premolars of P. vitulina and U. americanus it is likely that spatial constraints in the 

mandible and maxilla during dental development and eruption influence the final 

root size and morphology. Jungers (1978) for example points out that the fossil 

hominids with the smallest canines have the largest premolars, particularly the P4 

(Wood 1981). The long cercopithecoid canines develop in the inferior part o f the 

mandible beneath the adjacent P3 and 1% and thus have to cover a longer distance to 

erupt into the occlusal plane (Figure 8.2).

Figure 8.2 Right side o f mixed deciduous and permanent dentition in juvenile Pan troglodytes (ca. 5 
years old).
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Canine root length which appears to be a function of mandible length can also be 

interpreted in the context of eruptive processes and root size. Moreover, a tooth 

which is size constrained mesially and distally (and hence flattened in this direction) 

might start to split its root in two bucco-lingual parts like in the maxillary premolars 

and occasionally in the mandibular canines in humans (Alexandersen 1963).

8.3.4 Premolar root morphology in great apes

The mandibular premolar root forms in the great apes described in this study concur 

with the findings by Abbott (1984). The mandibular P3s were characterised by a 

mesio-buccal and a blade-like lingual root. Only in one P. troglodytes specimen the 

mandibular premolar consisted only of one C-shaped root. Likewise, the morphology 

of the mandibular P4 roots, consisting of two blade-like mesio-distal roots, is in 

agreement with Abbott [1984]’s findings (again, with the exception o f one P. 

troglodytes specimen). Despite this outlier, great ape mandibular root morphology 

shows a remarkable consistency compared to some fossil hominins (Abbott 1984; 

Wood et al. 1988; Bermudez de Castro et al. 1999; White et al. 2000; Brunet et al. 

2002).

The root number in maxillary premolars varies between one and three as has been 

stated for Plio-Pleistocene hominins (Tobias 1995). However, a systematic 

description of maxillary premolar root morphology in great apes has up-to-date not 

been conducted. Common to P. troglodytes, G. gorilla and P. pygmaeus are molar

like maxillary premolars with two buccal and one palatal root. This type of 

morphology, which is thought to be the ancestral hominoid condition, has been found 

in the mid-Pliocene Kenyanthropus platyops as well (Leakey et al. 2001). However, 

again among the chimpanzees P  ̂ and P"̂  root number showed the largest variability.

Common to the great ape, baboon and human dentitions is that the maxillary 

premolar root number is either equal to the mandibular root number or exceeds it by 

one root. In terms of root surface area, a difference in root number had an effect on 

the root surface area in mandibular and maxillary third premolars whilst this is not 

the case in fourth premolars. An increase in root number from a one to a multi-rooted
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premolar concurs with an increase in root surface area. However, this is not given if 

the root number is raised from two to three. Likewise, whilst a single-rooted 

premolar of the same length as a multi-rooted premolar gains less root surface area, 

this difference is not present any longer between a two- and a three-rooted premolar. 

Also, root surface area becomes larger with more crown base area but again this is 

not necessarily related to an increase in root number. Hence, the hypothesis that 

crown base area becomes larger with an increase in root number can be rejected.

It could be demonstrated that root surface area scales significantly with crown 

surface area in multi-rooted premolars but not in single-rooted premolars. On the 

other hand, the results for multi-rooted premolars are in accordance with the 

observation made in the Australopithecus afarensis specimen from Maka (White et 

al. 2001). Here a well developed mesio-lingual portion of the crown corresponds to a 

double-bladed P3 . On the other hand, the data for single-rooted teeth confirm Turner 

[1981]’s conclusions for the root morphology in humans. He argued that despite 

differences in morphology (single root. Tomes’ root or bifid roots) premolar roots are 

independent of crown morphology.

8.3.5 Postcanine root form and number

Despite a higher root number in the maxillary molars and premolars in primates as 

well as in the postcanines of camivores it was demonstrated that root surface area in 

the mandibular and maxillary postcanine dentitions is not significantly different. 

Several explanations why the root number in the maxillary dentition exceeds that of 

the mandibular dentition can be put forward:

1) The final form and size of the tooth are constrained by the space which is 

overall available in the jaw during growth and is influenced by the rest o f the teeth 

(spatial packing of teeth; cf. section 8.3.2). The presence o f the maxillary sinus 

imposes a spatial constraint on the maxillary postcanines which may require a split 

up into several roots, although clearly not among many cercopithecoids that fail to 

develop a maxillary sinus (Rae et al. 2002).
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2) The construction of the primate skull is characterized by a different degree of 

robusticity and amount of compact bone in the upper and lower jaws (the so called 

‘biomechanical paradox’ of Paranthropus, Ward 1991, Daegling & Hylander 2000), 

a situation which seems to be the norm in mammals in general. The mandible is the 

thick-walled massive part whereas the maxilla consists of lightly constructed alveolar 

bone. Daegling and Hylander (1997) see this in the context of different functional 

demands where the mandible behaves like a bent beam during mastication and the 

midfacial skeleton acts as the rigid counterpart. Hence, mandibular and maxillary 

molar root morphology might be adapted to those constructional differences. 

Conversely, the mandible could be conceived as the rigid structure, whereas the 

cranium is the more flexible part because it is a complex o f bones linked by sutures 

which may have shock-absorbing function (Buckland-Wright 1978; Rafferty & 

Herring 1999).

3) The arrangement of three roots in the maxillary molars in primates allows to 

resist forces applied to the crown in several directions. Macho and Spears (1999) 

argue that maxillary molars in primates seem to be more diverse in their 

biomechanical behaviour and appear to reflect differences in the upper facial 

skeleton more than do mandibular molars. During mastication the mammalian 

mandible describes a circular movement about the long axis o f the mandible. The 

degree of mandibular excursion varies among mammals (Hiiemae 1978). The 

chewing cycle can be divided into a Closing Stroke, a Power Stroke which is 

subdivided into Phase I and II and an Opening Stroke (Hiiemae 1978). During the 

chewing cycle the mandibular molars are first drawm up supero-medially into centric 

occlusion with the maxillary buccal cusps (Phase I) and subsequently slide lingually 

across the palatal cusps o f the maxillary molars (Phase II) and out of centric 

occlusion (Hillson 1996). The angle formed between the two buccal and the palatal 

roots of the maxillary molars follows the bucco-lingual direction of occlusal force 

during Phase II. Equally, the mandibular root blades in primates are compressed 

mesio-distally and elongated bucco-lingually to offer sufficient area in the direction 

of the force during centric occlusion. Moreover, in the maxillary first molars of 

humans the two buccal roots are elliptical in form opposed to the cylindrical palatal 

root (Hermann et a l 1983). The flat proximal surface of the mesio-buccal root is
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more resistant to torquing forces than the round palatal root, but as was found both 

roots are similar in attachment area (Hermann et al. 1983).

Ward and Molnar (1980) in an experimental stress analysis found that the mesial 

moiety of human mandibular molars resist higher loads than the distal part which 

may bear some relation to the larger trigonid cusps on hominid molar crowns. Such a 

differential loading pattern is also evident in Australopithecus afarensis as well as in 

some South African hominin fossils attributed to Australopithecus africanus and 

Australopithecus robustus in which the mesial molar roots are “broader, more robust, 

and more vertically oriented in frontal projection than their distal counterparts” 

(Ward & Molnar 1980: 393). Likewise, in modem humans the mesial roots of first 

mandibular molars are reported to have larger surface area than the distal roots 

(Anderson et a l  1983). If the occlusal pattern in primates is considered it becomes 

obvious that lower and upper postcanines do not occlude directly, but that the 

mandibular and maxillary tooth rows are shifted (Gregory 1921). Thus, the trigonid 

cusps o f the mandibular M l occlude with the basin formed by both the talon cusps of 

the maxillary M l and the distal moiety of the upper P4. In a similar manner, M2 and 

M3 form such a ‘pestle and mortar’ system to crush food particles. The trigonid of 

M% is in contact with M  ̂ and M^. Similarly, M 3 occludes with M^ and M^. Following 

on as a consequence from this loading regime, the mesial roots of the mandibular 

molars must be large enough to resist the occlusal forces in the pestle and mortar 

system. The smaller distal root of the lower molars, on the other hand, forms a force 

bearing complex with the disto-buccal root of the upper molars. Data on the root 

surface area of maxillary first molars is in accordance with this loading regime 

(Hermann et al. 1983). The disto-buccal root had significantly less surface area than 

either the mesio-buccal or palatal root. No significant difference was found for the 

mesio-buccal and palatal roots.
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8.4 Conclusions and future research

The findings show that differences in tooth root size in primates and carnivores are 

strongly related to distinct patterns o f tooth use, occlusal loads and material 

properties. Teeth which have to sustain occlusal forces o f high magnitude and 

frequent loading exhibit particularly large root surface area and volume. This is also 

supported by differences in root length, bifurcation height, crown base area and root 

spread. Whilst an increase in root number from a single-rooted to a multi-rooted 

tooth corresponds to an increase in root surface area, length and crown base area, this 

scaling relationship is not given between a two- and a three-rooted tooth. Generally, 

root surface area always exceeds crown surface area. This root to crown size 

relationship is largely stable within primate and carnivore dentitions but this does not 

necessarily apply to the individual tooth classes, in particular those of humans. It can 

therefore be concluded that root size can be treated independently o f crown size.

The observed patterns of root surface area along the dental arcade are likely to have 

an effect on the masticatory muscle forces that can be generated and moreover the 

occlusal loads exerted on each tooth. In great apes and humans as well as some 

carnivore species this does not concur with the predictions o f the standard lever 

model which implies a mesio-distal gradient o f root surface area. Instead, it is 

confirmed that root surface area, and correspondingly occlusal forces, reach a 

maximum on one of the molars but then decline towards the distal end of the tooth 

row in order to prevent high tensile forces to be exerted on the TMJ. However, in 

those camivores that engage in forceful mastication on their most distal postcanines 

as indicated by very large root surface areas, the well developed TMJs indeed have to 

resist high tensile forces.

The findings of this study suggest that root surface area has wider implications for 

the study o f the mammalian masticatory apparatus in general. Moreover, for the 

analysis o f fossil species where no soft tissue information is available root surface 

area offers the best approximation to resolve dietary and biomechanical issues. The 

use of scanning electron microscopy as well as histology might allow us to ask
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sharper questions about certain functional aspects of the micro-structure of the 

periodontium in fossil specimens.

This study has used length, crown base area, surface area and volume to describe 

root form under the assumption that roots are largely conical in shape. However, 

roots can alter in their shape by resembling a square, parabola or cone (Choy et a l 

2000). Any future study should therefore address shape differences on a more refined 

scale and relate them to masticatory function as has been done for mammalian 

crowns (Evans & Sanson 2003).

The findings also indicate that root size is not only correlated with function but at the 

same time concomitantly with spatial constraints within the jaw, dental development 

and in addition co-varies with mandibular and craniofacial dimensions as well. It can 

be concluded therefore that hypotheses regarding root size and morphology are by no 

means exclusive. Future research design to address hypotheses related to dental 

development and root size should ideally be based on longitudinal growth studies of 

many individuals.
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APPENDIX
The following tables report root and crown dimensions of the investigated specimens 

as well as the measured cranio-facial. In addition, a selection of plots of some of the 

root dimensions and additional 3D reconstructions of the dentitions of some primate 

specimens are presented here.

T able A .l Linear (mm), angular (°), volumetric (mm^) and planimetric (mm^) root and crown

I i Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr vol

L I l. l 16.0 190 171 10.7 6.2 6.3 39 162 184

LI1.2 12.1 183 172 12.0 6.3 7.4 47 196 218

LI1.3 14.6 178 145 8.5 5.9 6.1 36 123 125

LI1.4 14.0 163 126 10.2 6.5 5.9 38 165 175

LI1.5 14.9 197 181 10.4 6.1 6.4 39 144 149

LI1.6 12.2 138 107 8.5 5.4 5.8 31 118 116

L II.7 13.9 184 164 9.7 5.7 6.8 39 152 163

LI1.8 12.4 145 121 8.7 5.9 5.7 33 119 108

LI1.9 16.3 189 154 9.8 6.0 6.1 36 144 149

L Il.lO 16.0 175 138 10.1 5.9 6.1 36 145 146

Mean 14.2 174 148 9.9 6.0 6.3 37 147 153

Min 12.1 138 107 8.5 5.4 5.7 31 118 108

Max 16.3 197 181 12.0 6.5 7.4 47 196 218

SD 1.6 20 25 1.1 0.3 0.5 4 24 33

r Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr vol

U I l .l 10.2 129 133 10.2 8.3 6.6 54 194 241

UI1.2 11.0 171 215 9.9 8.6 7.7 67 186 243

UI1.3 11.5 193 103 10.3 8.5 6.7 57 213 279

UI1.4 10.9 164 197 12.2 9.1 6.4 58 235 304

UI1.5 9.8 129 135 10.7 7.9 6.9 55 200 252

UI1.6 10.5 157 181 10.3 7.7 6.6 51 203 267

UI1.7 14.4 210 247 10.8 8.2 7.3 60 229 306

U II .8 15.1 248 319 10.1 9.1 6.6 60 193 235

UI1.9 14.2 194 212 11.0 8.2 6.8 56 218 292

U Il.lO 11.1 148 156 9.8 7.8 6.8 53 198 248

Mean 11.9 174 190 10.5 8.3 6.8 57 207 267

Min 9.8 129 103 9.8 7.7 6.4 51 186 235

Max 15.1 248 319 12.2 9.1 7.7 67 235 306

SD 1.9 37 64 0.7 0.5 0.4 4 16 27

Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr vol

LI2.1 13.2 175 147 9.8 6.1 6.6 40 159 170

LI2.2 11.7 136 110 9.5 5.7 5.9 34 140 141
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T ab le  A .l  continued

LI2.3 12.8 133 111 9.7 6.2 5.9 37 151 157

LI2.4 13.2 152 125 8.4 6.3 6.3 40 145 150

LI2.5 13.6 149 124 9.5 6.3 6.3 39 150 160

LI2.6 12.3 136 114 9.6 5.3 5.6 30 123 112

LI2.7 14.5 136 151 9.2 6.0 6.1 37 167 141

LI2.8 14.0 169 142 12.3 6.1 6.9 42 199 218

LI2.9 10.4 105 74 7.9 5.4 5.7 31 124 119

LI2.10 10.1 177 157 8.8 5.9 6.4 38 144 145

Mean 12.6 147 125 9.4 5.9 6.2 37 150 151

Min 10.1 105 74 7.9 5.3 5.6 30 123 112

M ax 14.5 177 157 12.3 6.3 6.9 42 199 218

SD 1.5 22 25 1.2 0.4 0.4 4 22 29

I' Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr vol

UI2.1 11.1 119 103 9.9 6.2 5.7 36 149 166

UI2.2 12.2 159 153 10.1 6.1 5.9 36 144 163

UI2.3 9.4 158 152 8.4 5.5 5.8 32 130 142

UI2.4 15.1 192 184 10.1 5.9 6.0 35 133 143

UI2.5 11.3 145 143 9.6 6.4 6.7 43 165 191

UI2.6 11.6 174 172 9.1 6.0 6.7 40 135 151

U I2.7 14.4 214 220 10.1 5.9 6.9 40 138 156

UI2.8 12.8 151 142 10.7 7.6 6.1 47 177 203

UI2.9 10.8 163 152 9.8 5.7 6.2 35 136 149

U I2.10 13.7 176 176 9.1 6.0 6.1 36 136 146

Mean 12.2 165 160 9.7 6.1 6.2 38 144 161

Min 9.4 119 103 8.4 5.5 5.7 32 130 142

M ax 15.1 214 220 10.7 7.6 6.9 47 177 203

SD 1.8 26 31 0.7 0.6 0.4 4 15 21

C mn Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr vol

LCl 17.0 255 294 9.3 6.8 7.1 48 153 194

LC2 12.3 211 215 10.4 6.9 7.9 54 204 270

LC3 18.6 289 365 10.2 7.1 7.3 52 200 269

LC4 18.4 331 401 11.1 6.5 8.8 57 197 269

LC5 16.4 257 269 10.3 6.2 7.8 48 164 203

LC6 18.9 313 388 10.6 7.7 8.9 68 228 337

LC7 18.3 307 352 10.1 7.4 8.2 61 200 279

LC8 14.6 187 200 9.0 6.7 7.1 48 157 200

LC9 17.8 265 325 11.4 7.2 7.8 56 207 284

LCIO 15.8 297 319 12.1 8.0 8.9 71 278 350

Mean 16.8 271 313 10.4 7.1 8.0 56 199 266

Min 12.3 187 200 9.0 6.2 7.1 48 153 194

Max 18.9 331 401 12.1 8.0 8.9 71 278 350

SD 2.1 46 69 0.9 0.6 0.7 8 37 54
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T ab le  A .l  continued

c  mx Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr vol

U C l 15.5 224 260 9.6 6.9 7.5 52 150 191

UC2 8.8 172 191 9.8 7.6 8.0 60 185 250

UC3 12.8 179 186 10.3 7.7 7.5 58 171 232

UC4 9.2 199 206 10.1 7.6 7.2 55 171 219

UC5 13.6 278 321 10.5 7.5 7.8 59 172 226

UC 6 16.3 217 226 8.8 7.3 7.2 52 159 204

UC7 15.0 244 285 11.4 7.3 8.0 58 183 241

U C 8 11.0 191 209 9.9 7.2 7.8 56 172 235

UC9 16.5 222 233 10.7 7.6 7.6 58 174 229

UCIO 17.4 251 262 11.2 7.0 7.2 50 167 202

Mean 13.6 218 238 10.2 7.4 7.6 56 170 223

Min 8.8 172 186 8.8 6.9 7.2 50 150 191

Max 17.4 278 321 11.4 7.7 8.0 60 185 250

SD 3.1 34 44 0.8 0.3 0.3 3 10 19

P3 Rt length Rt area Rt vol Cr height M D BL O ccl area Cr area Cr volum e

LP3.1 14.8 179 182 8.7 7.4 7.9 58 157 208

LP3.2 13.4 178 170 9.8 7.9 9.0 71 199 276

LP3.3 17.5 214 225 9.3 6.9 7.9 54 161 218

LP3.4 14.5 187 175 9.4 7.4 8.1 60 178 239

LP3.5 13.9 174 159 7.8 6.7 7.5 50 125 153

LP3.6 12.8 149 138 8.1 6.6 7.8 52 145 177

LP3.7 13.1 148 133 8.6 6.4 7.1 45 127 157

LP3.8 14.3 169 164 8.5 6.5 7.3 47 138 178

LP3.9 15.3 201 204 7.0 6.8 7.8 53 130 166

LP3.10 15.1 188 186 8.5 6.8 7.5 51 146 178

Mean 14.5 179 174 8.6 6.9 7.8 54 151 195

Min 12.8 148 133 7.0 6.4 7.1 45 125 153

M ax 17.5 214 225 9.8 7.9 9.0 71 199 276

SD 1.4 21 28 0.8 0.5 0.5 7 24 40

P̂ Rt
length

Bfrct
hght

BL
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

UP3.1 11.3 sgi 139 125 9.5 7.9 9.3 73 228 320

UP3.2 13.5 sgi 163 144 8.3 6.4 8.7 55 186 237

UP3.3 14.9 Tomes 230 216 7,9 6.8 8.8 59 192 267

UP3.4 14.8 sgi 208 215 9.5 6.6 8.8 58 203 275

UP3.5 15.4 sgi 218 221 9.0 7.1 9.3 66 215 294

UP3.6 13.9 sgi 177 173 8.4 6.7 8.6 58 195 262

U P3.7 16.2 sgi 238 259 7.8 7.0 9.5 66 189 266

UP3.8 13.2 Tomes 184 178 8.5 7.1 8.7 61 207 289

U P3.9 12.7 6.5 0.8 229 223 9.4 7.7 10.4 80 254 382

U P3.10 15.1 6.7 -0.4 223 198 8.5 7.9 9.6 76 219 322

Mean 14.1 6.6 0.2 201 195 8.7 7.1 9.2 65 209 291

Min 11.3 6.5 -0.4 139 125 7.8 6.4 8.6 55 186 237
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T ab le  A .l continued

M ax 16.2 6.7 0.8 238 259 9.5 7.9 10.4 80 254 382

SD 1.5 0.1 0.9 33 40 0.6 0.5 0.6 8 21 41

?4 Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr volum e

LP4.1 18.2 252 278 9.3 7.2 8.3 60 173 244

LP4.2 15.6 228 271 7.0 7.8 8.5 66 151 207

LP4.3 15.8 208 225 7.4 7.1 8.2 58 166 225

LP4.4 15.1 226 266 7.8 7.6 8.8 66 170 246

LP4.5 14.1 166 164 7.7 6.7 7.2 48 137 172

LP4.6 16.9 191 201 7.4 7.7 9.1 70 181 257

LP4.7 16.6 191 189 8.3 6.6 7.7 50 147 187

LP4.8 16.9 203 207 7.7 6.6 7.7 51 142 183

LP4.9 16.6 227 236 8.7 7.2 8.1 58 173 240

LP4.10 15.5 190 191 8.3 6.9 7.7 53 139 175

Mean 16.1 208 223 7.9 7.1 8.1 58 158 214

Min 14.1 166 164 7.0 6.6 7.2 48 137 172

M ax 18.2 252 278 9.3 7.8 9.1 70 181 257

SD 1.1 25 39 0.7 0.4 0.6 8 16 32

p4 Rt length Rt area Rt vol Cr height M D BL Occl area Cr area Cr volum e

UP4.1 13.5 169 164 8.3 6.5 8.5 55 186 248

UP4.2 11.3 179 194 8.1 7.2 10.0 72 213 307

UP4.3 13.0 189 188 8.0 6.7 9.5 64 189 274

UP4.4 12.6 162 157 8.1 6.6 9.4 61 195 268

UP4.5 12.0 186 174 7.8 6.4 9.3 59 182 245

U P4.6 16.5 237 266 7.9 6.7 9.3 62 187 263

U P4.7 21.5 316 371 6.3 6.5 8.9 58 156 206

U P4.8 14.2 226 245 7.8 7.2 9.9 71 202 285

U P4.9 15.3 243 264 6.8 6.9 9.7 67 176 245

U P4.10 16.7 243 260 8.5 7.2 9.7 69 198 290

M ean 14.7 215 228 7.8 6.8 9.4 64 188 263

Min 11.3 162 157 6.3 6.4 8.5 55 156 206

M ax 21.5 316 371 8.5 7.2 10.0 72 213 307

SD 3.0 47 66 0.7 0.3 0.5 6 16 29

M l mn Rt length (ind) Mean
rtL

Bfrct
hght

M D
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

M D

L M l.l 12.1 11.0 11.6 4.8 15.3 263 297 6.4 11.6 10.0 116 299 527

LM 1.2 15.9 15.7 15.8 5.0 15.9 438 516 6.2 11.2 10.3 115 315 561

LM 1.3 14.9 15.6 15.3 4.6 10.9 437 499 6.3 11.7 10.7 125 311 553

LM 1.4 13.9 13.4 13.7 4.4 19.0 372 427 5.6 11.6 10.7 124 322 577

LM 1.5 15.7 13.8 14.8 4.2 12.8 429 485 6.0 12.0 11.2 134 316 557

LM 1.6 14.8 13.8 14.3 4.6 4.2 505 644 6.5 12.9 11.7 150 389 748

LM 1.7 15.0 15.2 15.1 4.2 5.0 446 531 5.3 11.6 10.8 125 288 503

Mean 14.6 14.1 14.3 4.5 11.9 413 485 6.0 11.8 10.8 127 320 575
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T ab le  A .l  continued

Min 12.1 11.0 11.6 4.2 4.2 263 297 5.3 11.2 10.0 115 288 503

M ax 15.9 15.7 15.8 5.0 19.0 505 644 6.5 12.9 11.7 150 389 748

SD 1.3 1.6 1.4 0.3 5.6 77 106 0.4 0.5 0.5 12 33 80

M ‘ Rt length (ind) Mean
rtL

Bfrct
hght

BL
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

MB DB L

U M l.l 12.1 12.3 14.7 13.0 4.4 32.8 351 409 6.5 11.1 11.2 125 351 574

U M 1.2 12.5 12.0 12.6 12.4 5.4 23.0 359 401 6.4 9.9 10.7 106 257 433

U M 1.3 13.9 13.6 13.8 13.8 5.0 18.7 389 401 6.6 10.0 11.4 113 287 485

U M 1.4 13.1 13.6 15.0 13.9 5.4 30.9 378 388 6.3 10.3 10.8 111 295 499

U M 1.5 11.4 11.5 12.0 11.6 4.5 37.4 312 311 6.1 10.5 11.0 115 257 415

U M 1.6 14.2 13.7 14.4 14.1 5.8 31.3 431 503 7.4 11.2 11.7 131 332 601

U M 1.7 14.0 14.7 14.7 14.5 5.6 28.8 476 569 5.5 11.6 12.6 146 329 612

U M 1.8 14.3 15.2 14.4 14.6 5.3 26.7 464 527 6.0 10.1 11.4 115 256 436

U M 1.9 11.5 11.6 12.6 11.9 4.9 34.6 349 381 6.7 10.5 11.3 119 328 573

U M l.lO 11.0 10.2 11.4 10.9 4.9 29.6 348 413 6.2 10.3 13.7 141 326 606

Mean 12.8 12.8 13.6 13.1 5.1 29.4 386 430 6.4 10.5 11.6 122 302 523

Min 11.0 10.2 11.4 10.9 4.4 18.7 312 311 5.5 9.9 10.7 106 256 415

M ax 14.3 15.2 15.0 14.6 5.8 37.4 476 569 7.4 11.6 13.7 146 351 612

SD 1.3 1.6 1.3 1.3 0.5 5.5 54 78 0.5 0.6 0.9 13 36 78

M 2 Rt length (ind) Mean 
rt L

Bfrct
hght

M D
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

M D

LM2.1 12.7 12.2 12.5 4.4 6.0 305 392 5.8 10.9 10.1 110 281 492

LM 2.2 13.8 12.5 13.2 5.5 5.4 245 263 5.1 9.9 9.0 89 255 434

LM2.3 13.8 11.5 12.7 5.3 0.3 336 433 6.0 10.8 10.4 113 267 475

LM 2.4** 14.0 11.8 12.9 5.5 16.3 329 444 6.5 11.1 10.5 117 300 534

LM 2.5* 16.1 16.1 5.2 405 635 6.0 11.7 10.4 121 296 580

LM 2.6* 12.8 12.6 12.7 5.0 -8.9 283 452 5.5 11.0 9.7 107 296 539

LM 2.7* 12.4 12.0 12.2 8.2 -13.8 272 394 6.1 11.2 10.7 119 299 546

LM 2.8* 11.9 11.5 11.7 4.3 -10.4 263 333 6.7 11.4 10.3 117 307 558

LM 2.9* 16.1 13.3 14.7 5.5 292 417 5.8 10.7 9.7 104 273 465

LM 2.10 16.1 16.1 16.1 5.5 -8.5 448 572 6.2 11.9 11.1 131 339 661

Mean 13.7 13.0 13.5 5.4 -1.7 318 434 6.0 11.1 10.2 113 291 528

Min 11.9 11.5 11.7 4.3 -13.8 245 263 5.1 9.9 9.0 89 255 434

M ax 16.1 16.1 16.1 8.2 16.3 448 635 6.7 11.9 11.1 131 339 661

SD 1.5 1.7 1.6 1.1 10.4 64 107 0.4 0.6 0.6 11 24 65

M" Rt length (ind) Mean
rtL

Bfrct
hght

BL
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

MB DB L

UM 2.1 15.8 14.8 14.9 15.2 7.0 17.1 538 813 5.7 11.0 12.6 139 292 525

U M 2.2 13.5 12.7 14.2 13.5 6.0 15.7 437 608 6.7 9.8 12.8 126 277 490

U M 2.3* 11.7 13.1 12.4 6.3 9.0 372 504 6.3 9.5 11.6 110 243 402

U M 2.4 12.5 9.6 10.8 11.0 5.5 27.9 332 430 5.6 10.1 12.4 124 302 549
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T ab le  A .l  continued

U M 2.5 12.4 12.7 15.1 13.4 4.7 15.6 462 588 6.5 11.2 12.1 135 287 522

U M 2.6 14.6 13.6 14.1 14.1 5.3 16.3 407 462 6.4 9.8 11.3 110 237 399

U M 2.7 12.2 11.5 12.7 12.1 4.4 10.5 384 444 5.3 10.1 111 112 242 400

UM 2.8 17.4 14.2 17.7 16.4 5.5 27.0 501 592 7.5 10.3 12.2 126 279 476

U M 2.9 16.7 15.7 15.4 15.9 5.2 16.7 550 640 7.3 10.3 11.5 118 290 527

U M 2.10 10.7 10.2 11.2 10.7 4.0 24.1 312 351 5.4 9.3 10.8 101 235 387

Mean 13.8 12.8 14.0 13.5 5.4 18.0 430 543 6.3 10.1 11.8 120 269 468

Min 10.7 9.6 10.8 10.7 4.0 9.0 312 351 5.3 9.3 10.8 101 235 387

Max 17.4 15.7 17.7 16.4 7.0 27.9 550 813 7.5 11.2 12.8 139 302 549

SD 2.3 1.9 2.2 2.0 0.9 6.4 83 133 0.8 0.6 0.7 12 26 64

M] Rt length (ind) Mean 
rt L

Bfrct
hght

M D
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

M D

LM3.1 10.6 8.4 9.5 3.8 8.7 252 279 6.4 11.5 10.1 116 286 509

LM 3.2 11.5 11.2 11.4 5.2 16.2 322 438 5.5 11.3 10.2 115 273 489

LM3.3 12.4 10.6 11.5 5.1 -3.2 338 456 5.2 11.2 9.6 108 234 387

LM 3.4* 18.2 18.2 5.9 323 430 5.6 10.7 9.6 102 232 380

LM 3.5** 11.9 11.9 203 267 5.4 111 8.9 99 237 389

LM 3.6 13.6 12.2 12.9 6.1 1.0 296 406 5.3 10.4 10.0 105 235 390

LM 3.7 11.4 9.5 10.5 4.5 6.2 273 364 5.6 10.6 10.4 111 261 461

LM 3.8** 14.6 14.6 272 413 5.4 111 9.7 107 238 392

LM 3.9** 328 528 5.4 10.8 9.5 103 218 356

LM 3.10 11.5 11.6 11.6 5.1 6.5 251 292 5.5 10.5 9.0 95 215 339

Mean 12.9 10.6 12.4 5.1 5.9 286 387 5.5 10.9 9.7 106 243 409

Min 10.6 8.4 9.5 3.8 -3.2 203 267 5.2 10.4 8.9 95 215 339

Max 18.2 12.2 18.2 6.1 16.2 338 528 6.4 11.5 10.4 116 286 509

SD 2.3 1.4 2.6 0.8 6.6 43 85 0.3 0.4 0.5 7 23 57

M^ Rt length (ind) Mean
rtL

Bfrct
hght

BL
angle

Rt
area

Rt
vol

Cr
height

M D BL Occl
area

Cr
area

Cr
volum e

MB DB L

U M 3.1* 10.0 9.3 11.0 10.1 5.0 19.0 254 315 6.5 9.6 10.6 102 228 372

U M 3.2 111 11.4 12.8 11.8 6.3 17.0 313 390 5.0 8.7 10.2 88 180 255

U M 3.3* 14.8 14.4 14.7 14.6 7.3 -9.3 371 510 6.4 10.0 10.8 108 224 372

U M 3.4 12.8 11.9 11.2 12.0 4.6 27.6 352 389 6.4 9.3 10.9 101 234 391

U M 3.5** 13.6 9.1 10.8 11.2 6.3 274 338 5.5 10.1 111 112 254 421

U M 3.6 11.5 10.5 13.1 11.7 6.1 25.3 329 420 5.2 9.4 11.1 105 223 343

U M 3.7 11.6 13.1 12.7 12.5 6.6 -4.7 358 485 5.3 9.5 111 105 207 326

UM 3.8 10.2 9.6 9.9 9.9 3.6 24.9 264 270 7.5 10.4 11.3 118 305 546

UM 3.9 13.3 12.0 13.8 13.0 5.7 24.2 400 521 5.9 9.8 11.7 115 234 403

U M 3.10 13.2 12.8 13.0 13.0 5.1 2.4 355 405 6.6 10.2 13.1 134 332 617

Mean 12.2 11.4 12.3 12.0 5.7 14.0 327 404 6.0 9.7 11.2 109 242 405

Min 10.0 9.1 9.9 9.9 3.6 -9.3 254 270 5.0 8.7 10.2 88 180 255

Max 14.8 14.4 14.7 14.6 7.3 27.6 400 521 7.5 10.4 13.1 134 332 617

SD 1.6 1.8 1.5 1.4 1.1 14.1 49 83 0.8 0.5 0.8 12 45 105
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Table A.2 Craniofacial measurements (mm) and calculated geometric mean o f  the examined primate 
and carnivore specimens. Note that Pan, female 2 and Pongo, male 2 are hemi-mandibulae and hemi- 
maxillae only

Specimen

1 g
n

1

l i

1
JO101 
ë

1
i

g
1
2a 5 1 1

2
t
B
(U

h
s(UXi
2a
1
a

e2s
1I
Ü

Gorilla, female 141.24 32.9 91.00 56.32 66.46 49.27 91.88 68.62

Gorilla, male 171.74 39.1 112.82 55.96 82.26 55.04 111.89 80.27

Homo, male 1 73.47 25.88 86.45 50.59 39.89 32.47 67.59 49.50

Homo, male 2 91.88 28.27 92.82 50.69 44.61 32.3 67.68 53.11

Pan, female 1 125.07 25.81 82.03 50.19 52.22 37.45 67.91 56.17

Pan, female 2 - 28.3 - - - - - -

Pan, male 1 113.78 28.33 84.42 49.97 36.73 52.52 73.14 56.85

Pan, male 2 132.37 26.3 85.38 51.03 60.35 37.25 73.84 59.10

Papio, female 103.59 21.6 66.78 32.75 36.94 35.26 50.31 44.03

Papio, male 1 154.76 33.67 76.72 44.36 48.17 45.55 63.48 58.94

Pongo, male 1 161.8 38.66 113.93 63.74 65.4 48.49 84.94 74.07

Pongo, male 2 - 41.8 - - - - - -

Thylacinus 179.57 25.02 79.3 37.78 68.66 77.09 51.43 62.35

Phoca 112.02 19.06 84.73 48.8 47.5 31.69 55.02 49.53

Canis 151.99 19.35 66.05 45.95 55.82 64.85 53.41 55.99

Panthera 122.3 20.81 80.86 61.34 48.55 36.14 57.29 53.59

Crocuta 160.89 35.6 93.24 71.24 47.06 62.01 59.19 67.78

Ursus 149.72 26.0 82.52 45.16 63.1 63.02 61.18 62.02

Ailuropoda 178.51 40.89 133.74 61.18 87.42 93.56 93.42 89.40
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Figure A .l One half o f  the dentition o f  a male Homo sapiens. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view. Scale=3cm
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Figure A .2 One half o f  the dentition o f  a female Pan troglodytes. A. Buccal view . B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Figure A 3  One half o f  the dentition o f  a male Pan troglody’tes. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view. Scale=3cm
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Figure A .4 0 n e  half o f  the dentition o f  a male Pongo pygmaeus. A. Buccal view. B. Lingual view  C. Superior view . D. Inferior view . Scale=3cm
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Table A 3 Mandibular and maxillary root length (in mm) and occlusal area (in mm^) in the primate sample

Specimen
II

RL OA
I2

RL OA
C

RL OA
P3

RL OA
P4

RL OA
Ml

RL OA
M2

RL OA
M3

RL OA
Papio, female 14.9 51 13.2 40 16.1 38 11.9 41 11.1 47 11.4 71 12.9 95 11.8 107
Papio, male 17.3 73 14 52 31.5 159 18.2 112 13.5 81 15.3 111 18.0 178 15 259
Homo, male 1 10.4 29 11.5 30 13.4 45 15.5 46 17.1 47 15.0 109 14.2 99 15.3 81
Homo, male 2 12.5 15 13.5 31 15.8 54 15.8 51 16.5 57 14.6 100 15.3 98 13.1 97
Pan, female 1 15.5 59 15.9 74 22.7 101 15.2 77 13.3 69 12.1 104 11.7 126 9.9 111
Pan, female 2 20.4 70 19.4 80 27 132 17 81 17.5 68 15.0 90 14.3 114 10.2 117
Pan, male 1 16.6 54 16.7 73 30.7 160 14.3 92 15 69 12.9 104 12.9 119 11.0 110
Pan, male 2 15.9 71 18.5 83 210 17.1 99 15.1 88 15.4 123 13 120 142
Pongo, male 1 20.8 116 22.1 120 31.6 315 17.3 188 18.5 163 16.8 173 17.6 141 15.6 206
Pongo, male 2 25.1 96 26.5 91 40.4 225 23.5 159 19.9 144 24.2 160 20.5 197 17.3 202
Gorilla, female 18.1 56 21.5 75 24.8 148 18.4 153 17.7 132 19.9 174 19.7 234 14.2 215
Gorilla, male 22.5 69 25.6 75 37.5 212 21.9 179 21.6 153 21.7 234 21.1 305 20.2 269

Specimen
I'

RL OA
I'

RL OA
C

RL OA
p3

RL OA
P'

RL OA
M^

RL OA
M^

RL OA
M^

RL OA
Papio, female 13.7 73 12.7 41 19.3 45 10.3 38 8.9 50 10.3 84 11.4 104 10.5 110
Papio, male 14.7 105 18.8 57 47.1 224 12.7 68 12.8 85 11.7 120 13.6 193 12.6 223
Homo, male 1 12.0 42 11.9 30 15.5 54 13.2 48 14.8 50 13.2 114 14.5 105 12.6 78
Homo, male 2 13.4 59 13.8 38 17.1 63 12.5 56 14.4 62 12.8 110 13.6 110 11.9 81
Pan, female 1 17.4 91 17.2 57 21.9 110 13.5 70 12.1 77 10.2 107 10.1 125 8.5 104
Pan, female 2 24.6 84 22.2 91 26.9 109 15.5 95 15.4 75 13.4 109 13.7 128 12.8 114
Pan, male 1 18.3 86 17.1 90 31.7 112 12.4 84 14.1 81 11.3 123 11.9 119 9.7 91
Pan, male 2 18.3 115 17.9 75 189 13.8 107 12.7 93 13.0 138 12.7 133 99
Pongo, male 1 18.3 145 18.7 104 34.0 256 17.1 155 16.4 166 15.7 184 17.1 202 14.7 198
Pongo, male 2 26.0 149 24.0 63 40.2 215 19.7 128 18.4 136 19.3 154 17.4 181 16.6 203
Gorilla, female 21.2 119 21.6 71 31.9 141 15.3 148 16.5 157 16.8 192 15.0 236 14.5 171
Gorilla, male 22.7 128 24.7 80 47.1 241 20.2 173 19.9 165 20.2 216 20.1 268 18.9 231
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Table A 4 Bifurcation height indices o f  mandibular postcanines in the primate sample

BI (%) P3 P4 Ml M2 M3

Papio, female 12.6 12.7 5.3 11.7 12.7

Papio, male 12.7 11.1 11.1 12.3 14.7

Homo, male 1 28.8 29.0

Homo, male 2 29.5 28.9 36.0

Pan, female 1 52.1 24.8 29.2 43.7

Pan, female 2 26.9 14.0 25.3 29.4

Pan, male 1 42.1 30.7 20.2 28.0 32.0

Pan, male 2 36.4 31.1 26.1 31.5

Pongo, male 1 14.5 20.6 26.2 22.2 26.9

Pongo, male 2 42.2 35.2 16.6 20.0 23.2

Gorilla, female 29.3 36.2 13.6 21.3 30.3

Gorilla, male 37.9 44.4 10.1 10.4 22.3

Table A S Bi -  and trifurcation height indices o f  maxillary postcanines in the primate sample

B l (%) P" M' M^ M^

Papio, female 24.2 21.3 18.5 12.3 14.3

Papio, male 29.1 23.5 19.7 21.3 26.2

Homo, male 1 34.8 44.9 76.5

Homo, male 2 54.6 33.5 38.2 46.2

Pan, female 1 92.6 37.3 39.2 41.7 50.6

Pan, female 2 34.8 26.7 22.3 26.9 34.4

Pan, male 1 56.3 53.9 27.4 31.8 40.1

Pan, male 2 45.7 49.5 32.4 29.9

Pongo, male 1 12.3 14.1 24.8 24.5 32.0

Pongo, male 2 28.4 28.8 22.8 28.7 21.1

Gorilla, female 22.9 32.1 22.6 28.6 32.4

Gorilla, male 20.3 21.6 18.8 24.4 24.3
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Table A.6 Mandibular and maxillary root surface area (in mm^) and volume (mm^) in the primate sample

Specimen
I.

SA VOL SA
h

VOL
C

SA VOL SA
?3

VOL SA
?4

VOL
Ml

SA VOL
M2

SA VOL
M3

SA VOL
Papio, female 219 221 159 138 195 180 158 93 172 108 237 155 327 275 319 292
Papio, male 377 518 271 289 1254 2570 554 587 321 274 461 450 699 846 762 977
Homo, male 1 115 78 152 114 186 173 183 163 177 156 372 379 324 347 243 279
Homo, male 2 128 93 89 117 253 266 231 215 235 247 447 475 417 471 328 370
Pan, female 1 264 314 291 369 524 871 302 314 299 281 363 366 385 426 278 292
Pan, female 2 356 429 341 449 703 1299 333 346 377 315 413 391 447 481 364 341
Pan, male 1 356 504 368 537 1095 2684 387 408 383 350 363 370 378 407 281 265
Pan, male 2 304 381 385 532 1141 2732 464 461 418 402 476 482 475 528 246 294
Pongo, male 1 485 714 530 792 1614 4887 724 845 635 818 697 975 712 1057 545 782
Pongo, male 2 627 1027 705 1166 1753 5338 913 1240 771 1024 1109 1662 1020 1666 785 1203
Gorilla, female 357 425 444 567 776 1571 601 754 577 758 773 1049 831 1278 568 840
Gorilla, male 436 602 544 829 1648 4794 959 1373 785 1115 1069 1625 1212 2000 968 1522

Specimen
I*

SA VOL SA
1'

VOL
C

SA VOL SA VOL SA VOL
m ‘

SA VOL
M^

SA VOL
M^

SA VOL
Papio, female 214 255 152 143 240 254 177 104 178 116 268 202 387 335 347 291
Papio, male 319 556 359 567 1981 4979 287 234 365 332 450 474 701 946 651 886
Homo, male 1 166 167 139 108 227 234 96 135 183 162 394 420 310 346 203 227
Homo, male 2 198 209 194 183 277 306 252 224 274 266 457 485 441 479 270 292
Pan, female 1 360 565 311 422 607 1201 297 293 265 262 330 347 349 382 243 263
Pan, female 2 477 811 401 586 721 1364 439 385 320 282 399 363 475 496 386 377
Pan, male 1 450 833 382 613 1042 2400 305 290 278 281 356 345 364 381 245 218
Pan, male 2 460 694 327 424 868 2179 336 322 281 273 448 477 413 404 167 162
Pongo, male 1 578 1251 438 645 1704 5528 633 657 646 726 648 857 685 917 614 817
Pongo, male 2 764 1585 596 930 1846 5777 752 924 719 863 911 1199 852 1236 813 1082
Gorilla, female 491 876 393 503 905 1769 580 635 602 760 797 1081 858 1233 497 683
Gorilla, male 602 1202 544 831 2183 6588 806 1116 842 1108 1173 1837 1345 2127 1045 1503
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Table A.7 Mesio-distal root angle in mandibular postcanines in the primate sample

MD angle ?3 ?4 M, M2 M3

Papio, female -10.1 22.2 14.5 20.1 16.7

Papio, maie -32.4 6.2 13.3 17.3 27.2

Homo, maie 1 5.3 -13.4

Homo, maie 2 5.6 -2.1 -4.8

Pan, female 1 5.4 0.8 11.0 16.9

Pan, female 2 5.5 4.9 2.8 12.1

Pan, maie 1 4.9 1.4 -3.5 3.0 14.8

Pan, maie 2 13.8 15.2 23.6 21.7 34.3

Pongo, maie 1 -8.4 -3.5 9.9 1.1 8.9

Pongo, maie 2 11.5 18.2 0.7 3.1 8.8

Gorilla, female 2.3 10.8 9.8 9.8 20.8

Gorilla, male 1.5 17.2 14.3 25.2

Table A.8 Bucco-lingual root angles in maxillary postcanines o f  the primate sample

BL angle P" p4 M' M" M^

Papio, female 13.7 13.8 14.0 15.3 14.4

Papio, male 21.6 16.1 8.2 12.7 24.4

Homo, male 1 14.3 9.1 6.0

Homo, male 2 14.8 30.9 23.8 9.4

Pan, female 1 2.0 3.8 31.1 32.7 24.2

Pan, female 2 14.9 19.2 15.3 21.6 19.7

Pan, male 1 9.6 11.1 13.5 13.3 13.9

Pan, male 2 18.7 15.2 36.3 31.6 10.5

Pongo, male 1 8.8 2.9 35.2 4.4 7.9

Pongo, male 2 18.6 15.0 14.2 15.1 16.6

Gorilla, female 3.7 12.9 36.3 15.6 9.7

Gorilla, male 7.0 9.8 25.2 19.8 11.1
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Table A.9 Mandibular and maxillary crown surface area (mm^) and volume (mm^) in the primate sample

Specimen
II

SA VOL SA
h

VOL SA
C

VOL
P3

SA VOL SA
P4

VOL
Ml

SA VOL SA
M2

VOL
M3

SA VOL
Papio, female 147 155 117 106 116 110 107 101 124 142 182 224 245 362 241 370
Papio, male 229 272 171 178 647 1321 342 489 227 322 281 433 416 771 523 1034
Homo, male 1 105 87 116 103 150 168 130 148 138 160 256 415 243 386 202 300
Homo, male 2 65 42 159 79 147 177 143 171 164 205 231 347 218 336 227 364
Pan, female 1 174 196 191 227 262 426 153 207 167 226 222 309 276 432 253 374
Pan, female 2 227 264 248 313 360 662 198 271 178 233 214 279 265 406 277 424
Pan, male 1 199 217 222 273 448 891 188 250 171 222 277 416 288 434 257 366
Pan, male 2 264 290 294 371 575 1216 244 382 227 334 310 512 313 535 302 486
Pongo, male 1 363 543 371 582 812 2221 484 1115 447 898 388 723 424 738 424 842
Pongo, male 2 354 476 371 519 759 1715 437 781 354 667 384 748 443 933 429 925
Gorilla, female 176 202 220 264 395 794 376 710 339 592 416 801 501 1015 446 864
Gorilla, male 147 151 253 370 714 1850 435 908 400 703 549 1233 661 1585 535 1121

Specimen
I*

SA VOL SA
I'

VOL
C

SA VOL SA VOL SA
T ..... .

VOL
M*

SA VOL SA
M"

VOL SA
M^

VOL
Papio, female 264 369 185 214 158 174 90 92 119 147 176 236 236 381 243 394
Papio, maie 403 697 267 347 1329 2733 149 172 198 279 261 420 396 745 414 822
Homo, maie 1 144 167 101 98 165 204 61 151 148 177 256 408 237 394 186 271
Homo, maie 2 184 217 136 140 171 224 81 51 165 215 229 344 214 326 185 269
Pan, female 1 279 452 186 235 289 509 155 201 161 217 233 343 242 370 202 289
Pan, female 2 335 520 285 393 354 647 196 264 163 207 230 319 279 425 258 398
Pan, maie 1 298 430 243 314 507 967 160 207 163 200 268 401 250 361 196 279
Pan, maie 2 432 667 251 318 617 1280 237 355 223 309 314 535 278 453 213 307
Pongo, maie 1 668 1567 282 442 1046 2863 423 896 424 897 401 800 425 833 413 829
Pongo, maie 2 516 1030 286 427 871 2030 332 572 345 710 360 709 378 737 409 886
Gorilla, female 352 571 198 249 464 1044 398 749 399 762 397 796 501 1065 367 716
Gorilla, male 277 416 225 315 823 1906 416 815 413 787 564 1241 583 1373 491 1062
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Table A.IO Mesio-distal and bucco-lingual crown diameter and crown height in the primate sample (complete dentitions). Unit=mm.

Specim en
I.

M D BL H M D
h

BL H M D
C

BL H M D
P3
BL H M D

P4
BL H M D

Ml
BL H M D

M 2
BL H M D

M 3
BL H

Papio, female 6.5 7.8 12.3 6.2 6.4 11.4 7.3 5.2 6.8 9.3 4.4 5.5 7.4 6.4 5.7 9.4 7.5 4.1 11.2 8.5 3.8 11.5 9.3 4.2

Papio, male 7.5 9.7 11.5 6.2 8.3 9.4 15.6 10.2 9.0 18.9 5.9 24.5 10.5 7.7 5.6 12.2 9.1 4.8 14.8 12 5.4 19.8 13.1 5.2

Homo, m ale 1 5.5 5.2 6.1 5.5 5.4 7.3 6.6 6.8 7.2 6.8 6.7 6.2 6.6 7.1 5.7 111 9.8 5.4 10.4 9.5 5.5 9.1 8.9 5.0

Homo, m ale 2 2.8 5.3 6.4 5.4 5.8 7.3 6.8 7.9 8.7 6.5 7.7 6.9 6.7 8.4 6.6 10.2 9.9 5.7 10.1 9.7 5.6 9.7 9.9 5.7

Pan, fem ale 1 6.9 8.5 7.5 8.4 8.8 7.9 10.9 9.3 10.5 8.6 9.0 6.4 7.8 8.8 6.6 11.2 9.3 3.8 12.0 10.5 4.9 10.9 10.2 4.2

Pan, fem ale 2 7.8 9 10.8 8.9 9 11 12 11 14.4 9.6 8.4 6.8 8.6 7.9 5.5 10.5 8.6 4.2 11.6 9.8 4.9 11.4 10.3 5

Pan, male 1 6.2 8.7 9.7 7.8 9.3 10.1 14 11.4 18.1 12 7.7 6.7 8.5 8.1 5.5 10.8 9.6 5 11.9 10 5.4 10.9 10.1 5.3

Pan, male 2 8.1 8.8 11 8.7 9.5 11.9 13.4 15.7 20.8 10 9.9 9.7 8.1 10.9 6.7 11.6 10.6 5.3 9.8 12.2 5.3 12.2 11.6 5.4

Pongo, m ale 1 10.3 11.3 13.1 10.6 11.3 12.5 16.4 19.2 22.7 16.5 11.4 12.5 12.8 12.7 8.3 14.5 11.9 5.2 10 14.1 5.4 15.6 13.2 5.8

Pongo, m ale 2 9.6 10 14.4 9.2 9.9 16.8 16.1 14 24.8 12.3 12.9 9.8 11.8 12.2 8.5 14.2 11.3 5.8 15 13.1 6.3 15.5 13 6.3

Gorilla, female 7.1 7.9 8.4 8.5 8.8 10.9 10.4 14.2 14.11 12.3 12.4 11.3 10.5 12.6 9.8 14.6 11.9 7 17.1 13.7 7.2 15.8 13.6 6.4

Gorilla, male 8.2 8.4 6.3 7.9 9.5 9 15.6 13.6 23.9 14.8 12.1 10.8 11.8 13 8.2 16.6 14.1 6.7 19.7 15.5 8.3 18.1 14.8 5.8

Specim en M D
r

BL H M D
1'

BL H M D
C

BL H M D BL H M D
P"
BL H M D

M ‘
BL H M D

M^
BL H M D

M^
BL H

Papio, fem ale 9.2 7.9 12.2 6.0 6.9 12.3 7.8 5.8 10.5 5.9 6.4 4.7 6.5 7.7 5.4 9 .6 8.8 3.6 10.6 9.8 4.7 11.0 10.0 4.4

Papio, male 10.6 9.9 14.6 6.3 9.1 14.6 18.7 12.0 39.5 8.4 8.1 6.6 8.8 9.7 7.2 11.8 10.2 4.4 14.7 13.1 4.4 15.4 14.5 4.7

Homo, m ale 1 6.7 6.2 7.2 5.7 5.2 6.7 7.0 7.7 7.7 6.2 7.8 5.1 6.0 8.4 5.2 10.5 10.9 4.9 9.7 10.8 5.9 8.0 9.8 6.0

Homo, m ale 2 8.5 6.9 8.7 6.2 6.2 8.4 7.5 8.5 8.3 6.1 9.1 5.5 6.4 9.6 6.5 10.1 10.9 5.3 9.9 11 1 5.9 7.6 10.6 6.0

Pan, fem ale 1 9.6 9.5 9.6 6.9 8.3 8 10.6 10.4 11.6 6.9 10.2 6.6 7.8 9.9 5.7 9.2 11.6 4.7 10.5 11.9 4.6 8.9 11.7 4.5

Pan, fem ale 2 8.8 9.6 12.6 9.6 9.5 11.5 11.4 9.6 14.1 9 10.6 6.3 7.1 10.5 4.9 10.3 10.6 4.2 111 11.5 4.3 10.3 111 4.5

Pan, male 1 9.3 9.2 9.9 9.7 9.3 8.9 10.6 10.6 18 8.8 9.6 6.5 8.2 9.9 5.8 11.2 11 4.4 10.5 11.3 4.3 9.3 9.8 3.6

Pan, male 2 12.1 9.5 11.9 9.4 8 10.3 15.9 11.9 20.8 8.8 12.2 7.5 7.9 11.8 6.4 11.2 12.3 4.6 9.9 13.4 4.4 9 11 4.1

Pongo, m ale 1 10.2 14.2 14.7 10.3 10.1 11 16.6 15.4 26.9 11 14.1 12 11.2 14.8 8.6 13.3 13.8 5 13.1 15.4 5.2 12.8 15.5 4.8

Pongo, m ale 2 12 12.4 13.3 6.7 9.4 13.3 16.8 12.8 25.3 10.4 12.3 9 10.7 12.7 9.2 12.3 12.5 5.8 13 13.9 5.6 14.3 14.2 6.2

Gorilla, female 12.4 9.6 11.3 8.5 8.4 111 13.6 10.4 17.1 10.8 13.7 12 10.6 14.8 10.8 14 13.7 5.7 15.5 15.2 6.1 12.6 13.6 5.5

Gorilla, male 12.5 10.2 8.4 8.2 9.8 8.9 18.8 12.8 26.3 12.1 14.3 10.3 12.2 13.5 8.6 14.9 14.5 6.3 17.1 15.7 5.5 15.6 14.8 5.7
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Table A l l  Mandibular and maxillary root length and occlusal area in the carnivore sample

Specim en

h

RL O A RL

I2

O A RL

I3

OA RL

C

OA

P.

RL OA RL

?2

OA

P3

RL OA RL

?4

OA

M

RL O A RL

M 2

OA RL

M 3

O A

M*

RL OA

Thylacinus 12.9 8 13.6 10 12.4 11 36.6 51 6.9 14 11.2 31 12.0 44 51 11.4 39 12.2 67 14.2 96 12.1 119

Phoca 10.9 4 11.6 7 25.9 52 7.9 18 7.2 40 9.3 53 8.8 62 7.5 39

Canis 10.6 9 12.6 16 14 18 26.5 83 6.5 10 8.3 34 9 .56 44 11.9 109 13.4 169 9 .0 62 3.3 14

Panthera 7.4 2 9 8 12.5 12 29.8 92 12.7 53 16.7 264 14.8 115

Crocuta 13.8 15 16.1 28 21.7 60 32.2 163 17.8 140 23.8 264 24.4 40 20.3 461

Ursus 11.7 15 12.9 30 14.6 39 32.2 131 6.8 43 10.7 265 13.6 135 13.2 211 10.2 157

Ailuropoda 13.1 10 16.4 14 14.8 33 37.7 184 12.5 59 17.4 152 20.9 27.3 632 26.5 510 22.1 316

Specim en

1‘

RL O A

1'

RL OA

1

RL O A

1"

RL O A

C

RL OA

P‘

RL OA

P"

RL O A

P̂

RL O A

P"

RL O A

M

RL O A

M"

RL O A

M"

RL O A

M''

RL OA

Thylacinus 111 4 10.2 5 9.8 8 12.0 13 38.2 62 10.9 15 10.7 25 12.6 44 10.2 89 11.3 151 11.0 189 6.8 87

Phoca 2 .9 5 3.4 8 4.4 15 26.9 55 9.2 17 8.8 38 8.1 46 8.4 43 7.1 34

Canis 111 18 11.6 28 14.9 32 27.6 58 8.3 20 7.6 37 8.5 48 12.8 121 10.2 210 4.7 54

Panthera 9.3 8 9.9 10 14.8 24 33.1 81 7.7 12 14.3 102 13.8 174 5.1 12

Crocuta 15.2 31 16.7 40 26.7 93 34.4 171 15.5 44 17.4 161 25.1 346 18.9 266

Ursus 11.7 19 12.7 31 14.9 35 34.2 122 8.9 19 7.5 13 11.6 93 13.0 195 12.5 342

Ailuropoda 11.3 18 15.4 26 21.2 88 34.6 184 8.3 5 15.0 85 17.8 228 20.8 465 24.3 647 23.7 746
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Table A. 12 Mandibular and maxillary root surface area and volume in the carnivore sample

Specim en

II

SA VL SA

h

VL SA

I3

VL SA

C

VL

P.

SA VL SA

?2
VL SA

P3

VL SA

P4

VL SA

M,

VL SA

M 2

VL SA

M 3

VL

Mt 

SA  VL

Thylacinus 90 41 97 44 92 46 771 1151 104 50 195 124 243 177 212 146 271 223 360 354 310 318

Phoca 70 32 94 52 555 878 75 55 123 102 199 186 171 134 143 104

Canis 68 23 95 41 140 92 635 910 48 21 130 63 179 106 250 179 510 616 175 102 32 15

Panthera 50 20 71 34 115 71 863 1693 221 157 467 513 528 717

Crocuta 128 80 234 197 378 441 1359 3754 557 645 1262 2145 1075 1737 1191 1967

Ursus 108 62 144 94 148 106 1029 2034 82 38 171 103 454 500 453 603 297 356

Ailuropoda 102 55 173 112 178 148 1521 3901 283 243 570 677 1003 1481 2322 4776 1993 4435 1231 2954

Specim en SA VL SA

1'

VL SA VL

r

SA  VL SA

C

VL

P

SA VL SA

P̂

VL

P'

SA VL SA

P"

VL

M

SA VL SA

M"

VL

M^

SA  VL

M"

SA  VL

Thylacinus 83 43 72 33 71 36 119 85 963 1767 161 94 177 114 263 207 276 187 389 336 419  403 144 84

Phoca 72 37 109 75 236 237 637 1139 88 65 158 115 170 143 164 129 120 104

Canis 112 65 146 109 264 267 678 1033 83 52 135 85 184 127 482 421 375 305 117 69

Panthera 88 47 106 61 241 264 982 2096 59 33 384 406 676 830 56 24

Crocuta 223 202 295 289 806 1566 1513 4135 244 249 646 810 1519 2946 1511 2494

Ursus 114 78 139 102 210 208 1181 2608 87 49 57 29 275 238 583 695 734 947

Ailuropoda 131 88 181 135 491 800 1218 3152 56 24 366 359 831 1078 1509 2565 2563 5715 2717 5857
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T able A .13 M esio-distal root angles in mandibular postcanines in the carnivore sample

MD angle Pi P2 P] P4 M, M2 M3 M4
Thylacinus 9.9 -9.3 13.9 5.8 14.8 19.4 21.6

Phoca 15.6 2.9 8.1 4.1

Canis 16.1 13.8 11.7 17.2 31.0

Panthera 1.8 2.7 34^

C rocuta 1.4 3.0 1.3 7.1

Ursus 17.3 8.7 17.0

Ailuropoda 4.9 -16.2 -17.7 -6.5 2.7

Table A .14 Bucco-lingual root angles in maxillary postcanines in the carnivore sample

BL angle P- p3 P" M' m ' M̂ M*"

Thylacinus 2.58 8.8 I6J2 2L65

Phoca - - - - - -

Canis 26J5 23.47 10.96

Panthera 6 88

C rocuta 11.57

Ursus 22.55 9 65

A iluropocia 9.03 14.28 10.5 30 84 217 6

0.7

0.6

cm
g 0.5 
o

1  0.4
0d)
1  03
O)
j  0.2 
£
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Tooth type

Figure A.7 Plot o f mandibular root length corrected for facial size (geometric mean) along the tooth 
row in carnivores
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Table A. 15 Mandibular and maxillary crown surface area and volume in the carnivore sample

Specimen SA

II

VL SA

I2

VL SA

I3

VL SA

C

VL

Pi

SA VL SA

P2

VL SA

P3

VL SA

P4

VL SA

Ml

VL SA

M 2

VL SA

M 3

VL

M ,

SA  VL

Thylacinus 27 14 36 20 51 31 197 233 42 26 86 70 140 135 127 130 228 280 314 426 360  505

Phoca 16 7 25 14 178 217 48 35 101 98 121 124 126 119 100 99

Canis 25 11 47 27 77 55 310 390 33 18 92 66 119 99 160 147 582 921 145 159 35 23

Panthera 11 4 19 8 35 22 349 541 123 118 282 395 309 440

Crocuta 55 40 91 82 189 224 690 1525 311 521 830 2123 674 1540 836 1913

Ursus 57 36 92 74 113 106 546 996 39 22 93 86 340 515 412 762 242 347

Ailuropoda 36 20 43 28 90 84 647 1417 154 190 323 512 531 1055 1138 2903 992 2466 557 1141

Specim en

1'

SA VL SA

I'

VL SA

V

VL SA

r

VL SA

C

VL

P

SA VL SA

P̂

VL SA

P̂

VL SA

P"

VL

M

SA VL SA

M^

VL

M^

SA  VL

M^

SA  VL

Thylacinus 21 9 19 9 29 15 61 45 215 274 38 27 70 54 151 147 154 175 269 355 344 498 166 196

Phoca 21 9 27 15 36 23 176 221 37 25 89 80 97 91 81 76 57 48

Canis 58 38 80 67 133 130 285 364 47 33 89 69 124 110 383 549 426 630 139 139

Panthera 19 9 26 14 86 82 410 654 29 18 248 323 441 697 33 18

Crocuta 108 104 152 161 330 497 732 1549 97 103 299 521 913 2523 1230 3037

Ursus 73 58 75 63 142 155 527 941 38 25 34 19 170 196 377 656 516 1044

Ailuropoda 55 39 68 57 236 341 615 1401 10 4 193 263 446 759 884 2021 1246 3357 1166 2962
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Table A. 16 Mesio-distal and bucco-lingual crown diameters in the carnivore sample

Specim en

II

M D BL M D

I2

BL

I3

M D BL

C

M D BL M D

P i

BL M D

P2

BL M D

P3

BL M D

P4

BL

M

M D BL M D

M 2

BL

M 3

M D BL

Mt

M D BL

Thylacinus 2.6 3 2.8 3.4 3 3.6 7.8 6.5 5.9 2.4 8.8 3.5 10.7 4.1 9.3 4 .2 11.7 5.7 13.9 6.9 16.1 7.4

Phoca 1.8 2.3 2.5 2.7 6.4 8.2 5 3.6 7.9 5.1 9.3 5.7 9.2 5.5 8.5 4 .6

Canis 2.4 3.6 3.3 4.8 4 4.6 9.8 8.5 3.7 2.7 8.6 3.9 9.7 4.5 11.2 5.5 22.8 7.4 9.2 6.7 3.9 3.5

Panthera 1.2 2 2.7 2.8 3.5 3.4 8.3 11.1 10.6 5 15.2 7.2 16.2 7.1

Crocuta 3.3 4.6 4.4 6.4 7.3 8.2 13.4 12.2 14.6 9.6 20.3 13 21.8 12.1 35.7 12.9

Ursus 3.5 4.3 4 .4 6.8 6.4 6.1 10.9 12 9 4.8 8.8 4.5 18 7.5 19 111 14 11.2

Ailuropoda 2.6 3.7 2.7 5.1 5.3 6.2 16.3 11.3 9.5 6.2 16.2 9.4 20.4 13 31.6 20 25.5 20 18.4 17.2

Specim en

1'

M D BL

I'

M D BL

1'

M D BL

1"

M D BL

C

M D BL

P‘

M D BL

P"

M D BL

P̂

M D BL

P"

M D BL

M

M D BL

M^

M D BL

M^

M D  BL

M'* 

M D  BL

Thylacinus 1.9 2.1 2 .2 2.1 2.7 2.9 4 3.2 8.5 7.3 5.4 2.8 7.5 3.3 10.4 4.2 10.6 8.4 13.6 111 15 12.6 7.1 12.3

Phoca 1.8 2.8 2 .4 3.4 3.8 4 7.9 6.9 4.7 3.7 8.6 4 .4 9.1 5.1 8.3 5.2 7.8 4.3

Canis 4.2 4.4 5.1 5.4 4.7 6.9 9.3 6.2 5.3 3.7 9.9 3.7 11 1 4.3 17.5 6.9 12.4 16.9 5.7 9.4

Panthera 2.3 3.3 2 .4 4 4 6.1 9.8 8.3 4 3 14.5 7 22.3 7.8 2.3 5.3

Crocuta 5.1 6 5.6 7.1 10.8 8.6 13.8 12.4 7.5 5.9 14.8 10.9 21.5 16.1 27.1 9.8

Ursus 3.6 5.2 5.8 5.3 5.8 6.1 13.1 9.3 5.3 3.5 4 3.2 11.3 8.2 16 12.2 24.1 14.2

Ailuropoda 4.1 4.5 4 .6 5.6 10.1 8.7 15.3 12 2.1 2.4 12.7 6.7 19.3 11.8 25.7 18.1 24.5 26.4 32.3 23.1
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Table A.17 Crown height in the carnivore sample

Specim en I. I2 I3 C Pi ?2 P3 P4 Ml M 2 M 3 M 4

Thylacinus 2.7 2.8 4.2 12.5 3.5 5.8 7.6 5.9 8 10.5 111

Phoca 2.4 3.2 11.2 4.4 6.1 6.4 6.5 5.3

Canis 2.2 4.4 7.1 16.1 3.6 4.6 6.2 7.5 12.7 5.3 2.3

Panthera 1.8 1.6 3 16.8 5.7 8.9 8.8

Crocuta 4.5 5.9 10 24.3 8.9 18.7 14.4 9.9

Ursus 5 5.6 7 22.6 5.2 4.9 6.5 3.2 4 .9

Ailuropoda 3.1 3.6 5.2 18.4 6.1 8.7 10.2 9.2 10 5.2

1' 1' r r c P' P̂ P̂ P" M' M^ M^ M"

Thylacinus 3.3 2.5 3.3 5.5 12.7 3.8 4.4 7.5 5.6 7.4 8.7 5.9

Phoca 3 3.5 4.5 11 3.2 4.9 5.1 4.5 3.3

Canis 5.1 6.5 8.7 16.4 4.3 4.9 6.1 11 9.3 4.1

Panthera 2.2 2.6 6.2 20 2.2 8.2 9.7 1.7

Crocuta 7 8.6 14.6 25 4.9 8.6 19.7 17.1

Ursus 5.2 4.5 8.5 21.4 2.8 2.9 6.1 6.5 6 .6

Ailuropoda 3.5 4 .6 111 20.3 1.2 8 9.4 11.9 10.9 8.9
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