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ABSTRACT 

 

Postural distortion of human bite marks on skin occurs when photographing a bite 

mark in a body position other than the position of the body at the time of biting.  

Postural distortion in the bite mark may introduce significant changes in both the 

shape and size of the recorded marks. As a result, the analysis of the marks may be 

hindered and a proper comparison between the bite mark and the causal dentition 

may be precluded.  Therefore, a method by which postural distortion in a bite mark 

photographic record can be evaluated and eliminated with minimal operator 

subjectivity is required. This study describes the development of an objective 

technique for evaluating postural distortion in bite mark photographic records and 

for minimising postural distortion during photography of bite marks. The source for 

developing these techniques was provided by digitally analysing the symmetry of 

dental arches in a defined population including males and females (236 subjects) 

whose ages ranged between 20 and 30 years. The analysis resulted in quantifying a 

mathematical relationship between the biting edges of each homologous pair of the 

anterior teeth and specified reference lines. The validity of the analytical method of 

dental arch symmetry is discussed. The developed techniques were applied to 

posturally distorted (test) bite marks. The results demonstrate the validity of the 

developed techniques in determining postural distortion and recording correct 

images (shown to resemble the biters dentition) of the test bites. Suggestions for 

further work are proposed. 
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 1

INTRODUCTION 

 

 

Human bite marks on human skin may provide evidence, which may establish the 

identity of the perpetrator, or may frequently serve to eliminate individuals from an 

enquiry. The analysis of a bite mark includes a comparison between the 

photographic record of the bite mark and the suspect’s dental casts, frequently 

using superimposition techniques. Correct comparison requires an accurate 

reproduction of the shape and size of the bite mark in the photographic record. 

Photography of the bite mark at a body position other than the position of the body 

at the time of biting produces postural distortion, which may change the shape and 

size of the bite mark. Therefore, it is necessary to reconstruct the victim’s body 

position at the time of biting, during photography of the bite mark. However, the 

exact position during the biting action is seldom known.  

 

Postural distortion may introduce significant changes in both the shape and size of 

bite marks. This results from expansion or contraction of the recorded marks, due 

to skin stretching and relaxing. Thus, postural distortion may modify the 

appearance of a bite mark on a photograph, such that it is not an accurate 

representation of the biter’s dentition. As a result, a proper comparison between the 

bite mark and the causal dentition is precluded. Clearly, developing a technique for 

evaluating and minimising postural distortion in bite mark photographic records, 

with minimal operator subjectivity, is desirable.  

 

A review of the literature, reported in Chapter 1, reveals that previous studies of 

postural distortion are limited to demonstrating and evaluating the effect of such a 

phenomenon in changing the size and shape of experimental marks, which were 

created using different shapes of artificial stamps. Postural distortion was found to 

be a significant element in producing significant changes in both the shape and size 

of the study marks. The literature, however, does not reveal studies attempting to 

develop a technique for the evaluation and correction of postural distortion in bite 

mark photographic records. The literature shows that while forensic odontologists 



 2

may attempt to reconstruct the body position at the time of biting, it is not possible 

to be certain of the exact body position when bitten. Therefore it has been 

suggested that the bite mark should be photographed in a range of positional 

possibilities. Such a procedure is a subjective approach and may complicate the 

analysis of the bite mark, due to the production of multiple images of a single bite.  

 

This study describes the development of an objective technique for evaluating 

postural distortion in bite mark photographic records, and for minimising postural 

distortion during photography of bite marks. The development of such a technique 

depends on identifiable characteristics of human dental arches. Thus, a 

comprehensive review of the literature regarding the shape, size and symmetry of 

dental arches was undertaken. The findings are reported in the literature review, in 

Chapter 1. Different views are expressed regarding these elements. It was found 

that dental arches may show some degree of bilateral symmetry. However, the 

literature does not reveal sufficient data regarding symmetry of dental arches in a 

defined population, nor is there quantification of the extent of symmetry observed 

in the reported studies. Therefore, it was decided to develop a technique to evaluate 

and quantify, in a defined population, the extent of symmetry of dental arches, in 

relation to specified reference lines. This application was intended to establish a 

quantified relationship, in terms of symmetry/asymmetry, between the right and left 

anterior teeth, in a defined population. Such a relationship, if established in a 

population, can be further used in evaluating postural distortion in bite marks 

inflicted by individuals from the same population. This is because of the 

presumption that postural distortion could change the dimensional relationship 

between the positions of the right and left teeth which are recorded in the distorted 

bite mark. As a result, varying degrees of asymmetry in the recorded dental arches 

may occur. Consequently, the degree of postural distortion can be assessed, by 

comparing the extent of dental arch asymmetry recorded in the distorted bite mark, 

with the average degree of dental arch symmetry determined in the population.  

 

The initial stages of this research included a preliminary study which is reported in 

Chapter 2. This study includes analysing the symmetry of the anterior dentition, in 

the upper and lower dental arches, of 16 subjects whose ages ranged between 20 
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and 30 years. The preliminary study also describes the analytical method which 

was developed digitally, using a computer, scanner and Adobe® Photoshop® 6.0, 

which is a graphics application. The assessment of symmetry includes a primary 

and quantitative analysis. The primary analysis demonstrates that the anterior 

dentition in the studied sample is symmetrical, in relation to the specified reference 

lines. The quantitative analysis produced 5 quantifying measurements of symmetry 

in the upper and lower dental arches. The minimum and maximum values of these 

measurements were determined. The results of this analysis demonstrates that the 

biting edges of homologous teeth (e.g. central incisors) show a close vertical and 

horizontal correspondence, in relation to the defined reference lines. The 

conclusions produced by the preliminary study provided the basis for further 

research and required to be verified in a larger number of subjects. 

 

The accuracy of the developed technique for analysing dental arch symmetry was 

assessed before undertaking the main study. This is described in Chapter 3. The 

results of the assessment demonstrated the reproducibility of the analytical method 

with minimal errors. 

 

The main study, reported in Chapter 4, includes the analysis of symmetry of the 

anterior dentition, in upper and lower dental arches, of 220 adult subjects. These 

subjects include 115 males and 105 females, whose ages ranged between 20 and 30 

years. The analytical method was the same as that used in the preliminary study. 

The results of the main study were consistent with the conclusions produced by the 

preliminary study. The preliminary analysis of symmetry demonstrates that, in both 

male and female subjects, the anterior teeth are symmetrical in relation to the 

specified reference lines. Quantifying the extent of symmetry produced 5 

quantitative measurements of which the minimum and maximum values were 

within a small range. This indicates that the biting edges of homologous anterior 

teeth, within each individual arch, are in a close symmetrical relationship in terms 

of their positions relative to the specified reference lines. 

 

Further analysis of the quantitative measurements of dental arch symmetry, 

determined in the main study, was undertaken and reported in Chapter 5. The 

analysis, initially, included a comparison between quantitative measurements 
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recorded from both male and female subjects. The results of this analysis 

demonstrate that statistically there is no significant difference between comparable 

quantitative measurements, in both sexes. Subsequent analysis included 

determining the distribution of the quantitative measurements of symmetry in the 

population, from whom the sample of the main study was selected. Consequently, 

an estimated range of the minimum and maximum values of the defined 

quantitative measurements was determined, within 95% of probability.  The 

estimated values represent a reference range of the defined variables which would 

be expected to be found in the defined population including both males and 

females.  Specifically, a defined and quantifiable relationship, with respect to 

specified reference lines, is established between the biting edges of the central 

incisors, lateral incisors and canines.  

 

The data on dental arch symmetry, which is produced by the main study, provided 

the basis for developing two practical applications. These are: (1) the application of 

dental arch symmetry in evaluating postural distortion in bite mark photographic 

records, and (2) developing a new technique for minimising the effects of postural 

distortion, during photography of a bite mark. These applications are reported in 

Chapters 7 and 8 respectively. The developed techniques were applied to (test) bite 

marks in which postural distortion was induced. The results demonstrated the 

validity of the developed techniques in determining postural distortion and 

recording correct images of the test bites with minimal operator subjectivity. The 

test bite marks were created using dental models and black ink pad on different 

locations on the upper limb of selected subjects. Selecting the upper limb as the 

anatomical location for creating test bite marks for analysis, was based upon its 

significant relevance to bite mark incidence in real cases. This was determined by 

the results of a questionnaire which is described in Chapter 6. A final discussion of 

the results and findings, and suggestions for further work are reported in Chapter 9. 
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Chapter 1  
 

LITERATURE REVIEW 

 

 

1.1 INTRODUCTION 
 
The research reported in this thesis is limited to human bite marks in human skin of 

living individuals. A bite mark on the skin is normally produced by the anterior 

dentition of both the upper and lower dental arches.  Specifically, the tooth marks 

represent the biting edges of the central incisors, lateral incisors and canines.  Less 

frequently, premolars may also be recorded. The shape and appearance of dental 

arches as well as tooth marks in a bite mark may be influenced by many factors, 

such as the anatomical site bitten, the exact biting mechanism and distortion 

(Whittaker and MacDonald, 1989).  An understanding of features of dental arches, 

bite mark presentation, mechanisms of mark production, and factors contributing to 

bite mark distortion can aid in interpretation of the injury.  

 
This chapter includes a review of the literature which was undertaken to investigate 

areas relevant to features of dental arches; components of bite marks; factors 

contributing to bite mark distortion and analysis methods.  

 

 

1.2 THE TERM “BITE MARK” 
 
The dictionary definition of the verb ‘to bite’ is ‘to grip or tear with the teeth or 

jaws’.  In a forensic sense the term ‘bite mark’ is used more broadly to describe a 

pattern or a mark produced by usually a human or less frequently an animal 

dentition and associated oral structures in any substance capable of being marked 

by those means.  More specifically, a bite mark is described as ‘the registration of 

tooth cutting edges on a substance caused by jaw closure and in combination with 

this mark the following are often found: a “suck mark” which results from the 

pulling of skin into the mouth by suction; and a “thrust mark” which is caused by 
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thrusting the tongue against the lingual surfaces of the maxillary and mandibular 

teeth with skin between the tongue and teeth’ (Beckstead et al, 1979).  

 

Bite marks may occur in human tissues, food or a miscellaneous group of 

inanimate materials, and may be inflicted by people on animals (Holt, 1980).  Bite 

marks are often associated with serious crimes, such as murder, rape and child 

abuse.   

 

 

1.3 DENTAL ANATOMY RELEVANT TO BITE MARKS 
 
MacDonald (1974) defined a bite mark as “a mark made by the teeth either alone or 

in combination with other mouth parts”.  Thus, dental anatomy relevant to bite 

mark production consists of teeth and dental arches. Other oral structures which 

may be associated with producing a bite mark include musculature of the tongue, 

lips and cheeks.  Consequently, it is appropriate to study elements of oral anatomy 

relevant to bite marks.  Teeth and other mouth structures are discussed first in this 

section and dental arches are described in a separate section.  

 

 

1.3.1 Teeth 

The complete human permanent dentition consists of 32 teeth which are aligned 

into two arches, namely the upper and lower dental arches. Permanent teeth begin 

eruption about the sixth year of age, and all permanent teeth are normally in place 

by 21 years of age (Beek, 1983).  The anterior dentition, in each dental arch, is 

composed of two central incisors, lateral incisors and canines. These teeth are those 

most usually associated with bite marks. Each tooth of the anterior dentition has 

four surfaces and an occlusal edge (Figure 1.1). The four surfaces are called the 

mesial, distal, labial and lingual surfaces.    The contact points between the occlusal 

edge and respectively the mesial and distal surfaces of each tooth create two angles, 

namely the mesial and distal incisal angles. The incisive, cutting or biting edges are 

different terms used to describe the same element, which is the occlusal edges of 

the anterior teeth.  The incisive edges of the central and lateral incisors, in adult 
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subjects, normally appear flat. The canine incisive edge normally shows a pointed 

cusp, which has a mesial and distal slope, rather than a flat edge. However, the 

canine cusps undergo variable degrees of wear and attrition over time. 

Consequently, canine cusps may be completely worn, in which case, the canine 

incisive edges appear as flat edges, resembling the incisors. 

 

  
 
 Figure 1.1 The anatomical surfaces of the anterior dentition  
   (Modified from Beek, 1983). 
 

 

There are a number of individual tooth features which are important in bite mark 

analysis.  The location of the mesial and distal incisal angles of incisors determines 

their width and centre point.  The pointed canine cusps are important in 

determining the location of marks created by canines in a bite mark.  In the adult 

dentition incisors usually create rectangular markings while bevelled or recently 

erupted incisors usually leave linear markings (Levine, 1982).  Canines often cause 

triangular markings with the apex of the triangle located toward the labial surface 

and the base toward the lingual surface of the arch.  While a tooth mark cannot be 

made by a tooth missing from the arch, the absence of a tooth mark in a particular 

tooth position does not necessarily mean that the relevant tooth is missing 

(Whittaker, 1990).  Whether a tooth leaves a mark depends on a number of factors, 

such as the type of material or area of tissue bitten and the biting force (MacFarlane 

et al, 1974). In addition, a tooth may be out of occlusion or partially erupted in 

which case the tooth may not leave a mark.   
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Specific tooth characteristics may give rise to distinctive marks.  Examples include 

severe malocclusion or the presence of particular abnormalities in tooth shape or 

position.  Such tooth characteristics are regarded as valuable distinctive features 

which could indicate that a particular dentition had caused the injury (Whittaker, 

1990). Fractures of incisors or canines may result in a deficiency in the 

incisal/cuspal level which may be represented as either a false absence or a faint 

element in the bite mark. Alternatively, a fracture may result in an angulation of the 

incisal edge or cusp which may be represented as a variation in the density of an 

element in the bite mark.  Abnormalities in tooth position may be expressed as 

tooth rotation and/or displacement, where the tooth is displaced from the arch by 

adjacent teeth. Other important features include the size and shape of interproximal 

embrasures (Sheasby, 1998). The petechial haemorrhages, often seen in bite marks, 

may be associated with interproximal embrasures and provide incisor width 

information and a representation of the spacing of individual teeth. 

 

 

1.3.2 Tongue and other mouth structures 

Other mouth structures associated with a bite mark include the lips, tongue and 

cheeks.  These are muscular organs and carry no structural features that could be 

identified on the surface of injured skin in a bite mark. However, these organs 

together can produce a sucking action and create a suck mark in skin taken into the 

mouth.  The action of sucking produces intraoral pressure which can traumatise 

capillaries in skin.  Thus, a suck mark usually appear as a bruised area in the centre 

of the bite mark (Levine, 1977; Whittaker, 1990). The occurrence of a sucking 

action during biting is described as an element which could change the appearance 

of a bite pattern as well as producing dimensional change in the interrelationship of 

dental arch components (Nakamura, 1953; Sebata, 1963). The presence of a suck 

mark, in a bite mark, is usually a certain indication of a human bite mark (Harvey, 

1976; Levine, 1982).  

 

The sucking action may be associated with a tongue thrusting force, in which case, 

the resultant action is termed ‘suckling’ (Harvey et al, 1973).  In such a case the 

tongue can produce pressure marks in skin held in the mouth.  Such marks are 
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caused by tongue thrusting action which can apply a force capable of pressing the 

skin against the palatal/lingual surfaces of the anterior dentition or the anterior 

palate. The marks resulting from such an action may include the palatal/lingual 

surfaces of the anterior teeth or occasionally the gingival margins and the palatal 

folds (rugae) may appear (MacDonald, 1974). The marks may be extremely 

accurate and detailed.  

 

 

1.4 DENTAL ARCHES 

 
In this research, dental arches are defined as the best fit curves formed by the 

arrangement and alignments of the upper and lower teeth. Bite marks are usually 

produced by the anterior segment of the upper and lower dental arches as a result of 

the closure of the maxillary and mandibular jaws with the skin between the dental 

arches. Therefore, the undistorted shape of a bite mark is a representation of both 

the shape and size of the anterior segment of dental arches. Thus, a detailed study 

of features of dental arches is included in the literature review due to their 

relevance to this thesis. The main areas of investigation include the shape, size, 

occlusal relationship and symmetry of dental arches. The first three elements are 

discussed in this section but dental arch symmetry is described in a separate 

section. 

 

 

1.4.1   Shape of dental arches 

It is commonly believed that the form of a dental arch is initially shaped by the 

configuration of the supporting bone and, following the eruption of the teeth, by the 

circumoral musculature and intraoral forces (Braun et al, 1998). Studies of the 

shape of dental arches are numerous in the literature.  Dental arch shapes have been 

extensively classified using both qualitative descriptions and more complex 

mathematical methods.  In the latter case complex procedures including different 

curve-fitting algorithms were utilised as mathematical models of dental arches ( Lu, 

1966; Sanin et al, 1970; Biggerstaff, 1972; BeGole, 1980; Sampson, 1981; Braun et 

al, 1998).  In such cases, sophisticated algebraic or geometric formulae were 
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proposed to describe the shape of dental arches.  Qualitative descriptions include 

describing the shape of dental arches in simple geometric forms. Dental arches 

were described as ellipse, parabola, U shaped, segments of circles joined to straight 

lines or modified spheres (Braun et al, 1998).   

 

Other studies claim that the ideal shape of the dental arches would correspond to a 

catenary curve (McConnail and Scher, 1949; Musich and Ackerman, 1973; Pepe, 

1975; Germane et al, 1991). A catenary curve is described as the shape that is 

formed when a flexible chain or cord is suspended at both ends. These studies, 

however, focus on describing the shape of the ideal arch for clinical orthodontic 

applications rather than determining the shape of dental arches on the basis of 

investigating the population at large. Thus, the assumption that a catenary curve is 

a true representative of the dental arch shape in the population remains to be 

justified.  

 
It is a matter of common acceptance that the shape of the dental arch is affected by 

a multitude of factors including the basal dental arches (jaws), inclination of teeth 

which vary between individuals, arch size and the resultant of all forces especially 

from the oral and facial musculature (Kato et al, 1964).  Some studies indicate that 

gender differences of dental arches reflect more a size discrepancy than shape 

difference (Sampson, 1981; Ferrario et al, 1994). 
 

There are a number of features related to the shape of dental arches which are 

important in bite mark analysis.  The upper dental arch is generally larger and is 

composed of larger incisors and canines compared to the lower dental arch.  The 

shape of human dental arches characterise human bite marks in skin. The shape of 

a human bite mark is normally ovoid or elliptical in pattern (Levine, 1982).  

Clearly, this normal shape can display a variable degree of alteration when teeth 

show abnormal positions, such as displacements, rotations or malalignments. In 

contrast, bites from animals usually appear as oblong or V shape marks.  Therefore, 

the shape of dental arches recorded in a bite mark is a significant element in 

identifying whether the injury was inflicted by a human or an animal. An accurate 

representation of the shape of dental arches in a bite mark is reliant on two main 

components.  These are clarity of the individual tooth marks and the presence or 
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absence of postural distortion. Details and characteristics of marks appear with less 

definition in a poor quality bite mark. As a result the appearance and representation 

of dental arches in such a bite may become indistinct.  Postural distortion can result 

in changing the shape and dimensions of the recorded dental arches.  

 

 

1.4.2   Size of dental arches   

The size of dental arches is important in both orthodontics and bite mark analysis.  

In orthodontics, the size of dental arches is a significant element in diagnosis and 

treatment planning.  Orthodontic studies of the size of dental arches reported in the 

literature are usually not concerned with assessing quantitatively the size of dental 

arches in populations.  The studies usually focus on clinical applications, such as 

age changes in the size of dental arches or stability of the dentition (Knott, 1961; 

Mills, 1964; Sillman, 1964; Moorrees et al, 1969; DeKock, 1972; Harris, 1997; 

Carter and McNamara, 1998).  In such studies three parameters are usually used to 

evaluate the size of dental arches.  These are arch width, depth and length. The 

studied samples in addition to the definitions of these parameters and the measuring 

techniques vary between authors. For example, arch width may be defined as the 

transverse distance that is measured, using different landmarks, between the right 

and left molars (DeKock, 1972), premolars (Harris, 1997), and/or canines 

(Moorrees et al, 1969).  As a result of the outlined differences most data regarding 

dental arch size which is obtained from orthodontics studies are not comparable.  

Differences in arch size between racial groups have been reported (Nummikoski et 

al, 1988; Diwan and Elahi, 1990; Merz et al, 1991; Dalidjan et al, 1995; Ferrario et 

al, 1999;). Males tend to possess dental arches greater in size than females (Harris, 

1997; Ferrario et al, 1999).  

 

In bite marks, arch size is usually expressed as the intercanine distance.  Other 

measurements of dental arches such as arch length or depth are seldom, if ever, 

used in the evaluation of bite marks.  Table 1.1 illustrates the average measurement 

of intercanine width obtained from different age groups of population samples 

which are reported in some studies in the literature, but it should be noted that 

different landmarks were used  in these studies to define this parameter. 
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Age Range 
(in years) No Sex Upper Arch Lower Arch Landmarks

Mills, 1964 17 - 21 230 M 35 ± 0.20 26 ± 0.15 Canine cusp tips

25.9 22 M 40.6 31.4

15 F 37.8 30.4

42 M 38.9 30.7

17 F 37.5 29.3

43 M 39.6 30.8

17 F 37.6 29.6

27 M 32.25 24.5
26 F 31.13 24.01
27 M 31.49 23.57

26 F 30.47 23.43

14.8 - 19.3Carter and 
McNamara, 

1998 

Centroid point on the 
occlusal surface of the 

canines

Knott, 1972 
Maximum rectilinear 
distance between the 

canines

40.1 - 60.7

Average Intercanine Width (in mm)

17 - 27.3

20 - 46.3

Harris, 1997 
Maximum distance at 
the buccal surfaces of 

the canines

Subjects
Study

 
Table 1.1 The average intercanine width of the upper and lower dental  
  arches obtained from some studies reported in the literature. 
 

 

There is no consistency between the measurement values of intercanine distances 

recorded by the studies reported in table 1.1. This may be attributed to differences 

between these studies in: (i) the techniques used to record measurements of 

intercanine distance, (ii) the size of the studied samples, and (iii) defining 

landmarks for measuring the intercanine distance. Furthermore, no quantification 

of measurement errors was reported in these studies 

 

Barsley and Lancaster (1987) investigated the arch width in the canine area (i.e. 

intercanine distance) of the maxillary and mandibular arches, in a sample 

comprising 1198 upper and lower dental casts obtained from 1198 subjects. This 

study was undertaken in an effort to match certain classes of subjects to the bites 

that such individuals might possibly inflict.  The study sample included both male 

and female subjects of white and black ethnicity whose ages varied between 14 and 

87 years. The subjects were classified into groups in relation to sex and race. Based 

upon the mean value of arch width significant differences between different groups 

were observed. However, the authors concluded that the width of the great majority 

of dental arches of the study sample was less than 3.5 cm and 3.0 cm in the maxilla 

and the mandible respectively. Furthermore, they stated that the variance between 

groups was small, in the order of 0.01 or 0.02 cm, and is unlikely to be appreciated 

by observation of a bite mark on skin.  
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Arch size may have considerable implications in bite mark analysis.  Arch size and 

incisor tooth sizes are often used to differentiate marks made by the upper or lower 

dentitions (Levine, 1982).  Arch size may assist in relating a bite mark to animal or 

human arches, or adult or child arches. For example, the typical intercanine 

distance in the upper jaw of dogs, even small ones, is 50 mm or more, whereas in 

human adults and teenagers the average of intercanines distance in the upper jaw is 

40 mm (Bowers, 2004). In contrast, the presence of an upper dental arch with an 

intercanine distance less than 30 mm in human bite marks is usually indicative of a 

bite made by a child (Kenney and Clark, 1992). Clearly, the size of dental arches 

recorded in a bite mark has to show consistency with the size of the actual arches in 

order to suggest that such dental arches could be involved in producing the bite.  

However, the size of dental arches recorded in a bite mark could undergo 

considerable changes of expansion or retraction as a result of postural distortion if 

such a phenomenon was included in the process of recording the bite.  Thus, the 

actual size of the arches recorded in the bite may not match with the actual 

dentition that caused the marks, hence hindering interpretation. 

 

 

1.4.3   Occlusal Relationship 

The lower arch is usually smaller than the upper so that in occlusion the labial and 

buccal surfaces of the upper teeth overhang those of the lower.  Each arch 

contributes to the other in maintaining its form and size, through their occlusal 

relationship by controlling tooth positions.  The muscular pressure of the tongue, 

lips and cheeks also contributes to maintaining the teeth in their normal positions 

and to the harmony in the size and shape of the normal arches.  The tongue 

prevents too great an encroachment of dental arches upon the oral space, while lips 

and cheeks serve to keep dental arches from spreading outside. 

 

The occlusal relationship between the upper and lower dental arches is generally 

identified as one of three different classes. These classes have been widely used 

since they were devised by Angle in 1899.  Angle’s classification is based on the 

mesiodistal relationship of dental arches and individual positions of the teeth 

favouring the positions of the first molars and canines, owing to the fact that these 
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teeth tend to occupy regular positions far more often than any other teeth. Thus, 

beginning with the canine in the maxillary dental arch, each tooth may present a 

specific mesiodistal relationship with its opposing tooth in the mandibular dental 

arch which may be classified, as the case may be, into Class I, Class II or Class III.  

In Class I teeth are arranged in such a manner as to be in harmonious mesiodistal 

contact with their fellows in the same arch, as well as in occlusal contact with those 

in the opposite arch.  Therefore, Class I is considered as the normal symmetrical 

occlusal relationship between the upper and lower dental arches.  In Class II, which 

has two subdivisions, the lower teeth occlude distal to normal resulting in retrusion 

of the lower jaw. Class III has two subdivisions and characterised with the lower 

teeth occluding mesial to normal resulting in protrusion of the lower jaw. Both 

Class II and Class III are considered to be representative of asymmetrical or 

abnormal occlusal relationships (i.e. malocclusion) producing marked disharmony 

in the incisive region and in the facial profile. 

 

Angle’s classifications describe symmetry/asymmetry of dental arches based upon 

their occlusal relationship.  Such a relationship, as previously mentioned, is defined 

by only the anteroposterior relationship of dental arches regardless of inter or intra-

arch relationship within each individual arch.  Thus, these classifications can not 

accurately describe the true symmetry or asymmetry existing within each 

individual dental arch.   

 

 

1.5  SYMMETRY OF DENTAL ARCHES 
 
Symmetry/asymmetry of dental arches is a very relevant subject to this thesis due 

to its significance in the development of this research.  Therefore, a detailed study 

of the literature in relation to aspects of dental arch symmetry was undertaken.  The 

main areas of research included aetiology of asymmetry, classification of 

asymmetries, reported studies of dental arch symmetry, and methods of evaluating 

symmetry/asymmetry of dental arches.  A discussion of the limitations of the 

current common methods available for analysing symmetry of dental arches is also 

included.  
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1.5.1 General principles 

In general terms, symmetry is defined as, “equality or correspondence in form of 

parts distributed around a centre or an axis, at the extremes or poles, or on two 

opposite sides of any body” (Stedman Medical Dictionary, 1995). The evaluation 

of symmetry/asymmetry of dentofacial structures including dental arches is a 

significant concern in orthodontics.  In an orthodontic context, symmetry is usually 

expressed as a state of facial equilibrium and the correspondence in size, form and 

the arrangement of dentofacial features on the opposite sides of the median sagittal 

plane (Shah and Joshi, 1978).   

 

Asymmetry of the dentofacial structures is recognised as differences in the size or 

relationship of the two sides of this complex (Bishara et al, 1994).  Thus, 

asymmetry of dental arches can be defined as discrepancies in the size and form of 

the right and left sides of the dental arches around specified reference lines. 

Dentofacial asymmetry may result from discrepancies either in the form of 

individual bones or a malposition of one or more bones in this complex.  

Asymmetry may also be limited to the overlying soft tissues (Sutton, 1968).  The 

level at which asymmetry becomes unacceptable to a person is variable and 

depends on many factors, most of which are psychological (Munro, 1989).  From 

an orthodontic clinical standpoint, asymmetry ranges from barely detectable to 

gross discrepancy between the right and left halves of the dentoiofacial complex 

(Bishara et al, 1994).  Additionally, the point at which asymmetry becomes 

abnormal can not be defined easily and is often determined by the clinician’s sense 

of balance and the patient’s perception of imbalance.  

 

 

1.5.2 Aetiology of asymmetry  

Factors responsible for developing asymmetries in the craniodentofacial complex 

are numerous. It is beyond the scope of this text to discuss all the conditions 

responsible for developing craniodentofacial asymmetries. However, a general 

reference to factors associated with developing dental asymmetries is made.  In 

general, such factors are classified into congenital, developmental, and subsequent 

to pathology or injury (Bishara et al, 1994).  
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1.5.2 (i)   Genetic factors 

Genetic factors are implicated in conditions which are usually severe.  Examples of 

such conditions include asymmetry associated with hemifacial microsomia or with 

some clefts of the lip and palate (Bishara et al, 1994).  Hemifacial microsomia is 

characterised by the lack of tissue on the affected side of the face. Clefts of the lip 

and palate are genetically influenced and result in facial deformity with an 

associated collapse of the maxillary dental arch. 

 

The mechanism underlying genetic imperfection in creating asymmetric deformity 

is not fully understood. However, it is suggested that abnormalities and 

disturbances which occur early during embryonic development affect the 

mechanism which was meant to produce symmetry (Kronmiller, 1998).  Such 

genetic imperfection may be caused by specific mutations which could lead to 

facial clefting, craniosynostoses, congenitally missing teeth or premature fusion of 

craniofacial structures. 

 

 

1.5.2 (ii)   Developmental Factors 

Developmental factors responsible for causing asymmetries in dental arches 

include: (1) space loss in the dental arch as a result of premature loss of deciduous 

or permanent teeth, or loss of contact points between teeth through proximal caries, 

(2) trauma to the teeth, (3) asymmetric chewing habits, (4) finger sucking and 

similar habits (Lundström, 1961).   Such factors generally occur at an early stage in 

childhood and can produce right-left asymmetries as well as asymmetric occlusal 

relationships in the dental arches. The effects of these factors and the asymmetries 

they might cause are generally small differences between bilaterally located parts 

of the dental arches.  However, it is rational to say that the degree and type of the 

resultant asymmetries caused by such factors will be related to the magnitude of the 

factor causing the asymmetry as well as the duration of time through which the 

factor was active.  
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1.5.2 (iii)   Pathological Factors 

All conditions described in the following text can result in variable degrees of 

dental arch asymmetry. Untreated fractures of the mandible can cause various 

degrees of dentofacial disfigurement. Hyperplasia of the mandibular condyle in the 

growing person can cause asymmetries in the lower third of the face as a result of 

abnormal growth of the mandible (Erickson and Waite, 1974).  Etiologic factors 

which can be associated with this condition include trauma, osteochondroma or 

osteoma of the mandibular condyle.  Condylar hyperplasia affects the main growth 

centre of the mandible which is located in the cartilage of the condyles and their 

fibrous connective tissue covering.  As a result, abnormal function of the condyle 

occurs leading to un-coordinated growth of the mandible.  Manifestations can 

include development of an open bite in the affected side, cross bite in the 

unaffected arch, or tilting of the occlusal plane accompanied with basilar bone 

abnormalities. Similar effects besides mandibular deviations towards the affected 

side occur in condylar hypoplasia which can be associated with trauma or 

infections of the mandibular condyle  (Erickson and Waite, 1974). 
 

In the oral cavity, ankylosis may occur in the primary molars resulting in dental 

arch asymmetry, as well as asymmetric occlusal relationships (Kronmiller, 1998).  

In this condition, the ankylosed teeth remain submerged below the line of occlusion 

of the adjacent teeth which continue to erupt with continuing development of the 

nearby dentoalveolar region.  This, consequently, causes distal and mesial eruption 

of the anterior and posterior tooth to the ankylosed molar respectively. The net 

result is a loss of space and axial inclinations of the adjacent teeth compared with 

those on the contra-lateral (unaffected) side of the dental arch. This, as a result, 

produces asymmetry in the form of the arch in addition to asymmetric occlusion.   
 

 

1.5.3 Classification of asymmetries 

Asymmetries may be found in one or more components of the craniodentofacial 

complex. A disciplined approach to classifying asymmetries is described by 

Bishara et al in 1994. It is a structural classification in which asymmetries can be 

classified according to the structures involved, namely, skeletal, functional or 

dental.  
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1.5.3 (i)   Skeletal asymmetry 

These may involve one bone such as the maxilla or mandible, or it may involve a 

number of skeletal and muscular structures. Mandibular asymmetry is generally 

related to asymmetric positioning or asymmetric morphology (Kronmiller, 1998).  

This is caused by differences in the length of the body of the mandible as well as 

differences in the height of the developing ramus.  These developing asymmetries 

may begin early in fetal life and may also be the result of disturbances in postnatal 

development resulting from trauma to the mandible condyle.  Muscular asymmetry, 

as might occur with hemifacial atrophy or cerebral palsy, could result in facial 

disproportions and midline discrepancies (Bishara et al, 1994). Furthermore, 

abnormal muscle function or ill-proportioned muscle size, as in masseter 

hypertrophy, often develop skeletal and dental deviations (Persson, 1973). Some of 

the most severe asymmetries can be observed in individuals with craniofacial 

syndromes. These are associated with skull deformation which is responsible for 

infinite variation in the dentofacial complex and, moreover, form the basis for its 

morphologic and functional individuality. Examples include hemifacial 

microsomia, retinoic acid and thalidomide teratology, clefting syndromes and 

craniosynostosis (Kronmiller, 1998).    

 

 

1.5.3 (ii)   Functional asymmetry 

Functional asymmetry means lateral or anteroposterior deflection of the mandible 

due to functional shifts (Bishara et al, 1994).  The deviation could range from mild 

to severe depending on the severity of the causative factor. This condition can 

result from improper occlusal interferences between the upper and lower dental 

arches preventing proper intercuspation in centric relation and thus leading to the 

mandible being deflected laterally or anteroposteriorly.  It may also be caused by a 

constricted maxillary arch, or a malposed tooth causing premature contact between 

the upper and lower dental arches resulting in subsequent mandibular displacement 

in centric occlusion. In addition, temporomandibular derangement accompanied by 

a displaced disk may result in a midline shift during opening caused by 

interferences in mandibular translation on the affected side. 
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1.5.3 (iii)   Dental asymmetry 

According to Fischer (1954), dental asymmetries can be described as  an imbalance 

between tooth substance and dental arches, imbalance between the tooth substance 

of opposing segments of the maxillary and the mandibular arches, or imbalance 

between maxillary and mandibular dental arches in their entirety or in their 

segments.  All these imbalances may occur in various combinations in the same 

individual expressed as an imbalance in tooth position, tooth size, or both.  

Lundström (1961) stated that asymmetries in dental arches can be classified as 

qualitative or quantitative asymmetry.  Qualitative asymmetry includes differences 

in the number of teeth on each side of the dental arch or the presence of a cleft lip 

and palate. Quantitative asymmetry could include differences in the size of teeth; 

their location in the arches (anteroposterior, lateral, or vertical position), or the 

position of dental arches in the head (lateral translation or rotation in the horizontal 

or the vertical plane).   

 
Dental asymmetries usually arise due to local factors such as the early loss of 

deciduous or permanent teeth, habits such as thumb sucking, or interproximal 

caries and congenitally missing teeth (Bishara et al, 1994). Additionally, 

supernumerary teeth which occur in approximately 1% of children (Kronmiller, 

1998) can lead to dental asymmetries. Supernumerary teeth can cause impaction or 

ectopic eruption of adjacent permanent teeth. In this condition the ectopic eruption 

causes premature exfoliation of the permanent teeth on the affected side. 

Subsequently, with continued facial growth and eruption of the affected teeth into 

ectopic positions, this can lead to discrepancy and an asymmetric dental arch form.  

Lack of exactness in genetic expression affects the teeth on the right and left sides 

causing asymmetries in mesiodistal crown diameters (Lundström, 1961).  However, 

dental asymmetries can result from any tooth irregularities that affect the 

harmonious relationship of dental arches. Such irregularities can include 

discrepancies in the crown size of homologous teeth, malposition, malalignment or 

inclination of teeth resulting in asymmetry in the shape of dental arches and may 

also result in a malocclusion.  

 
A fundamental question arises which is whether or not the origin of dental 

asymmetries is predominantly due to dentoalveolar or skeletal asymmetries, or a 
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combination thereof.  Several studies have attempted to investigate the nature of 

dental asymmetry and the relationship between malocclusion and skeletal 

asymmetry (Shore, 1960; Letzer and Kronman, 1967; Kreiborg, 1981; de Araujo et 

al, 1994a; Rose et al, 1994; Janson et al, 2001).  In these studies the authors 

reported that skeletal asymmetry is independent of dental symmetry/asymmetry.  

These authors by means of cephalometric radiographs compared normal and 

malocclusion groups, and found that the dental relationship was independent of 

skeletal asymmetry.  Furthermore, some other studies have indicated that the 

severity of craniofacial asymmetry was also found to be independent of dental 

symmetry/asymmetry (Hellman, 1939; Fischer, 1954; Lundström, 1961). 

 

 

1.5.4 Studies of symmetry/asymmetry of dental arches 

The study of symmetry/asymmetry of dental arches is pertinent to orthodontics. 

However, orthodontic studies addressing symmetry/asymmetry of dental arches in 

normal individuals (those who are not orthodontic patients) are scarce in the 

literature (Ferrario et al, 1993a; de Araujo et al, 1994b).  Indeed, a search in the 

literature did not reveal many studies investigating or quantifying the range of 

symmetry/asymmetry of dental arches in the population at large. This is because 

orthodontic studies regarding symmetry/asymmetry of dental arches are usually 

undertaken in a clinical setting (Ferrario et al, 1993b).  Such approaches are 

concerned with: (1) the development of methods to evaluate symmetry/asymmetry 

of dental arches (Korkhaus, 1930; Harper, 1949; Singh and Savara, 1964; Gundara 

and Zivanovic, 1968; Lear, 1968; Chafekar and Cleall, 1971;), or (2) with the 

assessment of symmetry/asymmetry of dental arches in, usually, a limited number 

of normal subjects who serve as a control group for the subjects who are 

orthodontic patients or considered to be possessing well defined asymmetric 

characteristics (Alavi et al, 1988; de Araujo et al, 1994a; Burstone, 1998; Janson et 

al, 2001).  As a result of such a layout in orthodontic studies, it is difficult to 

establish significant data quantifying symmetry/asymmetry of dental arches in the 

general population.  

 

However, there were some studies reported in the literature which investigated the
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symmetry of the dentoalveolar region in normal subjects (Hunter, 1953; Vig and 

Hewitt, 1975; Shah and Joshi, 1978; Sampson, 1981; Ferrario et al, 1993a; de 

Araujo et al, 1994b).  In these studies cephalometric radiographs, photographs 

and/or dental casts were used as media to evaluate symmetry/asymmetry of dental 

arches in the studied samples.  Reference lines and bilateral landmarks were 

created on the utilised medium at the time and subsequently defined parameters 

including linear and/or angular measurements in relation to specified reference 

lines were recorded.  Subsequently, the extent of symmetry was determined by 

comparing the recorded values of homologous measurements. The results of these 

studies indicated that statistically there was no significant difference between 

homologous measurements recorded of the right and left sides and this indicated 

that bilateral symmetry exists in the dentoalveolar region including dental arches. 

Such balance, which might be observed in the dentoalveolar region, was attributed 

by some authors (Erickson and Waite, 1974; Vig and Hewitt, 1975; Shah and Joshi, 

1978) to compensatory changes operating in the growth and the development of the 

dentoalveolar structures, in addition to the moulding behaviour of the labial and 

lingual musculature. These factors enable bilateral symmetrical function and 

maximum cuspal contacts between teeth to occur, thus, minimizing the effects of 

underlying basal asymmetry.  

 

Some studies evaluated symmetry of dental arches in relation to the size (i.e. 

mesiodistal crown diameters) of the permanent dentition (Lundström, 1960; 

Moorrees and Reed, 1964; Lavelle and Plant, 1969).  In such studies, bilateral 

symmetry of dental arches was evaluated by comparing the mesiodistal crown 

diameter of homologous teeth of the permanent dentition. The results of these 

studies demonstrated that the left and right side of dental arches were symmetrical 

in terms of the size of the permanent dentition.  Garn et al (1966) evaluated 

bilateral asymmetry of the permanent dentition in relation to mesiodistal crown 

diameters of 28 teeth in 239 adolescents.  It was found that the magnitude of size 

asymmetries was under ± 0.3 mm for the majority of each pair of homologous teeth 

studied, and that tooth size asymmetry generally does not involve an entire side of 

the arch.  In addition, it was concluded that teeth in the same morphological class 

tend to have the same direction of asymmetry.  For instance, if the maxillary first 

premolar is larger on the right side of the dental arch, then the maxillary second 
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premolar will also tend to be larger on the right side. Furthermore, the authors 

reported that asymmetry tend to be greater for the more distal teeth in each 

morphological class (i.e. the lateral incisors, second premolars and third molars).  

 

In conclusion, the findings of the outlined studies indicate that dental arches may 

show a bilateral symmetrical relationship between the right and left side. However, 

these studies have some limitations. None of these studies quantified the extent of 

the existing symmetry in the studied samples. Furthermore, only a small number of 

subjects was evaluated in each study. Besides, the data obtained from these studies 

can not be compared with each other due to the differences in the number, age, and 

gender of the subjects in the studied samples. Additionally, different methods in 

evaluating symmetry of dental arches were used in these studies. Such differences, 

included variability in specifying reference points and parameters, and differences 

in the analytical techniques utilised for assessing symmetry. As a result of the 

outlined differences, the data obtained from such studies is limited to the subjects 

included in the studied samples. Thus, there are limitations with regard to 

generalising the findings of such studies on a large scale in the population.  In 

conclusion, there is still a lack of data regarding the symmetry of dental arches in 

the population. Therefore, further research is required in order to quantitatively 

assess symmetry/asymmetry of dental arches on a large scale in the population.  

 

 

1.6. METHODS OF EVALUATING SYMMETRY/ASYMMETRY  

 OF DENTAL ARCHES 
 
In orthodontic studies, several methods and approaches have been employed to 

assess asymmetry and, conversely, symmetry of the face, palatal vault and dental 

arches.  These methods include using radiographs of the craniodentofacial complex 

or study models as media in the analysis of symmetry/asymmetry of the 

dentoalveolar region or other components of the craniodentofacial complex. When 

such media are used, reference lines and homologous landmarks are created on the 

utilised medium. Subsequently, linear and/or angular measurements are defined in 

relation to the specified reference lines. The defined parameter will then be 
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recorded and symmetry/asymmetry will be assessed by determining the difference 

between homologous measurements. 

 

 

1.6.1 Radiographic technique 

Cephalometric radiographs are widely used as a medium in clinical orthodontics to 

evaluate the location and extent of symmetry/asymmetry in the craniofacial 

complex.  Lateral and frontal radiographs, for example, are often used for this 

purpose (Rose et al, 1994).  Lateral radiographs are of limited value in studying 

symmetry due to the fact that the right and left structures of the craniofacial 

complex are superimposed on each other causing difficulty in interpreting the 

radiograph.  Frontal radiographs are claimed to be more valuable in diagnosing and 

analysing symmetry/asymmetry of the craniofacial complex (Chebib and Chamma, 

1981), and they are usually used to analyse transverse (right-left) 

symmetry/asymmetry.  

 

When radiographs are used as a medium, some anatomical structures of the head 

including the dentoalveolar region are traced and marked on the radiograph 

(Bishara et al, 1994). Locating landmarks on the anatomical tracings may vary 

between investigators depending on the objective of their study.  Thus, different 

bilateral landmarks including cephalometric points, lines and planes representing 

geometric construction of the head are digitised on the radiographs ( Vig and 

Hewitt, 1975; Shah and Joshi, 1978; Alavi et al, 1988; de Araujo et al, 1994b). 

Besides, bilateral triangles dividing the face into various components may be 

constructed by connecting between some specified landmarks. Subsequently, linear 

and possibly angular measurements are taken and the difference between the 

homologous measurements will determine the extent of symmetry/asymmetry.  

 

 

1.6.2 Dental models 

The use of dental casts is restricted to evaluating symmetry/asymmetry of dental 

arches or teeth.  Evaluating symmetry/asymmetry of dental arches consists of the 

visual analysis of the occlusal surfaces of dental casts (Maurice and Kula, 1998). 
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Several approaches can be used for such an analysis. These may include measuring 

arch perimeter, width, length or single tooth diameters (Ferrario et al, 1993b). The 

measurements of such parameters are recorded of the right and left side separately; 

and, subsequently, the difference between the homologous measurements will 

supply information about the prevalent side. 

 

A common approach to the evaluation of dental arch symmetry/asymmetry 

includes transverse and anteroposterior comparison of positions of specified dental 

landmarks against defined reference planes (Lundström, 1961; Alavi et al, 1988; 

Ferrario et al, 1993a; de Araujo et al, 1994b). The median palatal raphe is usually 

used as a standard to represent the median reference line against which most 

researchers make transverse comparisons of the positions of bilateral dental 

landmarks in both of the upper and lower casts (Maurice and Kula, 1998). The 

median palatal raphe is a distinctly elevated ridge which runs along the hard palate 

of the maxilla.  It can be easily marked directly on the upper cast and subsequently 

a projection of this line is transferred to the lower cast, while the upper and lower 

casts are in occlusion.  However, the use of the median palatal raphe is described as 

not being an ideal axis in all persons when studying symmetry/asymmetry of dental 

arches (Lundström, 1961). This is because the median palatal raphe can be ‘S-

shaped’ or obliquely oriented in relation to the true plane of symmetry of the 

maxilla. 

 

The anteroposterior analysis is usually made by comparing the positions of the 

specified bilateral dental landmarks in relation to a transverse reference line. Such a 

line can be constructed perpendicularly to the median palatal raphe and passes 

through a suitable point on the dental arch.  This point was suggested as being the 

cutting edges of the central incisors (Alavi et al, 1988; de Araujo et al, 1994b), or, 

alternatively, as the mesiolingual cusp tip of the right or the hindmost first 

permanent molar (Lundström, 1961). 
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1.6.3 Methods of recording measurements of dental models 

These can be classified into direct and indirect methods. 

 

1.6.3 (i)   Direct Measurements 

Direct measurements can be recorded of dental arches by using sophisticated 

apparatuses including the symmetroscope (Grunberg, 1912; Harper, 1949), 

symmetrograph (Korkhaus, 1930; Lear, 1968), or reflex metrograph (Jones et al, 

1988).  It is beyond the scope of this text to describe these devices, but full details 

are included in the relevant articles. However, such devices can record 

measurements of dental arches in a three dimensional manner directly on the dental 

casts. A simple method uses a transparent ruled grid (de Araujo et al, 1994b). In 

this study, a transparent ruled grid was placed on the upper cast with its median 

axis aligned with marked points on the median palatal raphe, and simultaneously 

the posterior surfaces of both the cast and the grid were coincident. Subsequently, 

transverse measurements were recorded from the mesiobuccal cusps of the right 

and left first molars to the median axis of the grid.  Also, anteroposterior 

measurements were recorded from the same cusps to a plane which passed through 

the buccal surfaces of the central incisors and perpendicular to the palatal raphe. 

Similar measurements were recorded in the same manner of the lower model.  This 

was undertaken after a projection of the median palatal raphe was transferred to the 

lower cast while the upper and lower casts were occluded.   

 

 

1.6.3 (ii)   Indirect measurements 

Indirect measurements of dental models can be made by digitising life-size 

conventional photographs of oriented dental casts (Alavi et al, 1988; Ferrario et al, 

1993a), or Xerox prints of dental models which can be produced by using Xerox 

duplicating and printing machines (Singh and Savara, 1964). In both methods, 

median reference lines and landmarks are first marked on the dental casts of which 

life-size photographs/xero prints are produced.  Reference lines usually include the 

median palatal raphe of which a projection is transferred to the occluded lower cast.  

Landmarks may include midpoints of the incisal edges of the incisors, canine tips 
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and/or buccal or lingual cusps of the posterior teeth. Subsequently, further tracing 

and digitisation of the marked points is made on the photographs.  Transverse 

linear measurements may then be made from the specified bilateral landmarks to 

the median palatal raphe.  Anteroposterior linear measurements can also be made 

from the specified landmarks to a defined transverse reference line. Symmetry or 

asymmetry will then be determined by calculating the differences between 

homologous measurements as related to the specified reference lines. 

 

 

1.6.4 Limitations of the available methods for analysing the 
symmetry/asymmetry of dental arches 

 
Each method previously outlined in evaluating symmetry/asymmetry of dental 

arches has its own limitations. Limitations of the radiographic technique include:  

(1) interpreting radiographs requires an adequate understanding of radiographic 

anatomy, (2)  there is a difficulty encountered in identifying suitable landmarks on 

the radiograph (Letzer and Kronman, 1967; Ricketts, 1981), (3) radiographs may 

show differential distortion and magnification due to divergence of rays and 

aberrations of image due to the techniques used, and (4) anatomical details on 

radiographs may be obscured by overlapping images of individual bones and by 

differences in their thickness and density; hence, making the interpretation of the 

radiographs difficult (Yen, 1960).   

 
Recording direct measurements from dental models requires accessibility to 

sophisticated devices such as the symmetroscope, symmetrograph or reflex 

metrograph.  These are costly and may be difficult for a researcher to obtain. 

Additionally, these devices are highly specialised and require complicated 

procedures which are effort and time consuming.  The use of a ruled grid may 

result in inaccuracy when aligning the median axis and the posterior edge of the 

grid respectively with both the defined midline and the posterior surface of the 

dental cast. As a result, inaccurate measurements could occur when recording 

transverse or anteroposterior measurements. 

 
Some limitations could arise when using conventional photographic or Xerox prints 

in recording measurements of dental arches.  Both methods record measurements 
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by using a two dimensional medium for a three dimensional object (dental cast). 

Thus, measurement errors could occur.  Furthermore, photographic techniques are 

time consuming and require elaborate equipment which could be expensive. In 

addition, photographic distortion may occur while photographing dental casts as a 

result of positioning the camera at the wrong angle. Such an element when it occurs 

will add errors to recorded measurements.  Similarly, Xerox printing machines are 

expensive and inaccurate measurements could be produced as a result of inaccurate 

calibration of the machine (i.e. inaccurate magnification) in order to produce life 

size prints of dental models. 

 
In conclusion, most of the methods which are reported in the literature for assessing 

symmetry/asymmetry of dental arches include limitations which could restrict their 

use for a large scale study. Therefore, it is necessary to develop a technique which, 

if possible, could overcome the current shortcomings of the available methods.  

Ideally, a proposed method for assessing symmetry/asymmetry of dental arches 

would have to be user friendly (i.e. as simple as possible), objective, with the least 

possible measurement errors and minimal cost.  

 

 

1.7 RECOGNITION AND INTERPRETATION OF BITE MARKS 
 

1.7.1 Preliminary considerations 

Recognition and interpretation of a bite mark is reliant on the experience of the 

examiner and the clarity of the marks. The classic bite mark consists of a double 

arcade of marks corresponding to the upper and lower six anterior teeth and 

forming an oval or round-shaped impression, in the centre of which is frequently 

seen a bruise due to tongue pressure or suction mark (Whittaker, 1990).  Thus, the 

shape and size of an injury and the presence of morphological dental characteristics 

such as tooth marks provides significant data to identify the injury as being a bite 

mark. The position of the bite mark may be directly related to the nature of the 

crime.  For example, in sexually oriented cases bite marks are often seen on breasts 

and thighs (Levine, 1977).  Thus, the forensic dentist should take into account the 

nature of the crime.   
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Marks can be placed into three categories (MacDonald, 1974). These are a definite 

bite mark, a possible bite mark or a non bite mark.  In the first case there is clear 

evidence of several tooth marks and the particular teeth involved can be 

distinguished.  The second category is appreciated when the inspection of the mark 

alone does not allow conclusion that it is a definite bite mark, but the victim gives a 

history of having been bitten.  The third category is defined by the presence of 

marks that show features which specifically preclude them from being caused by 

the teeth at all. However, a more detailed description and definition of types of bite 

mark injuries and the terms to describe and interpret bite marks are published in the 

bite mark guidelines established by the American Board of Forensic Odontology 

(ABFO, 2004).   

 

 

1.7.2 Bite mark components 

A bite mark is a record of an injury brought about by the action of oral structures 

on the tissues. These structures include the upper and lower jaws, teeth, and 

musculature of the tongue, lips and cheeks. The induced action of these structures 

includes jaws closure with the skin being held between teeth. As a result, a 

crushing pressure and cutting force from the biting edges of the teeth will be 

exerted on the skin. Dragging of teeth over the skin may be produced.  Pressure of 

the skin against teeth, tongue or against lips may also occur. Thus, the components 

that may be observed in a typical bite mark on the skin may include tooth pressure 

marks, tongue pressure marks and tooth scrape marks. 

 

 

1.7.2 (i)   Tooth pressure marks 

These marks are caused by the direct application of pressure exerted by teeth upon 

tissue. Several factors are considered to influence the exact nature of the mark 

produced.  Such factors include the applied force and the duration of its application 

and the degree of movement between tissue and teeth during the force application. 

It is suggested that the best tooth pressure marks are seen in association with the 

anterior teeth when slow and considerable pressure is applied. Such an application 

is often seen in sexually motivated cases where the bite is applied slowly and 
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deliberately. The marks are well defined due to colour changes in skin resulting 

from tearing of the vessels adjacent to the application of the force.  Such marks can 

give a clear indication of irregularities of size, shape and position of individual 

teeth. 

 

 

1.7.2 (ii)   Tongue pressure marks 

These marks are caused when the skin is taken into the mouth and subjected to 

pressure applied by the tongue against the teeth or other rigid areas of the mouth. 

The relevant anatomy could include palatal/lingual surfaces of the anterior 

dentition or the anterior palate. Thus, the resultant tongue pressure marks may 

demonstrate patterns of bruising attributable to specific anatomical features. The 

marks may be distinctive and detailed which could help to identify the biter by their 

individuality. Tongue pressure marks may include the palatal surfaces of the upper 

anterior teeth, the lingual surfaces of the lower incisors, the palatal folds (rugae) or 

occasionally the gingival margins 

 

The presence of tongue pressure marks in combination with tooth pressure marks in 

an injury is indicative of definite bite mark (MacDonald, 1974).  Both tooth and 

tongue pressure marks usually occur in cases of an assailant biting a victim.  

Specifically, when the bite is inflicted slowly and deliberately - such a bite is often 

found in a sexual attack. Thus, the presence of such marks can give indication of 

the probable circumstances of biting.  

 

 

1.7.2 (iii)   Tooth scrape marks 

These marks may be caused by the teeth scraping across the bitten tissue due to 

movement between teeth and tissue. Such marks usually involve the anterior teeth 

and the resultant marks may present as scratches or areas of superficial abrasion.  

Scratches may be indicative of peculiarities in the incisal edges, such as incisal 

fractures, and this may be of a value for identification purposes.  However, tooth 

scrape marks presenting as superficial abrasions carry less diagnostic value. 
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1.7.3 Patterns of bite marks 

The shape of a single bite mark can be described as round, ovoid, doughnut or 

double horse shoe shaped (Sperber, 1986; Vale, 1996).  Occasionally, multiple bite 

marks may occur in a single anatomical location. Thus, the inflicted bites could be 

superimposed on one another resulting in a considerable variation in bite mark 

shape. Bite marks may also vary in appearance, severity and location. The severity 

of a bite is a major factor in determining the degree of the injury. The severity of 

the bite could range from a minimal contact with the skin surface to extreme 

clenching of the skin. As a result, the degree of injury ranges from mild skin 

bruises to avulsion of the bitten part (Whittaker and MacDonald, 1989). 

 
MacDonald (1974) suggests that bite marks in skin may range from amorous to 

aggressive bites. Bites made in amorous circumstances (love bites) tend to be made 

slowly and with no movement between the teeth and the tissue (Whittaker and 

MacDonald, 1989). Thus, such bites are usually well defined and often contain a 

suck mark and tongue pressure marks.  Aggressive bites range from moderate to 

very aggressive bites and tend be less well defined (Whittaker and MacDonald, 

1989). Moderately aggressive bites are often noted in cases of assault where the 

marks tend to display greater drag due to the movement of the teeth over the 

surface of the tissue. Very aggressive bites may involve the ears, nose or nipples 

and can result in tissue being bitten off as a result of combination of both biting and 

tearing action. Such bites are very difficult to interpret. 

 
In child abuse, bite marks may be inflicted in a rapid, random and enraged manner 

resulting in poor definition and detail of the injury with diffuse areas of bruising 

(Sims et al, 1973).  In defensive circumstances, two types of bite marks may occur. 

These are defensive and self inflicted bite marks. Defensive bites may be found on 

the perpetrator when the victim, in self-defence, bites the assailant (Whittaker, 

1990). Such bites are usually found on the fingers, hands or forearm of the 

assailant. Defensive bites may be severe causing a wound ripping the skin, as the 

victim bites quickly and in a random manner (Dinkel, 1974).  Self inflicted bites 

are uncommon but occur, for example, when the victim bites him/herself as a result 

of the assailant forcing the victim’s hand or arm into the victim’s mouth to prevent 

an outcry. 
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Bite marks may or may not penetrate the epidermis (MacDonald, 1974). Whether 

this occurs or not is dependent on the sharpness of the biting part of the tooth, the 

biting force, the rate of the application of the force and the extent of movement 

between the teeth and tissue bitten.  

 

 

1.8 CLARITY OF BITE MARKS 
 
The clarity of a bite mark is a significant element in the recognition and 

interpretation of the injury. Bite mark clarity exhibits considerable variation 

ranging from poor marks to an accurate reproduction of the dentition. A bite mark 

with well defined elements eases its interpretation and it may help the forensic 

odontologist to reach definitive conclusions. Contrary, when the marks are 

diminished or obscured, conclusions correspondingly become less definitive in 

which case the bite mark would be of less value.  Consequently, bite mark clarity 

has a direct influence on the conclusions of a bite mark analysis.  An excellent bite 

mark is described as one which is recently inflicted. Also, possesses indentations 

that may be reproduced by impression techniques and contains well-defined areas 

of contusion with the presence of peculiarities in the alignment or arrangement of 

the bite mark components (Sopher, 1976). However, the absence of these features

does not necessarily exclude a bite mark as being useful. 

 

There are a number of factors which could considerably affect the clarity of a bite 

mark on skin. These are: the effect of time; teeth involved; anatomical location and 

a variety of other factors.  

 

 

1.8.1 Effects of time 

It is important to have a proper understanding of the changes in the appearances of 

bite marks which occur with the passage of time.  In a living person, visible 

changes in a bite mark may include infection, swelling and discolouration of the 

bitten area associated with bruising of the underlying tissue (Dinkel, 1974). As a 

result, a bite mark may become indistinct or even obscured making interpretation 
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extremely difficult. Sebata (1963) undertook a study in which he reported the effect 

of time on the morphology and characteristics of bite marks. In this study, 

experimental bite marks were created in five women of different body build and 

whose ages ranged between 21 and 36 years old.  The study bite marks were 

created on the neck, shoulder and arm of the subjects by instructing a 30 years old 

male to apply as much bite pressure as each subject could bear. The findings of this 

study are summarised in table 1.2. 

 

Time Features noted within that period

0 min Application of the bite injury
3-5 mins Depression tooth marks; just prior to swelling

10-15 mins Swelling of injured areas
20 mins Tooth marks no longer discernible

20-60 mins Maximum swelling reached
5 hours Swelling subsided

24 hours Swelling disappeard, but leaving haemorragic areas in tooth 
marks and sucked zone - start of bruise development

72 hours Marks of tooth biting edges still visible
96-144 hours Tooth marks disappeared

 
 Table 1.2   Changes in appearance of bite marks during the passage  
          of time (Sebata, 1963). 
 

 

At the microscopic level a leakage of blood cells and serum into injured tissues 

may occur (Millington, 1974). This results in a diffuse discoloured area or bruise, 

in addition to an oedematous reaction causing tissue swelling at the site. 

Subsequently, these changes are resorbed over a period of a few days. During 

healing, the bruise goes through several colour changes before fading from 

perception by the naked eye (Langlois and Gresham, 1991). These colour changes 

include a spectrum of red, blue, purple, green and yellow during the first week after 

injury. The initial swelling caused by the bite reduces over few days and the 

transient diffuse colour disappears. Consequently, the marks may become more 

pronounced on the second or third day of the injury (Millington, 1974). Therefore, 

it is recommended to re-photograph the marks every 24 hours for few days after 

their production (Whittaker, 1990).  



 33

In the event that the victim is deceased the changes in bite mark appearance depend 

on whether the marks were inflicted antemortem or postmortem (Gustafson, 1966).  

The turgor of the tissues lasts for some hours after death and during this time the 

marks are relatively sharp. Subsequently, when tissue turgor passes off some hours 

later a bite mark is less easily seen. The effect of putrefaction, which may 

commence 48 to 72 hours after death, will affect the appearance and clarity of the 

marks.  Similarly, the shrinkage of the corpse due to loss of water may results in 

smaller marks compared to their appearance in the first few hours. 

 

 

1.8.2 Teeth involved 

Bite marks are normally produced by the incisors and canines. Occasionally, marks 

of premolars may also be recorded. Consequently, the number of teeth involved in 

creating a bite mark may affect the shape of the injury. According to Jakobsen and 

Keiser-Nielsen (1981), an ellipsoid shape indicates that only the anterior teeth were 

involved in creating the bite mark. When premolar marks are recorded in a bite 

mark the resultant shape of the bite could be more circular. 

 

In the adult dentition, incisors usually create rectangular markings while bevelled 

or recently erupted incisors usually leave linear markings (Levine, 1982). Canines 

usually cause triangular markings with the apex and the base of the triangle located 

respectively towards the labial and lingual aspects of the arch.  Premolars may 

cause single or dual triangles with the bases facing or sometimes coming together 

to form a diamond shape. According to Levine (1982), the lower teeth usually 

produce more distinctive marks than those created by the upper teeth.  This is 

attributed to the dynamic of biting - the lower jaw is movable and the lower teeth 

are used for cutting, while the upper teeth are fixed and are used for holding the 

skin.  Thus, there is a possibility of skin slippage past the upper teeth resulting in 

diffused marks.  MacDonald (1974) stated that the best tooth marks are those 

created by the anterior teeth when slow and considerable pressure is applied. Such 

marks may be seen in a sexual assault where the bite is applied slowly and 

deliberately. Consequently, the marks can give a clear indication of irregularities of 

size, shape and position of individual teeth. In contrast, teeth create scrape marks 
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when movement occurs between teeth and tissue.  Such a movement could occur as 

a result of skin slippage caused, for instance, by saliva or by the victim pulling 

away from the assailant (Ciapparelli and Hughes, 1992). Scrape marks may appear 

as scratches which could indicate the width of teeth or the presence of sharp areas 

on the teeth. Alternatively, scrape marks may appear as superficial abrasions which 

carry much less diagnostic value. 

 

 

1.8.3 Anatomical location 

The skin shows variations in its features and structures in different anatomical 

locations of the body (Garven, 1957). The fully developed skin consists of three 

layers which are an epidermis, a dermis and a hypodermis. The epidermis is a 

highly developed compound epithelium which is avascular. The dermis is a layer of 

connective tissue which contains blood and lymphatic vessels in addition to the 

nerves of the skin.  The hypodermis (subcutaneous layer) extends from the lower 

surface of the dermis to the underlying structure - muscles, fascia, ligaments or 

bone. In many areas, such as the neck and female breast, the hypodermis is a layer 

of adipose tissue. Thus, the skin and underlying tissues slide on one another freely. 

Consequently, a large quantity of soft tissue could be available for biting.  The 

quantity of soft tissue taken into the mouth may determine the resultant shape of a 

bite mark (Jakobsen and Keiser-Nielsen, 1981).  An ellipsoid shape may indicate 

that a small amount of tissue was taken and only involve the anterior teeth.  The 

presence of premolar marks indicates that larger quantity of tissue was bitten and 

the resultant shape of the bite is usually circular. 

 

Bruising develops more easily in soft, vascular, lax tissues such as eyelids than in 

less vascular ones, like the palm of the hand or sole of the foot (Harvey, 1976).  By 

contrast, in areas such as the scalp, pinna of ear and nose the subcutaneous layer 

largely contains strong connective tissue bands which firmly bind the skin to the 

underlying tissues; thus, there is little movement possible between the two. 

Consequently, in such locations there is minimal tissue available for biting and, 

therefore, tissues can be torn and lacerations may occur more readily. In old 

persons, slight pressure can cause an extensive bruise which may resolve slowly 
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(Garven, 1957). This is attributed to important changes in the skin’s properties with 

ageing.  In old age, the epidermis is very much thinned and the elastic fibre content 

of the dermis diminished.  In addition, the dermis is relatively avascular and the 

blood vessels sclerosed.  In children, bite marks tend to be diffuse with little detail 

and fade more rapidly than marks seen in adults. This is considered to be due in 

part to abundant subcutaneous fat (Sims et al, 1973). 

 

Gustafson (1966) stated that the property of the skin in which a bite mark is

situated influences the appearance of the resultant marks. For example, in the 

female breast, bite marks are readily visible and this is attributed to the elasticity of 

the breast.  According to Gustafson (1966), studies also show that the details and 

characteristics of marks appear with good definition in the areas of the face and 

arms. Furthermore, bites on the face fade more quickly than those on the arms and 

in both sites, bite marks in women remain visible longer than those in men.  

 

 

1.8.4 Other factors 

There are a variety of other factors which could affect the clarity of bite marks. 

Multiple bite marks superimposed on one another result in variations in the bite 

mark shape. Similarly, the occurrence of other injuries superimposed on a bite 

mark could be a complicating factor. The incidence of sucking during biting may 

introduce dimensional change in the interrelationship of dental arch components 

and consequently may affect the resultant shape of bite pattern considerably 

(Nakamura, 1953; Sebata, 1963).   

 

The mental status of both the victim and assailant is a consideration.  Mental status 

of the victim/assailant may be affected by anger, sexual arousal, alcohol and drug 

intoxication. Consequently, mental status may influence the range of movement 

between the victim and the assailant during biting. The movement between the 

victim and assailant can range from static to extreme movement.  The effect of 

movement between the victim and assailant on the clarity of a bite mark may be 

illustrated by bite marks which are inflicted slowly and deliberately with little 

movement of either the victim or the assailant. These marks tend to be clearly 



 36

defined and such bites are often seen as part of a sexual act. By contrast, bite marks 

associated with extreme movement during a violent attack or defence may be 

poorly defined and have a complex pattern.   

 

 

1.9  INCIDENCE OF BITE MARKS 
 
Bite marks may be associated with assault, murder, sexual assault and child abuse 

(Hale, 1978).  Usually, bite marks are caused by the assailant biting the victim and 

the areas generally bitten are the neck, cheek, arms, thighs and the female breasts 

(Dinkel, 1974). Bite marks, less frequently, could be inflicted by the victim on the 

assailant – these are defensive bites and are usually found on the fingers, hands or 

forearm of the assailant (Whittaker, 1990).  

 

Some times, bite marks may be self inflicted. These are uncommon bites but may 

occur, for example, when the victim bites him/herself as a result of the assailant 

forcing the victim’s hand or arm into the victim’s mouth to prevent an outcry. 

Occasionally, self-biting is an emotional response to pain or a type of counter-

irritation to alleviate pain, for example, myocardial ischaemia (Warnick et al, 

1987). According to Warnick et al (1987), self-biting could occur as a result of self-

destructive behaviour in individuals who are mentally retarded or psychologically 

disrupted. In this context, Sobel and Perper (1985) described a case of a self-

inflicted bite in a woman with mental illness who committed suicide. However, 

most bite marks noted in a medicolegal death investigation are associated with 

violent death. Thus, self-inflicted bite marks are rarely seen in cases referred for 

medicolegal death investigation. 

 

It is theoretically possible that bite marks on either the victim or the assailant could 

have been caused by either the other party, self or a third party. Consequently, the 

practical implication is to examine all suspect dentitions. The anatomical location 

where the bite is found determines whether the bite could be self-inflicted or have 

been caused by another party – is it physically possible for the bite mark to have 

been self-inflicted? 
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Bite marks may occur virtually in all anatomical sites of the body, and in over 40 % 

of cases multiple bite marks in different locations may be found (Vale and 

Noguchi, 1983). Thus, a complete examination of the body should be conducted 

when a bite mark is discovered. It is has been suggested, however, that the body’s 

part where a bite mark is inflicted may be related to the nature of the crime 

(Levine, 1977).  For example, heterosexual sexual assault cases often involve bite 

marks of breasts and thighs. Many studies show that the upper limb (different 

locations) is the anatomical site where bite marks are most frequently found 

(Lowry, 1936; Speirs, 1941; Marr et al, 1979; Ligthelm and Van Niekerk, 1994). 

No quantification of the number of cases in relation to sex, however, was provided 

in these studies. Some studies indicate that female breasts and the upper limb of 

males are the major sites where bite marks are found ( Vale and Noguchi, 1983; 

Pretty and Sweet, 2000). In these studies, the majority of the related crimes in 

females included rape and sexual assault, whereas, in males the type of crimes 

involved were murder and physical assault. 

 

Bite marks in children are said to be common findings and usually result from 

fights or aggressive play with another child (Leung and Robson, 1992). In a 

significant number of such assaults, bites are found on the cheeks (Levine, 1982). 

Children may also be abused by adults. Usually there is a limited number of people 

who have the opportunity to abuse the child and the abuser is usually the biter. 

According to Sims et al (1973), in the majority of cases of battered children bite 

marks may be attributed to parents or guardian. Usually the entire surface of the 

child’s body is available to the assailant and, therefore, bite marks may be found 

anywhere of the body (Levine, 1977). Rawson et al (1984b) reported an epidemic 

activity of biting among a selected group comprising 1100 children in shelter. The 

results of this study demonstrated the incidence of 1545 bites per 100,000 

population and that 42 % of bites where located in the head and neck region.  There 

is a widespread perception that the incidence of non-accidental injury to children is 

increasing either in real terms or in increased reporting.  
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1.10  ANATOMY OF THE UPPER LIMB 

 
This thesis includes two practical applications which are reported in chapters 7 and 

8.  In these applications simulated bite marks were created on the upper limb of 

selected subjects. Thus, it is appropriate to include a description of the anatomy and 

movements of the upper limb in the literature review. 

 

The upper limb consists of the shoulder, armpit, upper arm, forearm and hand 

(Tortora and Grabowski, 2004). These anatomical regions are separated from each 

other by the shoulder joint, elbow joint, and wrist joint respectively.  The bones 

which constitute the upper limb include: scapula, clavicle, humerus, ulna, radius, 

carpals, metacarpals and phalanges. These bones are articulated to each other and 

supported by ligaments, tendons and muscles which are enveloped by skin. The 

skin overlapping the upper limb is relatively mobile but it is firmly bound down to 

the underlying tissue at the palm of the hand. The superficial contour of the upper 

limb is greatly influenced by the shape of the underlying muscles.  However, it is 

almost oval or convex in most parts of the upper limb. There is a rich blood flow 

supply through the upper limb and an extensive network of lymphatic vessels and 

nerves. The surfaces of the upper limb are described when the body is in a specific 

stance called the anatomical position (Tortora and Grabowski, 2004). In the 

anatomical position, the subject stands erect with the head facing forward; the feet 

are flat on the floor and directed forward; the arms are straight down by sides of the 

trunk with the palms facing forward (Figure 1.2). Consequently, the structures and 

surfaces in front are termed anterior and those in the back are posterior (dorsal). 

The structure/surface lying closer than another to the midline of the body is said to 

be medial to it, and the further from the midline is called lateral.  Thus, the upper 

limb has four anatomical surfaces, namely, anterior, posterior (dorsal), medial and 

lateral. 
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Figure 1.2  
The anatomical position about which  
different body parts are oriented.  
(Modified from Zuckeman, 1981). 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Movements of the upper limb 

The upper limb comprises three main joints which are the shoulder, elbow and 

wrist joint.  These are synovial joints which are characterised by the presence of 

synovial cavity between the articulating bones. This structure allows the joint to be 

freely movable (Tortora and Grabowski, 2004). Consequently, the upper limb can 

perform a wide range of movements. At each joint, there are specific movements 

that can be carried out (Zuckeman, 1981).  

 

 

(i) Movement at the shoulder joint 

Movement is free and extensive at the shoulder joint.  Figure 1.3 illustrates the 

possible movements at the shoulder joint. 
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 Figure 1.3 Movement at the shoulder joint (the upper limb movement, 
   modified from Zuckeman, 1981).  
 

 

Movement at the shoulder joint (i.e. the upper limb movement) includes:  

(1)  Flexion: this movement is achieved when the arm is moved forwards in front  

       of the body.  

(2)  Extension: this is performed when the arm is moved backwards behind the  

        body. 

(3)  Abduction: this is carried out when the arm is raised from the side away from  

        the body. 

(4)  Adduction: in this movement the arm is moved towards the side of the body  

        from the position of abduction. 

(5)  Lateral rotation: this is defined as rotating the arm outwards.  

(6) Medial rotation: this is performed when rotating the arm opposite to lateral  

       rotation. 

(7)  Circumduction: this movement is made when swinging or rotating the whole  

        arm at the shoulder. 

 

 

 (ii) Movement at the elbow joint 

Movement at the elbow joint is restricted to flexion and extension. The lower arm 

is in full flexion when the hand is raised to touch the shoulder, whereas, the lower 

arm is in full extension when the whole arm is straightened. When the lower arm is 
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in a flexion position and moved towards the body (midline), this is medial rotation 

of the lower arm which results from a combination of medial rotation and flexion at 

the shoulder joint and elbow joint respectively. Moving the lower arm from a 

medial rotation position away from the body (laterally) is called lateral rotation. 

This is achieved by lateral rotation at the shoulder joint and flexion at elbow joint.  

Figure 1.4 illustrates medial and lateral rotation of the lower arm.  

 

There are two other possible movements of the lower arm. These are supination 

and pronation (Figure 1.5). Movements of supination and pronation of the forearm 

occur at two small joints (radio-ulnar joints) at the upper and lower ends of the two 

forearm bones, which are the ulna and radius. The forearm is supinated when the 

palm of the hand is turned so that the thumb is positioned laterally.  Pronation 

occurs when the palm is turned so that the thumb is medial (facing the 

body/midline) 

 

  
 

Figure 1.4 Medial and lateral movement of the lower arm.  
  (Modified from Zuckeman, 1981). 
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Figure 1.5 Supination and pronation of the lower arm. 

(Modified from Zuckeman, 1981). 
 

 

 

(iii) Movement at the wrist joint 

Movement at the wrist joint includes: 

(1) flexion: when the hand is bent backwards  

(2) extension: when the hand is bent forwards  

(3) adduction: when the hand is bent laterally  

(4) abduction: when the hand is bent medially.  

 

 

 (iv) Movement of the thumb and fingers includes:  

(i)  flexion which produce clenched fist  

(ii)  extension which is an open hand  

(iii)  abduction which is made when separating the fingers from one another. 

(iv)  adduction which is bringing the fingers together. 
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1.11 ADMISSIBILITY OF BITE MARK EVIDENCE 
 
Bite mark evidence is well admissible in UK Courts of Law and may be offered as 

evidence to establish the identity of an assailant. It may probably more often serve 

to eliminate individuals from an enquiry. The admission of bite mark evidence in 

legal proceedings can be traced back to 1692 (Aksu and Gobetti, 1996). The first 

significant bite mark case in Britain was in 1968 (Harvey et al, 1968).  In America, 

the first case involving the admissibility of bite mark evidence was in 1954 

(Rothwell, 1995). The validity of bite mark evidence in court of law is based on 

two premises (Aksu and Gobetti, 1996).  These are: that each individual’s dentition 

is unique, and that this uniqueness is accurately recorded in the bite mark so that it 

can be graphically and convincingly displayed to a lay jury. The singular nature of 

an individual dentition is well accepted because of the variation between 

individuals in tooth position, size, shape and other characteristics, such as tooth 

rotation and angulation (Dinkel, 1974; Atsu et al, 1998). Moreover, individuality of 

the human dentition has been mathematically proven (Rawson et al, 1984a).  

Consequently, it is widely accepted that a person may be identified from his/her 

teeth. The representation of the uniqueness of an individual dentition in a bite mark 

is a focal point when determining the match between the bite mark and the 

dentition. According to Rawson et al (1984a), it can be safely stated that if the 

correlation is high between the features of a dentition and those of a bite mark, then 

there can be an assurance that no other set of teeth could have caused the mark.  

 

In America, the admissibility of bite mark evidence is based upon the Frye standard 

(Beckstead et al, 1979).  The Frye case (Frye v.United State, 1923) established 

leading guidelines for the admissibility of scientific evidence relating to new 

techniques. In this standard, the technique on which the evidence is based requires 

to be an accepted and reliable method with accurate results and done by adequate 

technical procedures accepted within the scientific field to which the evidence 

belongs.  Neufeld and Colman (1990) stated that in order to be admitted as 

evidence, a forensic test should satisfy three criteria.  These are: the underlying 

scientific theory must be considered valid by the scientific community; the 

technique itself must be known to be reliable; and the technique must be shown to 

have been properly applied in the particular case.  Thus, in order to satisfy the Frye 
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standard the scientific principle of the evidence must be demonstrable, 

scientifically established and must have gained the general acceptance of experts 

working in the scientific field to which the evidence belongs (Whatmough and 

Nuckles, 1992). The ability of bite mark evidence and its scientific principles to 

pass the Frye standard is questionable; however, the admissibility of such evidence 

is rarely questioned (Rothwell, 1995). It is up to the judge or jury to weigh the 

evidence and to assess its relative value rather than require prior exclusion of the 

evidence. The admission of bite mark evidence has been based on assessing the 

weight of the evidence rather than the admissibility of the bite mark evidence itself 

(Beckstead et al, 1979). Consequently, each case of a bite mark should be accepted 

or rejected on its own merits. The decision is reliant on several factors.  These are: 

(i) the quality of the scientific technique which was used to demonstrate the 

evidence, (ii) predetermined standards of acceptability of such a technique, (iii) the 

training and expertise of the forensic dentist in accurately applying the technique 

and consequently formulating a proper conclusion.  

 

The development of bite mark analysis has led to its acceptance by the scientific 

and legal communities (Levine, 1982; Whatmough and Nuckles, 1992). The 

validity of bite mark evidence into court suggests acceptance of the procedures 

used (Levine, 1982). Arguments concerning the admissibility of bite mark evidence 

have been based on the lack of standardization among forensic odontologists (Aksu 

and Gobetti, 1996). However, in an attempt to provide a standard, the American 

Board of Forensic Odontology (ABFO) established formal guidelines to aid the 

handling of bite mark evidence in 1984; and in 1986, the ABFO updated those 

initial guidelines (American Board of Forensic Odontology, 1986). Although, these 

guidelines do not completely meet the Frye standard, they may be considered as a 

step towards establishing a scientific approach to bite mark analysis and to the 

admissibility of the evidence into court.  The elements which were considered most 

important for the development of scientifically founded standards included:  

consistency and accuracy in matching between the bite mark and dentition, 

methods for evidence collection and analysis, and analysis of distorted marks and 

expertise of the forensic dentist as demonstrated by certification and experience. 
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1.12 BITE MARK ANALYSIS 
 

 

1.12.1  General considerations 

A bite mark must be recognised before any analysis of the injury can begin. Bite 

mark analysis principally includes a comparison of the marks recorded in the bite 

injury with the suspect’s dentition. The comparison consists of observing and 

interpreting points of compatibility and incompatibility. The aim is to determine if 

the dentition of the suspect can be positively identified or negatively associated 

with the bite mark. All features of the dentition, such as shape and size of 

teeth/arches, absence of teeth or presence of tooth abnormalities and other features 

should be considered. There is no specific number of points of comparison required 

for making an identification (Dinkel, 1974). The quality of the marks and their 

consistency with the suspect’s dentition may lead to a positive identification. 

However, consistency is more difficult to observe and interpret than determining 

points of inconsistency.  Therefore, it is usually an easier task to exclude a suspect 

of having caused a bite mark than to incriminate him/her (Fearnhead, 1961).  

 

The standards for evidence collection from the victim and suspects have generally 

evolved into well accepted protocols (Rothwell, 1995). In this respect, the 

American Board of Forensic Odontology established formal guidelines for 

collection of bite mark evidence, analysis and relevant terminology. The collection 

of evidence comprises standardised photographs to record the injury, creating a 

qualitative description, saliva swabbing and impression techniques. It is 

recommended that the analysis of bite marks is undertaken by those with expert 

dental training in this field (Whittaker, 1990).   

 

Bite mark analysis is a comparison of anatomical features observed in a bite mark 

and those obtained from a dentition. Consequently, the analysis is based on two 

elements (Hale, 1978). These are that the anatomical configuration of every mouth 

is unique and that this uniqueness is graphically displayed in the bite mark. 
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1.12.2  Individuality of human dentition 

The unique nature of human dentition is widely accepted and this is attributed to a 

considerable variation in tooth position, size, shape and other characteristics such 

as tooth abnormalities, spacing and dental restorations (Dinkel, 1974; Levine, 

1977; Rothwell, 1995; Atsu et al, 1998). Consequently, bite marks are often 

assumed to represent a unique pattern of tooth marks relevant to the causal 

dentition. 

 

However, few studies have attempted to establish scientifically the individuality of 

human dentitions. MacFarlane et al (1974) studied the frequency of defined 

features of the anterior dentition which could produce characteristic marks. The 

study included 200 individuals who were aged over 16 years and the dental features 

studied were classified as positive or negative features. Positive features were 

defined as the presence of a tooth, its position and shape. Negative features were 

defined as the absence of a tooth. This study was an attempt to statistically 

determine the individuality related to specific features in a dentition. In a given 

case, for example, where the six anterior teeth were present in the upper arch and 

the incisors showed positive characteristics, it was statistically calculated that the 

incidence of such an arch would be no more than 8 in 100,000 of the population. 

This figure decreases to 5 in 1,000,000 when tooth loss was included. The authors 

concluded that tooth status, rotation, and arch displacement combined with length 

of incisal edges, exact angulation and spacing of teeth would very likely ensure the 

production of unique bite marks. In another study (Sognnaes et al, 1982), it was 

demonstrated that between identical twins there are significant variations in arch 

form, tooth arrangements and positions. This investigation was carried out by a 

computer comparison technique of the profiles of the bite patterns of young adult 

monozygotic twins whose dentition superficially looked identical to the eye.  

 

Rawson et al (1984a) undertook research in which a sample of 1200 bite marks 

recorded in wax was obtained from various parts of America. The sample bites was 

structured to be representative of the general population. The aim of this study was 

to establish a scientific base of statistics to demonstrate the uniqueness of the 

anterior segment of human dentition, by observing similarities or differences 
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between individuals. Thus, each bite mark included 12 tooth marks and each tooth 

had six possible positions. These positions were buccal, lingual, mesial, distal, 

mesial rotation and distal rotation. The indentations created by biting in wax were 

filled with zinc dust and the bites were subsequently radiographed. The position of 

each tooth was then recorded and traced onto specially prepared computer sheets. 

Subsequently, the probability of two persons having 12 teeth to be alike was 

assessed, by determining the actual positions that each tooth could occupy. The 

total probabilities were further calculated mathematically to determine the 

uniqueness of dentitions in the whole population. It was concluded that an accurate 

match of five teeth in a bite mark would be sufficient to conclude that no other set 

of dentition is capable of producing the bite mark. Therefore, the concordance of 

eight specific tooth marks to eight specific teeth would very safely be considered as 

characteristic and unique for a single person. 

 

In concluding that a unique dentition produces a unique bite mark, both 

MacFarlane et al (1974) and Rawson et al (1984a) are assuming that an ideal 

medium exists into which to bite. The ideal medium would record accurately fine 

detail and be dimensionally stable. The medium would also remain stable during 

biting. Skin, however, does not fulfil these criteria. Therefore, the conclusions of 

these studies are inconclusive. 

 

 

1.12.3  Individuality of bite marks 

Interpreting the representation of the uniqueness of human dentition in bite marks 

is a focal point, when determining the match between the bite mark and dentition. 

The key decision is: can the degree of correlation between a bite mark and dentition 

be determined reliably? (Rawson et al, 1986a). According to this study if the 

correlation was high between the mark and the dentition, then there could be an 

assurance that no other dentition could have caused the mark and that assurance 

could be justified as long as the individual tooth marks were within ± 1mm of 

centre point and ± 5° angle variation of each individual tooth ─ these 

measurements being within the limits of actual observation. However, the validity 

of Rawson’s criteria in bite mark cases remain to be determined. This is because 
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Rawson’s results, as commented upon above, were based on observations made of 

bite marks recorded in wax, but in actual cases bite marks are recorded on skin 

which is considered to be a poor medium for recording accurate detail of the marks. 

 

Many forensic odontologists assume the unique nature of bite mark patterns 

(Rothwell, 1995). This assumption remains to be demonstrated on a scientific base. 

Nevertheless, some investigations reported in the literature suggest the unique 

nature of the bite marks studied. Keyes (1925) described a murder case in which a 

bite mark was found on the forearm of a male victim.  The marks corresponded 

well with the dentition of one suspect.  Subsequently, an inspection of over 2000 

mouths failed to match another set of dentition with the bite.  Similarly, Gustafson 

(1966) reported a case of a bite mark which was found in a murder case of a female 

victim. The dentitions of twenty suspect persons were involved but only one 

dentition corresponded accurately with the marks. Berg and Schaidt (1954) 

reported a study in which bite marks of 100 individuals were made in a plastic 

material. The marks were photographed and negative filmstrips were made which 

were placed in a projector. The comparison was undertaken by superimposing the 

films on one another. The investigators were not able to find complete similarity 

between the bites of any individuals. Furthermore, it was concluded that at least 

four tooth marks in a bite profile are required to make positive identification. 

Another study demonstrated that test bite marks in wax obtained from 84 

individuals were positively identified with the causal dentition in each case 

(Whittaker, 1975).  However, conclusions made of experimental bite marks created 

in wax/plastic materials cannot be scientifically applied to bite marks found in skin 

because of the poor ability of skin to record accurate detail. 

 
Ström (1963) considered that details are more important than numbers of teeth in a 

bite mark. This investigator also emphasised the need to search for characteristic 

details of the suspect’s teeth which may be reproduced in the bite mark. Indeed, it 

is well recognised that peculiarities and unusual features of the dentition can 

produce distinctive marks. In such a case, the unique nature of the bite mark may 

be established and consequently a positive identification of the causal dentition 

may be made. Furthermore, DNA which could be extracted from saliva deposited 

with a bite injury can be relied upon for establishing individuality of the bite mark. 
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1.12.4  Problems in bite mark analysis 

Some degree of distortion is present in all bite marks (Rawson et al, 1986b), and 

may be produced by a variety of factors. The mechanisms of the biting action and 

physical properties of skin may produce dynamic and tissue distortion (Barbenel 

and Evans, 1974). Evidence recording of the bite mark may produce postural and 

photographic distortion (Sheasby and MacDonald, 2001). Any distortion adds to 

the complexity of bite mark analysis and complicates the process of comparing a 

bite mark to a dentition. Obviously, the degree of distortion present in a bite mark 

is variable and affects the shape and size of the recorded marks. Consequently, 

distortion may preclude proper comparison between the bite mark and the causal 

dentition. An exact photographic superimposition of a dentition upon a bite mark is 

only possible if the bite mark exhibits minimal distortion. Therefore, recording 

accurately the shape and size of the marks is essential. However, this is not possible 

in every case, but the inability to control distortion may not necessarily invalidate 

bite mark comparison (Bernstein, 1985). As the degree of distortion increases, bite 

mark analysis relies increasingly on unique features.  

 

A review of trial transcripts reveals that distortion and the interpretation of 

distortion are the main factors in contentious cases (Rawson et al, 1986b). 

Consequently, it is essential for a proper analysis of a bite mark to be able to 

interpret elements of distortion and, if possible, to eliminate their occurrence. The 

aim is to preserve maximum visual information and to reduce additional error in an 

already unpredictably distorted finding.   

 

 

1.13 FACTORS CONTRIBUTING TO BITE MARK DISTORTION  
 
There are several factors which contribute to producing bite mark distortion. 

Distortion can be produced by mechanism of biting, physical properties of the skin, 

photographic technique and postural changes of the body position (Rawson et al, 

1986b; Ciapparelli and Hughes, 1992). Each element could individually cause bite 

mark distortion and together may simultaneously contribute to produce a complex 

pattern of distortion. 
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1.13.1  Mechanisms of the biting action 

Bite marks are complex injuries produced by crushing pressure from teeth, cutting 

from incisal edges of teeth, and dragging of the teeth over soft tissue, and are 

complicated by pressure of the soft tissues against the teeth, tongue or lips 

(Whittaker, 1990). The mechanism of the biting action comprises a number of 

components. These include force, pressure, time, movement between tissue and 

teeth and the relationship between the upper and lower jaw during biting. These 

factors are inter-related and vary from one biting action to another. For example, 

the degree of the pressure exerted by teeth on the skin depends on the degree of the 

force applied and the duration of force application. Consequently, the applied 

pressure can change by varying the degree of the force applied and the duration of 

its application.  In this way, the pressure exerted by the dentition on the skin can 

vary considerably resulting in different range of movements between teeth and 

tissue in different bite marks.  

 

The biting episode includes varying degrees of movement by the victim and the 

assailant, thereby creating a dynamic event. Every biting episode is a unique event 

and, therefore, the resulting bite mark is unique. Bite marks produced during 

movements between the teeth and the bitten tissue will demonstrate dynamic 

distortion in proportion to the degree of movement (Sheasby and MacDonald, 

2001). The degree of movement can range from nil in static bite marks to extreme 

in tooth scrape marks. Consequently, bite marks produced statically may 

demonstrate no or minimal dynamic distortion. On the contrary, bite marks 

produced with an extreme movement will demonstrate dynamic distortion 

proportional to the degree of movement. This can be illustrated by comparing well 

defined bite marks which are inflicted slowly and deliberately with little or no 

movement, probably as part of a sexual act, with those inflicted quickly, in attack 

or defence circumstances, where an extreme movement occurs between the 

assailant and victim resulting in poorly defined marks.  

 

The sequence of events during the biting action influences the resultant pattern of 

the bite mark (Barbenel and Evans, 1974). For example, the pattern of a bite mark 

may vary in the case of biting then sucking, or sucking then biting. Sucking 
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normally precedes tongue thrust (Harvey et al, 1973). However, there is not enough 

experimental data to shed light on any particular pattern characteristics of sequence 

variations (Barbenel and Evans, 1974). Clealy, the exact mechanism by which a 

bite mark is produced is a complex process. Thus, the dentition can produce bite 

marks which could exhibit variation in appearance due to variation in the biting 

mechanism applied. The variability of biting mechanisms can be illustrated in cases 

of multiple bite marks produced by a single dentition in one victim. The marks vary 

in appearance due to the unique mechanism of each biting action.  

 

 

1.13.2  Physical properties of skin  

The physical properties of the skin and underlying structures modify the resultant 

pattern of a bite mark (Barbenel and Evans, 1974). These properties include several 

elements such as curvature, flexibility, extensibility, thickness, resistance and 

strain. These properties modify the capacity of skin for movement, stretching, 

expansion, contraction and flexion. The physical properties of the skin vary with 

age and between different anatomical locations. For example, the skin is more 

flexible in the breast than that in the back. The resultant pattern of a bite mark is 

influenced by the physical properties of the skin in a number of ways. For example, 

the recorded marks will be influenced by the capacity of the skin to move and to be 

stretched during the biting action. Similarly, during photography of the bite mark, 

the shape and size of the marks are influenced by the capacity of the skin for 

flexion, extension and/or contraction due to changes in body position. 

 

Skin is described as a visco-elastic medium which allows stretching, due to 

pressure, to occur during the biting process and when recording bite marks (Pretty 

and Sweet, 2001). In this way, skin is capable of distortion due to pressure and 

reconstitution to its original contour when the pressure is removed (Sheasby and 

MacDonald, 2001). Stretching of skin causes skin tension due to the elastic fibres 

in the dermis and the resultant tension varies depending on age and anatomical 

location. Thus, the phenomenon of stretching and relaxing can produce a variable 

degree of distortion in all bite marks.  Tissue distortion can also arise due to 

oedema and subsequent resolution in response to biting (Barbenel and Evans, 
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1974). The quantity of tissue available for biting is also a contributory factor in 

tissue distortion (Sheasby and MacDonald, 2001). When a quantity of tissue is 

taken into the mouth, this may produce ‘tenting’ of the tissue which results in 

dimensional changes in the bite mark. 

 

 

1.13.3  Photographic distortion 

Photographic distortion may be produced while recording the bite mark. 

Photographic distortion is caused by representing curved surfaces of the body on 

flat photographic prints and by incorrect orientation (oblique angles) of the camera 

(Summers and Lewin , 1992). There are specific criteria to be considered when 

recording photographs of bite marks in order to avoid photographic distortion and 

ensure accurate reproduction of the bite mark (Bowers and Johansen, 2001). These 

include the presence of a scale in the bite mark photograph to permit the production 

of a life size image from which an accurate metric and shape analysis of the bite 

mark can be made. The ABFO No.2 scale is designed and recommended by the 

American Board of Forensic Odontology to be used when photographing bite 

marks. The ABFO No.2 is L-shaped photomacrographic scale and contains three 

circles is (figure 1.6). When photographing a bite mark, the scale should be placed 

in the same plane as the bite mark, but taking care not to cover any part of the 

mark. Failure to position the scale in this manner, results in producing an 

inaccurate image of the bite mark, due to differences in the proportions of the scale 

and the bite mark. The camera has to be oriented in such a way that the film plane 

is as parallel as possible to the scale which is coincident with the bite mark. This is 

necessary in order to eliminate distortion which can be caused by improper 

angulation. 

 

The ideal photographic angle is 90° with the camera perpendicular to the centre of 

the bite mark (Rawson et al, 1986b).  In this way, there will be parallelism between 

the film plane and the bite mark plane and consequently photographic distortion is 

minimised. By contrast, a non perpendicular angle produces a photographic 

distortion proportional to the extent of angle variation from the perpendicular 

position. Photographic distortion is very difficult to interpret in bite mark 
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photographs which are recorded from unknown angles. Thus, it was suggested to 

include a scale with a circle of known size in the bite mark photograph, to permit 

accurate calculations of the photographic angle and to allow correction for any 

distortion caused by improper angulation of the camera (Rawson et al, 1986b).  The 

calculation is made by determining measurements of the minor and major axis of 

the circle in the distorted photograph and consequently, by trigonometric 

calculation, the camera angle can be identified.  
 

  
 

  Figure 1.6  Image of the ABFO No.2 scale. 

 

 

According to Bowers and Johansen (2001), there are four categories of 

photographic distortion. These are type I, type II, type III and type IV. Type I 

distortion occurs when the scale and the bite mark are in the same plane but the 

camera angle is not perpendicular to that plane. This is called angular (perspective) 

distortion which is represented in the photograph by the circles of the ABFO No.2 

scale being distorted ─ the circles of the scale appear as ellipses rather than being 

completely circulars. Type I distortion can be corrected digitally using the 

appropriate digital imaging software, such as Adobe® Photoshop® (Bowers and 

Johansen, 2002). The extent of the angular distortion represented by the ellipses 



 54

can be calculated mathematically, through a trigonometric formula. Consequently, 

by using the distort function within the Adobe® Photoshop® program, the image 

of the distorted circles of the ABFO No.2 scale in the photograph can be 

reconstructed into their original shape and size. This will bring the image of the 

scale back to its correct size and shape and, as a result, the bite mark image is 

rectified.  Type II distortion occurs when the scale and bite mark are not in the 

same plane. This is called parallax distortion and cannot be corrected but it is 

recommended to re-photograph the bite mark with the scale positioned at the 

correct plane. Type III distortion is produced when a portion of the two 

dimensional scale (such as ABFO No.2) shows angular distortion (type I) but the 

other edge is not distorted. In this case, the undistorted section of the scale is used 

for rectification and resizing the bite mark image into life size. Type IV distortion 

occurs if the scale is bent or skewed. In such a case, a flat portion of the scale 

adjacent to the bite mark can be used in resizing the image but not the whole scale 

 

According to Rawson et al (1986b), curvature of the body does not produce 

significant photographic distortion where the entire mark can be observed from one 

viewing angle. A curved body surface which allows visualisation of the entire mark 

has a surface angle too small to produce significant distortion. This statement can 

only be made if the entire bite mark can be visualised from one direction. If the 

body curvature is so great as to obscure part of the bite mark, then the surface angle 

is large enough to cause significant distortion; in such a case multiple photographs 

would have to be taken. Some authors suggest that each arch should be 

photographed individually in order to minimise distortion which could arise from 

representing curved surface on a flat photograph (Gustafson, 1966; Ström, 1963; 

Dinkel, 1974; Levine, 1982; Summers and Lewin, 1992). 

 

 

1.13.4   Postural distortion 

Postural distortion of bite marks occurs when photographing a bite mark in a body 

position other than the position of the body at the time of biting.  Such a 

phenomenon arises when failing to reconstruct the victim’s body position at which 

the bite mark was inflicted. Clearly, the exact position during the biting action is 
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usually unknown. In such a case, it is suggested that the bite mark is photographed 

in a range of positional possibilities (Bernstein, 1985). Postural distortion in bite 

marks may introduce significant changes in both the shape and size of the recorded 

marks, due to skin stretching and relaxing. Bernstein (1985) describes a case in 

which a bite mark inflicted on the victim’s forearm was unreliably recorded. The 

case involved a known perpetrator and all photographic measurements were 

recorded with acceptable techniques to reveal a significant size discrepancy 

between the assailant’s dentition and the bite mark. The discrepancy was due to 

postural distortion whereby the bite mark was inflicted with the arm in flexion but 

photographed with the arm extended. Clearly, postural distortion complicates the 

process of mark analysis and may preclude proper comparison between the bite 

mark and the causal dentition. The degree of postural distortion depends on the 

variation in body position and anatomical location (Sheasby and MacDonald, 

2001). For example, significant postural distortion could occur in the upper limb 

depending on the degree of flexion and extension. By contrast, postural distortion is 

a less significant factor in the skin of the face and ear.  

 

The effect of postural distortion in changing the size and shape of marking on the 

skin has been demonstrated experimentally by some authors (DeVore, 1971; 

Harvey et al, 1976). In these studies, stamp marks were created on the skin of 

living volunteers and photographed in various positions including the original body 

position at which the marks were created. In the first study, the stamp was 

constructed as two concentric circles with intersecting lines, while in the latter 

study the stamp was rectangular in shape. Both studies demonstrated important 

changes in both the shape and size of the resultant stamp marks in different body 

positions. It was concluded that the comparison between a bite mark and dentition 

by photographic superimposition is meaningless when the position of the body at 

the time of biting cannot be determined and replicated for image recording of the 

bite mark.  

 

Sheasby (1998) conducted research to quantify postural distortion of study marks 

in four sites on the female breast. The selected locations were the outer, upper and 

inner surface of the breast in addition to the nipple. The study marks were created 

using a black ink pad and a stamp which was constructed to approximate the 
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dimensions of a human bite. The stamp was square in shape measuring 34 mm in 

each side and enclosed a circle within the square. The edges of both the square and 

circle were 1 mm wide. Besides, the stamp included notches (1 mm wide) 

resembling gaps between teeth and were located on the midpoint of the square 

edges and coincident with the diagonals on the inner circle edge. The subjects 

included 20 females who represented a range of age, bust size and cup size in a 

sample of the adult female population. Subsequently, postural distortion of the 

study marks in multiple axes was quantified and the influence of various arm 

movements on postural distortion was determined. In addition, the significance of 

age, cup size, bust size and ptosis on postural distortion were discussed. It was 

found that with various arm movements, the study marks showed maximum 

expansion values of 6% to 39% and maximum contraction values of 5% to 29% of 

the actual dimensions of the stamp. The author concluded that this range of postural 

distortion applied to an average intercanine distance of 34 mm results in a 

maximum postural distortion of 13 mm expansion and 10 mm contraction. Postural 

distortion of this magnitude is of a major significance in bite mark analysis.  

 

Sheasby’s study is valuable in demonstrating and quantifying postural distortion in 

the female breast in relation to various arm movements and breast morphology. 

However, the application of the results of such a study in predicting postural 

distortion in bite marks remains to be determined. This is because Sheasby’s study 

utilised artificial (stamp) marks, whereas in human bites the marks are produced by 

teeth. Therefore, it is necessary to develop a technique by which postural distortion 

in human bite marks can be evaluated.  

 

 

1.13.5  Discussion 

Distortion is a major complicating factor in bite mark analysis. Distortion of bite 

marks can be classified into four types (Sheasby and MacDonald, 2001). These are 

tissue distortion, dynamic distortion, photographic distortion and postural 

distortion. Tissue distortion and dynamic distortion occur at the time of biting and 

are produced by the biting mechanism and physical properties of the skin.  

Photographic and postural distortion occurs during evidence recording.  
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Most references that deal with the technical handling of bite marks specify the 

recording of accurate measurements and the elimination of distortion so that the 

size of the bite mark can be compared to the size of the suspect’s dental arches 

(Bernstein, 1985). Therefore, it is important to develop techniques by which 

distortion of bite marks can be evaluated and eliminated. Dynamic distortion and 

tissue distortion are complex and are unpredictable phenomena which are closely 

related because of their simultaneous occurrence during the episode of contact 

between the dentition and the skin (Sheasby and MacDonald, 2001). Consequently, 

dynamic and tissue distortion are difficult to recreate for analytical purposes. 

Therefore, it would be extremely difficult to develop a technique by which such 

distortions in bite marks can be fully understood or corrected. Photographic 

distortion is produced by the photographic method applied to record the bite mark. 

Therefore, such a distortion can be minimised by undertaking the recommended 

technique in recording images of bite marks (see section 1.13.3 pp 52-54).  

 

Postural distortion occurs when the bite mark is viewed or photographed in a 

position which is different from the position of the body at the time of biting.  In 

order to minimise the effect of postural distortion during photography, it is 

necessary to attempt to reconstruct the body position at the time of biting. Clearly, 

the exact position of the body when bitten is seldom known. Therefore, it is 

suggested that bite marks should be photographed in a range of positional 

possibilities. Such a procedure is a subjective approach and may complicate the 

analysis of a bite mark, due to producing multiple images of a single bite mark. 

Therefore, a method by which postural distortion in a bite mark photographic 

record can be evaluated and minimised, with minimal operator subjectivity, is 

required. Such an application would be very useful for recording bite marks with 

correct shape and size so that the comparison between the bite mark and suspect’s 

dentition can be undertaken accurately. There is no reported study in the literature 

which attempts to develop a technique for evaluating or eliminating postural 

distortion in the photographic recording of bite marks. Therefore, this research was 

conducted to develop an objective technique for evaluating postural distortion in 

bite mark photographic records and for minimising postural distortion during 

photography of bite marks. 
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1.14  BITE MARK ANALYSIS TECHNIQUES  
 
Bite mark analysis includes three practical stages. These are the collection of 

evidence, the comparison between the bite mark and the suspect dentition and the 

interpretation of the findings including conclusions to be drawn from the analysis 

by the forensic odontologist. 

 

 

1.14.1  Collection of evidence 

The collection of evidence in a bite mark case mainly comprises photographic 

techniques to record the bite mark and impression techniques to record the suspect 

dentition. The bite mark is recorded in scaled photographs and the suspect’s 

dentition is recorded by impressions which are poured as dental casts in hardened 

dental stone (American Board of Forensic Odontology, 1986). Photographs of the 

bite mark without scale should also be taken (Dinkel, 1974; Johnson and Cadle, 

1989). This is necessary to indicate that the scale does not obscure details of the 

bite mark and also to show the position of the bite relative to the body . Bite marks 

which exhibit indentations may also be recorded by impressions and subsequent 

casts (Benson et al, 1988).  

 

Various alternative photographic techniques and dental cast production have been 

reported in the literature. McKinstry (1995) described two techniques to produce 

resin dental casts. Gustafson (1966) suggested using a stereoscopic camera for 

recording three dimensional reproduction of the bite mark. However, he noted that 

this method can be carried out only with considerable difficulty and requires 

complicated procedures. Toneline photography was described by Robinson and 

Wentzel (1992). In this method a high contrast film technique is used to produce an 

outline of the bite mark which can be directly compared with models of the 

suspect’s dentition. Golden (1994) described the use of fluorescent light as a source 

for illumination which demonstrated an enhanced pattern of the photographic 

appearance of the injury. The application of solarisation in producing photographic 

prints of bite marks was described by Rawson (1976). In this technique, the 

resultant print is completely reversed. Consequently, the marks appear with 
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different density from other parts of the photograph and by so doing enhances the 

appearance of the bite mark.  

 

The use of ultraviolet and infra red photography has been described by a few 

authors (Wright, 1998; Wright and Dailey, 2001). Ultraviolet and infra red 

radiations are capable of penetrating the skin surface and consequently capturing 

deeper details which are associated with the injured skin. Such techniques may 

improve the resolution of the bite mark injury and may be useful when the marks 

have faded and cannot be photographed by visible light. Digital imaging of bite 

marks was recommended by (Bowers and Johansen, 2001). The advantages of 

digital photography are attributed to several factors. These include the ability to 

correct the colour balance and enhance the quality of the image as well as the 

ability to correct photographic distortion by simple procedures using a computer 

and Adobe® Photoshop®. Besides, digital imaging permits the computer to be a 

comparison microscope. A computer-generated hollow overlay of a scanned image 

of the suspect’s dentition (dental casts) is produced using Adobe® Photoshop®. 

Consequently, Adobe® Photoshop® allows the image of this overlay and the bite 

mark image to be sized properly (life size), then superimposed or compared side to 

side. Both images can be magnified several times, as desired, and this allows better 

visualisation of the existing components in the images resulting in an efficient 

interpretation and accurate comparison procedures.  

 

 

1.14.2  Comparison techniques 

Comparison methods compare two pieces of evidence, namely the photographic 

record of the bite mark and dental casts of the suspect’s dentition. The aim is to 

observe and interpret points of compatibility and incompatibility between the two 

sources of the evidence, and consequently to determine if the dentition of the 

suspect can be identified as having caused the bite mark.  

 

The comparison process is undertaken in a specific sequence of stages which are 

examination of the bite mark photographs, examination of the dental casts and 

finally a comparative study. The bite mark photographs are examined and the 
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characteristics of the mark are recorded. The forensic dentist is seeking an 

explanation for the overall mark and the individual elements in the bite mark. All 

features of the bite mark have to be examined and interpreted. Such features may 

include: (i) shape and size of dental arches; (ii) the presence or absence of suction 

mark and/or tongue thrust marks; (iii) the presence or absence of tooth marks; (iv) 

shape, size and position of each tooth mark; (v) intercanine distance; (vi) 

determining the centre point of each arch if possible; (vii) determining any unusual 

features of the recorded dentition such as supernumerary teeth, rotation or fractured 

teeth. Consequently, the reproduction of the upper and lower dental arches as well 

as the quality and quantity of the individual elements observed in the mark may 

suggest a dentition with specific features to the forensic dentist. Similar to 

interpreting the bite mark photographs, dental casts are examined and the 

characteristics of the dentition are recorded. As a result, the potential marks which 

the dentition could cause will become apparent to the forensic odontologist. 

Consequently, the comparative study involves the interpretation of the examination 

findings from the two evidence sources. This includes determining the individual 

elements in the bite mark which may or may not be accounted for by the individual 

teeth of the suspect’s dentition. In this manner, the points of compatibility and 

points of incompatibility between the bite mark elements and the dentition will be 

assessed. 

 

The examination of bite mark photographs involves objective and subjective 

interpretation in relation to the quality of the bite mark. A high quality bite mark 

may afford a forensic odontologist to undertake objective interpretation with 

minimal subjective input. In contrast, as the quality of the bite mark diminishes, 

interpretation becomes progressively subjective. By contrast, the examination of 

dental casts involves essentially objective interpretation with a minimal subjective 

input.  

 

Many different superimposition techniques have been utilised to assist a 

comparison. The technique used by a forensic odontologist will depend on personal 

preference and ability to accommodate a particular format (Sopher, 1976). 

However, three main classes of comparison techniques are noted in the literature. 

These are direct, indirect and specialised techniques.  
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(a)   Direct techniques 

Direct methods are undertaken by comparing the dental casts with the bite mark 

without using an intermediate template. The aim is to provide visual comparison 

between the bite mark and dentition in order to illustrate points of correspondence 

directly. In such a technique, the dental cast is brought into contact with bite mark 

on the body or to a life size photograph of the bite mark (Ciapparelli and Hughes, 

1992). West and Frair (1989) described a case in which the suspect’s dental casts 

were placed directly on the bite mark over the victim’s body and consequently the 

casts were dragged across the skin to demonstrate the dynamic of the bite. The 

whole process was recorded onto videotape. This technique is subjective and 

should be used with extreme caution. Similarly, comparison of bite mark 

photographs and dental casts can be criticised in that a three-dimensional object is 

compared with a two-dimensional medium. Thus, inaccurate comparison may 

occur. Besides, the dental casts are opaque and therefore there can be difficulty in 

locating the cast accurately over the marks on the photograph.  

 

 

(b)   Indirect techniques 

Indirect techniques involve methods in which an intermediate template or system is 

used to ease comparison and illustration of points of correspondence. This has been 

accomplished by a variety of means. The first recorded technique of indirect 

comparison was called ‘odontoscopy’ and was developed by Sörup in 1924 (Ström, 

1963). In this technique, the biting surfaces of teeth in the dental casts were coated 

with printer’s ink. Subsequently, a sheet of moistened paper was pressed onto the 

inked surfaces, and the print was transferred to a transparent paper. This paper was 

then superimposed on a life size photograph of the bite mark for comparison. 

Sörup’s method shows limitations due to its complicated procedures. Besides, 

making two transfers of the wet ink without distorting or smearing the impression 

is very difficult and its accuracy is questionable. 

 

Subsequent to Söurp’s technique, numerous methods have been developed. Buhtz 

and Erhardt (1938) suggested constructing a phantom of the bitten site of the body. 

The phantom was made of a plastic material and covered with a layer imitating skin 
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epithelium. Consequently, the suspect’s dental casts were articulated and used to 

create bite marks on the phantom. The resultant marks were then photographed and 

diapositive prints of the photographs were made and compared with the actual 

photographs of the bite mark to determine points of correspondence. This method 

requires complicated arrangements and has not been evaluated (Gustafson, 1966).  

 

Furness (1968) suggested a comparison technique in which the biting edges of teeth 

in the dental casts were marked with printer’s ink. The labial and occlusal surfaces 

of teeth were photographed and measurements of the biting edges and the spaces 

between teeth were obtained from the resultant photographs of the dental casts. The 

recorded measurements and the curvature of dental arch were subsequently 

compared with similar measurements obtained from photographs of the bite mark. 

Rao and Souviron (1984) described a method of lifting a print of bite mark 

evidence using conventional fingerprint powder and the resultant print was 

compared with the dental casts. 

 

The common approach of indirect comparison includes superimposition techniques 

between the photographic record of the bite mark and a variety of overlays 

representing the biting surfaces of the suspect’s teeth. There are five common 

methods to produce overlays of the dentition (Sweet and Bowers, 1998b). These 

are radiographic methods, hand tracing methods from xerographic images of teeth, 

wax impressions or dental casts, and computer-based method. The radiographic 

method is undertaken by instructing the suspect to bite into a sheet of modelling 

wax or, alternatively, the teeth of dental casts are pressed into the wax. 

Subsequently, the indentations are filled with radiopaque powder (e.g. amalgam) 

and the wax sheet is radiographed. The resultant radiographs can be then compared 

with the bite mark photograph. This method is limited in that the radiograph is 

opaque (except for the biting edges) which prevents the observer from seeing 

through to the superimposed photograph and therefore makes comparison very 

difficult. Dailey (1991) suggested using a photocopy machine calibrated to produce 

life size prints of the dental casts. Subsequently, the outline of the biting edges of 

teeth is manually traced on the resultant print using fine-tipped pen. This print is 

then placed on the photocopier and a copy is produced on a transparency film 

which can be then superimposed on the bite mark photograph for comparison.  
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Luntz and Luntz (1973) described two hand tracing methods of producing 

transparent overlays from teeth. In the first method, dental casts are pressed on a 

sheet of wax to produce shallow impressions of the biting edges of the anterior 

teeth. Subsequently, a transparent sheet is placed on the wax sheet and teeth 

indentations are hand-traced, using fine-tipped pen. In the second method, which is 

the most frequently used technique, a sheet of clear acetate is placed on the dental 

casts. Subsequently, the outline of teeth biting edges is hand-traced thereby 

producing a transparency for overlay comparison. The transparency methods 

described by Daily (1991) and Luntz and Luntz (1973) involve subjective input by 

the examiner, due to freehand tracing which may be by its nature produce 

inaccuracy, errors and bias.  

 

A more accurate method of producing a transparent overlay for comparison was 

described by Sweet et al (1998a). This is a computer-based method and the 

resultant pattern is referred to as ‘hollow volume overlay’.  The technique is carried 

out using a computer, scanner and Adobe® Photoshop®. The dental casts are 

scanned and the images of the casts are captured by the computer. Using Adobe® 

Photoshop® the perimeter of the biting edges of the anterior teeth is selected and a 

hollow volume is produced and printed on an acetate sheet. Sweet and Bowers 

(1998b) undertook an investigation to assess the accuracy of producing overlay 

techniques. The study compared five common methods which were previously 

described in this section and included computer-based method, radiographic 

method, and hand tracing methods from xerographic prints of teeth, dental casts 

and wax impressions. It was found that the computer-based production of overlays 

was the most accurate technique. Also, it was concluded that the hand tracing 

methods of producing transparent overlays should be discontinued, due to 

subjective input of manually tracing the teeth biting surfaces. 

 

 

(c)   Specialised techniques 

These methods are generally complex and require sophisticated procedures and 

expensive equipments which are usually not available to a forensic odontologist. 

As a result of these limitations, the routine use of such techniques in bite mark 
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analysis may be restricted. Many different techniques are described in the 

literatures. Frykholm et al (1970) suggested using a stereometric graphic plotting 

system. In this technique, a photogrammetrical stereoscopic instrument was used to 

record and compare contour maps of the bite mark and dental casts in a three-

dimensional way. David (1986) discussed the use of scanning electron microscopy 

(SEM) in bite mark analysis. Acrylic models of both the bite mark and dental casts 

were made and SEM photographs were recorded of both and compared. The 

system, due to the high level of resolution and magnification, can demonstrate the 

presence or absence of correspondence of three dimensional characteristics 

between the teeth and the bite mark. Farrell et al (1987) described the application 

of computerised axial tomography scanning to produce precise registration of the 

incisal edges of teeth for comparison with bite marks. Both scanning electron 

microscopy and computerised axial tomography techniques were suggested as 

adjunct methods to conventional comparison techniques. 

 

Naru and Dykes (1997) described a technique of bite mark comparison using 

digital image cross-correlation technique which was aimed to remove operator 

subjectivity that may occur in conventional analysis methods. The technique uses a 

specially designed computer software to digitally analyse photographs of the bite 

mark and dental casts. The images were processed through a correlation algorithm 

system which could, based upon mathematical comparison, determine the overall 

correlation between the image of the bite mark and the dentition. It was concluded 

that this technique may only be applicable in certain cases where the skin records 

the dentition accurately and where tissue distortion and pathological changes of the 

bite mark are minimal so that such changes would not confound the computer 

system. The authors suggested that further work is needed to improve the 

application of such a technique. 

 

 

1.14.3  Results of bite mark analysis 

The forensic odontologist bases his conclusions on the findings derived from his 

examination and interpretation. Interpretation of bite marks is the most difficult 

aspect of bite mark analysis (Ciapparelli and Hughes, 1992). Interpretation involves 
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systematic reasoning and deliberate thinking. The ability to interpret is variable 

between examiners and difficult to assess. This results from the lack of objective 

methods for bite mark analysis. Consequently, two forensic odontologists operating 

independently on a bite mark case may provide different opinions. Objective 

judgments exhibit least variation between examiners, whereas subjective judgment 

exhibit greatest variation. 

 

Results of bite mark analysis may be influenced by the quality of the bite mark. A 

high quality bite mark with distinctive features may afford the forensic 

odontologist the opportunity to reach definitive conclusions. As the quality of the 

bite mark diminishes, conclusions correspondingly become less definitive. It is 

generally accepted that the degree of certainty in the conclusion of bite mark 

analysis is substantially increased where there is correspondence of distinctive 

features between the bite mark and teeth. Also, the weight of the conclusion would 

be higher if it was confirmed by more than one forensic odontologist (Ström, 

1963). The conclusions of the forensic odontologists can be classified into three 

main categories. These are exclusion of suspect, inclusion of suspect and inability 

to reach conclusion. The format of stating these conclusions may vary between 

forensic odontologists. However, the American Board of Forensic Odontology 

established formal guidelines for defining possible conclusions of bite mark 

analysis (American Board of Forensic Odontology, 2004). These guidelines also 

included a section for the relevant terminology for stating conclusions (see 

Appendix 1 p 218). 

 

 

(i)   Exclusion of suspect  

Many authors agree that bite mark analysis is of greater assistance in exclusion of a 

suspect rather than inclusion (Fearnhead, 1961; Gustafson, 1966; Ström, 1963; 

Dinkel, 1974; Vale et al, 1976). Nevertheless, it represents a vital contribution 

because it redirects the search for the suspect. According to Keiser-Nielsen (1969), 

one incompatible feature between the bite mark and teeth is sufficient to exclude a 

suspect, but determining the number of concordant points required to positively 

identify an individual is difficult to make. Exclusion is relatively easy to make and 
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is based on the presence of discrepancies between the bite mark and suspect’s 

dentition that exclude the individual from making the mark. Specifically, exclusion 

is determined when characteristic traits in the bite mark are missing from the 

suspect’s teeth (Gustafson, 1966).  

 

 

(ii)   Inclusion of suspect 

It is well recognised that the inclusion of a suspect depends on the presence of 

points of compatibility which could indicate that the suspect may have produced 

the bite mark. Similarly, the absence of points of incompatibility between the bite 

mark and dental casts adds weight to such a conclusion. Determining points of 

compatibility is a controversial area and difficult to assess in bite mark analysis 

(Ström, 1963).  

 

The inclusion of a suspect may extend incrementally in certain cases to a possible 

identification of the perpetrator. In some cases, the causal dentition is very 

characteristic, such as showing severe malocclusion, in which case it is unlikely 

that the bite mark could have been produced by anyone other than the suspect 

(Whittaker, 1990). In such a case, it is suggested that positive identification should 

be confirmed by more than one expert (Ström, 1963; Pretty and Hall, 2002). 

However, positive identification is extremely difficult to make and may only be 

established in rare cases where there are large numbers of comparable points or 

very characteristic details corresponding between the bite mark and suspect’s teeth 

(Dinkel, 1974). There is no legal precedent as to how many features contribute to 

demonstrate a positive identification with certainty (Ciapparelli and Hughes, 1992). 

Indeed, there is no general agreement among forensic odontologists regarding the 

minimum number of concordant points sufficient to express a categorical opinion 

on positive identity (Hale, 1978). This mainly results from the lack of a statistical 

scientific base to confirm the individuality of human bite marks. Specifically, there 

is no certainty that two individuals could not produce the same pattern of a bite 

mark. Classified characteristics of bite marks on large sections of the population 

are unavailable (Aitken and MacDonald, 1979). Therefore, an absolute scientific 

estimation of specificity regarding the conclusion of a particular bite mark and 
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teeth comparison is not possible. Thus, forensic odontologists introduce their 

conclusions in a statement of different degree of probability but not certainty.    

 

 

(iii)   Inability to reach a conclusion 

When the bite mark is composed of elements which lack specificity, conclusions 

are limited to identifying the mark as being a bite mark without reference to an 

individual. In this context Whittaker and MacDonald (1989) refer to aggressive 

biting circumstances in which the tissue is bitten off and consequently it would be 

extremely difficult to relate the bite mark to individual teeth. 

 

 

1.14 AIMS 
 
The research reported in this thesis is limited to postural distortion in human bite 

marks on skin of living subjects. The research was conducted to develop objective 

technique for evaluating postural distortion in bite mark photographic records and, 

for minimising postural distortion during photography of bite marks. These 

techniques were developed through a specific sequence of applications which are 

reported in chapters 2-8. 
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Chapter 2  

 
ANALYSIS OF SYMMETRY OF DENTAL ARCHES – 

PRELIMINARY STUDY 
 

 

2.1 INTRODUCTION 

 
Studies assessing either symmetry or asymmetry of human dental arches in normal 

subjects are scarce in the literature (Ferrario et al, 1993a; de Araujo et al, 1994b). 

As a result, there is no available data in the literature which quantifies the degree of 

symmetry or asymmetry in a population.  Therefore, it was decided to undertake 

further research to assess whether dental arches are symmetrical or asymmetrical in 

relation to specified reference lines (Figure 2.1). These are a vertical midline which 

crosses through the contact point or midpoint between the incisive edges of the 

central incisors, and a horizontal line which is perpendicular to the midline and 

crosses through the midpoint of the incisive edges of the right and left canine.  

 
 
 
 
 
 
Figure 2.1 
Illustration of the  
specified reference  
lines including: 
(a) the midline and  
(b) the horizontal  
reference line.  
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If symmetry exists, then the positions of the incisive edges of each pair of 

homologous teeth (e.g. central incisors) in each individual dental arch would be in 

the same horizontal and vertical plane, in relation to the specified reference lines. 

Conversely, if asymmetry exists, then the incisive edges of homologous teeth 

would be at different positions, both horizontally and vertically, in relation to the 

specified reference lines. The extent of symmetry/asymmetry, then, between the 

right and left side of dental arches can be quantified, by determining if there are 

differences between the positions of the incisive edges of homologous teeth, in 

relation to the specified reference lines. Accordingly, a quantified symmetrical or 

asymmetrical relationship in dental arches can be established. 

 

Such a relationship, if established in a population, can be further used in evaluating 

postural distortion in bite marks inflicted by individuals from the same population. 

This is because of the presumption that postural distortion in a bite mark could 

change the dimensional relationship between the positions of the right and left 

tooth marks recorded in the bite mark. This may result in varying degrees of 

asymmetries in the recorded dental arches. Consequently, the degree of postural 

distortion can be assessed, by comparing the extent of dental arch asymmetry 

recorded in the distorted bite mark, with the average degree of dental arches 

symmetry in the population.   

 

 

2.2 AIMS 
 
The initial stage of this research consisted of analyzing the symmetry of the 

anterior dentition of the upper and lower dental arches in a sample composed of 16 

adult subjects.  Specifically, the analysis only included the incisive edges of the 

central incisors, lateral incisors and canines. This is because bite marks are almost 

always inflicted by the front teeth (Furness, 1981). The aim of this preliminary 

study was to assess the extent of symmetry between the incisive edges of the right 

and left anterior teeth within each individual dental arch, in relation to specified 

reference lines.  If a standard symmetrical relationship exists between the defined 

teeth to the specified reference lines, then such a relationship can be further 

developed to evaluate postural distortion in a bite mark recorded on skin. 
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2.3 MATERIALS AND METHODS 
 

 
2.3.1 Study sample 

The study sample in the preliminary investigation included 16 sets of dental 

models. Each set included an upper and lower dental model which represented the 

upper and lower dental arches of an adult subject. The dental models were plaster 

casts which were obtained from the Dental Institute in Edinburgh and labelled for 

identification purposes. The subjects were numbered 1 to 16.  Similarly, the 

relevant study model sets were numbered 1 to 16, Upr indicating the upper model, 

Lwr indicating the lower model in each set. Table 2.1 displays the codes which 

were used to identify the subjects and their dental models.    

 

Specific criteria were considered in selecting dental models for analysis. This 

included that the dental models had to be obtained from adult persons representing 

an age group between 20 and 30 years. Defining a minimum age of 20 years, was 

considered because the eruption and formation of all the permanent dentition would 

be completed.  In addition, the growth, dimensions and maturation of the jaws, 

would be completely established. Thus, the age of the selected subjects in the 

preliminary study ranged between 21 and 26 years. These subjects were persons 

attending the Dental Institute in Edinburgh for dental treatments excluding 

orthodontic treatment. The six anterior teeth had to be completely present in both 

the upper and lower dental arches. Besides, the anterior teeth had to be in an intact 

condition with minimal restorations and with no artificial teeth present.  No details 

regarding the sex or ethnicity of the subjects were available. Malocclusion or teeth 

malpositions such as displacement, rotation or imbrication, were not defined as 

exclusion criteria. The only exclusion criteria, was that the subjects had to show no 

history of orthodontic treatment or space maintenance nor have any missing 

anterior teeth.  
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Upr 1
Lwr 1
Upr 2
Lwr 2
Upr 3
Lwr 3
Upr 4
Lwr 4
Upr 5
Lwr 5
Upr 6
Lwr 6
Upr 7
Lwr 7
Upr 8
Lwr 8
Upr 9
Lwr 9

Upr 10
Lwr 10
Upr 11
Lwr 11
Upr 12
Lwr 12
Upr 13
Lwr 13
Upr 14
Lwr 14
Upr 15
Lwr 15
Upr 16
Lwr 16

15

16

11

12

13

14

7

8

9

10

3

4

5

6

Subjects Codes of Dental Models

1

2

 
 

Table 2.1   Codes used to identify the subjects and the studied dental models. 
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2.3.2 Equipment 

The equipment used to carry out the analysis included a scanner, computer and 

Adobe® Photoshop® 6.0.  The scanner of choice was an Epson Perfection 1650 

which is a Flatbed colour scanner with scanning power of 1600X1600 dpi. This 

scanner was used to scan the dental models and produce digital images of the 

models, which were incorporated into the computer screen and saved to the 

computer hard drive for further analysis. The computer hardware included 1500 

MHz Intel Pentium 4 CPU with 768MB RAM, 64MB Geforce2 MX400 AGP 

graphic accelerator card, 40GB hard drive, 17 inches colour Monitor and an optical 

mouse (Figure 2.2).  An optical mouse was used because it provides better control, 

flexibility and precision in moving the curser within the computer screen than an 

ordinary mouse.   

 

 

 

 Figure 2.2 The equipment (a computer and scanner) used for the 
   production and the analysis of images of dental models. 
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2.3.3 An Overview of Adobe® Photoshop® 6.0  

Adobe® Photoshop® 6.0 is a sophisticated and a professional image-editing 

program which provides a comprehensive toolset of high precision for image 

editing. This program was used to digitise the images of the scanned dental models 

and subsequently record defined measurements. Therefore, an overview of this 

program is reported in this chapter. The overview only includes a brief description 

of the functions and tools within Adobe® Photoshop® 6.0 which were used in this 

research. Figure 2.3 shows the main screen of Adobe® Photoshop® 6.0 when it is 

launched including the main tools and components which were used to perform the 

analysis. 

The main tools and functions of Adobe® Photoshop® used to carry out the analysis 

included the following elements:  

 
 
2.3.3 (i)   Units and Rulers 

The units and rulers command can be accessed from the ‘Preferences’ submenu of 

the ‘Edit’ menu. This command is used to define the measurement units of the 

‘Measure Tool’ and the ‘Ruler’.  These units can be defined into millimetres, 

centimetres, inches or pixels - within Adobe® Photoshop® 6.0 each 11.8 pixels are 

equal to 1.0 mm.  In this research, the measurements units for both the ‘Measure 

Tool’ and the ‘Ruler’ are defined in millimetres. 

 
 
2.3.3 (ii)   The ‘Paintbrush Tool’ 

This tool can create defined reference points in specified locations on an image. 

The ‘Paintbrush Tool’ can be chosen from the ‘Toolbar’ and dragged onto the 

image, where the reference point is located.  Subsequently, by clicking on the 

specified location of the reference point, this tool creates a soft stroke of colour 

which is a circle in shape and can be defined in ranges of different colours.  

Defining a colour can be made by selecting a desired colour from the ‘Colour 

Picker’ function which can be selected from the ‘Toolbar’.  Furthermore, the 

‘Paintbrush Tool’ can be modified to various sizes.  In this research, the brush size 

was set to produce a circle of colour with a diameter of 0.5 mm.  All the defined 

reference points throughout this research were marked using this tool.  
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Figure 2.3  
The main screen of  
Adobe® Photoshop® 6.0  
showing the main  
components and tools  
used for image analysis.  
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2.3.3 (iii)  The Line Tool 

This tool was used to create reference lines.  The ‘Line Tool’ can create a straight 

line between two defined points.  This is undertaken by selecting the ‘Line Tool’ 

from the ‘Toolbar’ and moving it from a defined start point to a defined end point. 

Lines produced by this tool are printable and can be given specific colours via the 

‘Colour Picker’, and widths via the ‘Option Bar’ of the main screen of the program.  

The ‘Line Tool’ was defined to create reference lines, as illustrated in figure 2.1, 

with a width of 1.0 pixel and green in colour. 

 

 
2.3.3 (iv)  Creating Additional Layers 

Within Adobe® Photoshop®, an additional layer(s) can be created from the 

‘Layers Palette’ which can be selected from the ‘Window’ menu.  An additional 

layer is a sheet of acetate which, when created, lies down on the top of the primary 

image (e.g. image of dental model).  When one or more layers are created, this still 

allows vision of the primary image and allows working on an element of the image 

without disturbing it.  Besides, the additional layer(s) can be locked with the image 

so that both become one component.  Furthermore, an additional layer(s) can be 

made visible or invisible, and thus they would not be displayed or interfere with the 

image, when required. The function of creating additional layer(s) was used during 

the process of digitising images of the dental models. This was undertaken to create 

elements (secondary reference points) which were not required for the final product 

of the digitised image, but only assisted in accomplishing the digitising process, as 

it is described later in this chapter. 

 

 
2.3.3 (v)  The Rotate Function 

This function is accessible from the ‘Transform’ submenu of the ‘Edit’ menu. It 

allows a smooth rotation of an image into a desired direction without distorting or 

disturbing the image.  Rotating an image is performed around a fixed point called 

the ‘Reference Point’ which can be positioned in any desired location on the image.  

The rotate function was used to rotate the image of the dental model to position the 

midpoints of the canine incisive edges on the same horizontal plane. 
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2.3.3 (vi)  Rulers 

Rulers can be selected from the ‘View’ menu to be displayed with the active 

window which contains the image.  If this option ‘Show Rulers’ is selected, then a 

horizontal ruler is displayed along the top horizontal edge and also a vertical one is 

displayed along the left vertical edge of the active window.  Displaying rulers with 

the active window is useful for creating guides as well as for checking the life size 

reproducibility of the image.  

 

 

2.3.3 (vii)  Guides 

A guide is a horizontal or vertical nonprintable line that floats over the entire image 

and can be moved to be placed on a desired location of the image.  The horizontal 

guide is dragged from the horizontal ruler, whereas the vertical guide is dragged 

from the vertical ruler. Guides can be defined to appear in a specific colour. This 

can be undertaken by choosing the desired colour from the ‘Guides & Grid’ 

command in the ‘Preferences’ submenu of the ‘Edit’ menu.  Throughout this 

research, guides colour was defined in red. 

 
Guides were used to assist in precisely creating reference points on defined 

locations on the images of the dental models.  This was undertaken in this way; the 

exact location of a reference point was defined by creating two guides, one vertical 

and another horizontal. This resembles the construction of X and Y coordinates. 

The origin of these coordinates (i.e. the contact point between the vertical and 

horizontal guides) was positioned on the defined location of the reference point.  In 

this manner, a reference point can be accurately created on a defined location.   

 

 

 2.3.3 (viii)  The Measure Tool 

This tool was used to record defined measurements, throughout this research. The 

‘Measure Tool’ is selected from the ‘Toolbar’ and can precisely measure a line or a 

distance between two points on an image.  Measurement units, as previously 

described, were defined in millimetres. The minimum distance which can be 

measured using the ‘Measure Tool’ is 0.1 mm. When this tool is chosen, it appears 
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on the screen as a small ‘plus sign (+)’ attached to a small ruler.  A distance/line 

can then be measured by positioning the plus sign, using the computer mouse, on a 

defined starting point and subsequently moving this sign to a defined end point. 

This procedure produces a non printable straight line, namely the ‘Measuring 

Line’, between the starting and end point. Each end of the ‘Measuring Line’ is 

marked with a plus sign (Figure 2.3). The plus sign at one end is superimposed on 

the defined start point, while the plus sign at the other end of the ‘Measuring Line’ 

coincide with the end point of the measured distance.  The distance between the 

two points is automatically calculated as an absolute value and is given in a small 

screen, called the ‘Information Window’ (Figure 2.3), which is displayed within the 

main screen of the program. 

 

Two functions of the ‘Measuring Line’ can assist in recording accurate 

measurements. First, the ‘Measuring Line’ can be objectively constructed to be 

completely vertical or horizontal, by pressing and holding the ‘Shift Key’ of the 

computer keyboard while moving the pointer of the ‘Measure Tool’.  

Consequently, when measuring a defined vertical or horizontal distance/line, an 

accurate superimposition between the ‘Measuring Line’ and the defined 

distance/line can be established.  As a result, minor measurement errors which 

could result from inaccurate alignment or tilting of the ‘Measuring Line’, while 

measuring a vertical or horizontal distance/line, are eliminated.  The second useful 

function of the ‘Measuring Line’ is that the ‘plus sign (+)’ at each end of this line 

has a magnetic function. This feature allows the plus sign to automatically attach 

itself to a created guide when it is placed upon or near that guide.  Reference points 

can be defined by creating vertical and horizontal guides, as previously explained 

in section 2.3.3(iii) (p 75). Consequently, a distance/line between two reference 

points defined by guides can be accurately measured.  This is because the magnetic 

function of the plus sign at each end of the ‘Measuring Line’ will assist in precisely 

positioning each end of this line on the exact location of the start and end reference 

point. This is achieved by the plus sign at each end of the ‘Measuring Line’ being 

automatically attached to the guides defining the location of the start and end 

reference point. Thus, measurement errors that could arise from inaccurate 

superimposition of both ends of the ‘Measuring Line’ with the starting and end 

point of a defined distance/line are eliminated. 



 78

2.3.4 Image Production 

The scanner was set up to produce a colour image with 100% scale and resolution 

of 400 dpi.  One dental model at a time was placed on the scanner with the incisive 

edges contacting the glass plate and positioned so that the maximum number of 

teeth touched the scanner interface.  A forensic scale (ABFO No.2) was placed on 

the scanner, at the left side of the study cast, during the scanning process to 

establish right-left laterality and ensure life-size reproduction. 

 

The biting edges of the teeth may not always be in the same plane and therefore not 

all of the teeth of interest may contact the glass platen of the scanner.  However, it 

is reported that tests to evaluate the accuracy of the resulting digital reproductions 

of teeth which do not contact the scanner interface introduce no significant errors 

(Sweet et al, 1998a).  The image of each dental model was acquired using EPSON 

Smart Panel interface which is a scanning application that launches the scanning 

process and allows the image to be incorporated directly into the computer screen.  

This application allows the scanning process to be configured to produce high 

quality images. This can be undertaken by modifying the scanning resolution and 

colour control, in addition to adjusting the shadow, saturation, brightness and 

contrast of the scanning process. All these settings were configured to provide 

optimum function.  Thus, all dental models were scanned and 32 life-size high 

quality images of 32 dental models (16 upper and 16 lower) were produced.  These 

images were saved to the computer hard drive in TIFF (uncompressed image 

format) to ensure maintaining high quality of the images of the scanned models. 

 

 

2.3.5 Digitising the Images of the Scanned Dental Models  

One image was digitised at a time. Digitising included creating reference points 

and lines. Each image, first, was acquired into the main screen of Adobe® 

Photoshop® and was set to ‘RGB’ mode which allows for colour editing of the 

image (Figures 2.3.1 and 2.3.2). Subsequently, the brightness and contrast of the 

image were adjusted, to provide optimum clarity and avoid shadowing of the 

anatomical surfaces of the teeth. Further procedures included the following:   
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Figure 2.3.1    An acquired image of an upper dental model into the main  
    screen of Adobe® Photoshop®. 
 

 
Figure 2.3.2   An acquired image of a lower dental model into the main screen  
   of Adobe® Photoshop®.
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2.3.5 (a)   Creating reference points 

This includes primary and secondary reference points. Primary reference points 

are defined as the midpoints of the incisive edges of the central incisors, lateral 

incisors and canines in both the upper and lower dental arches. Secondary 

reference points are defined as the mesial and distal points of the incisive edges of 

the anterior teeth. By definition, the mesial point for a tooth (e.g. central incisor) is 

defined as the contact point between the incisive edge of that tooth and its mesial 

surface, while the distal point is the contact point between the incisive edge and the 

distal surface of the same tooth.  The canines usually show pointed cusps, but these 

cusps may be worn so that the canines would show flat incisive edges. In the event 

that the canines showed flat incisive edges, the secondary reference points were 

defined as previously described. If the canine cusp is intact, then the incisive edge 

of the canine shows a mesial and distal slope. In such a case, the secondary 

reference points were defined as follows; the mesial reference point is the contact 

point between the mesial slope and the mesial surface of the canine, whereas the 

distal reference point is defined as the contact point between the distal slope and 

the distal surface of the canine.  

 

The ‘Paintbrush Tool’ was used to create the primary and secondary reference 

points (Figure 2.3.3). The midpoints of the incisive edges of the right central 

incisor, lateral incisor and canine were created in black, while the midpoints in the 

left side were created in blue.  All these midpoints were created on the primary 

image of the dental model. The secondary reference points were colour coded in 

cyan and created on an additional layer which was superimposed on the primary 

image of the dental model.  By so doing, these reference points would not disturb 

the primary image, and can be made invisible, by inactivating the additional layer 

within Adobe® Photoshop® program. This was undertaken because the secondary 

reference points were not required to appear in the final product of the digitised 

image, but only helped in precisely defining the locations of the midpoints of the 

incisive edges of teeth. 
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Figure 2.3.3    Illustration of the mesial and distal reference points, which are 
colour coded in cyan, and the midpoints of the incisive edges of the upper anterior 
teeth. The midpoints in the right side are created in black colour, while in blue 
colour in the left side. 
 

 
• Methods and sequence of creating reference points 

A specific sequence was applied in digitising each image. This, in order, includes 

the following: 

 
(1) Creating secondary reference points of the canines 

 
The mesial and distal reference points of the right and left canine were, first, 

created. Each one of these secondary reference points was located by creating two 

guides, a horizontal and vertical guide. These guides were pulled from the ruler and 

positioned in a manner that their contact point was defined as the exact location of 

a single reference point at a time (Figure 2.3.4). Subsequently, the ‘Paintbrush 

Tool’ was used to mark these reference points. In this manner, the secondary 

reference points of the canines were accurately created. 
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       Figure 2.3.4   Production of vertical and horizontal guides to define the exact  
       location of the mesial and distal reference point of the upper left canine. 
 

 
(2) Creating primary reference points of the canines 

 
The midpoints of the right and left canine were, subsequently, identified. The 

midpoint of each canine was identified on the canine incisive edge at a position 

where it is equidistant from both the mesial and distal reference points of that 

canine.  This was carried out by producing a horizontal and vertical guide with 

their contact point positioned on the incisive edge of the canine.  The exact location 

of the midpoint was then determined by repositioning the contact point of the 

horizontal and vertical guide, by moving the vertical guide horizontally and/or the 

horizontal guide vertically, until the contact point was positioned exactly at the 

same distance from both the mesial and distal reference points (Figure 2.3.5).  This 

was determined by measuring the distance between the midpoint and both of the 

mesial and distal reference points, by using the ‘Measure Tool’.  In this manner, the 

exact locations of the midpoints the canine incisive edges were defined and 

subsequently marked using the ‘Paintbrush Tool’. 
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      Figure 2.3.5   Creating the midpoint of the incisive edge of the left canine. 
 

 

(3) Rotating the image 
 
This procedure was undertaken following the creation of the midpoints of the 

canine incisive edges. The image was rotated until the midpoints of the right and 

left canine were positioned on the same horizontal plane (i.e. one straight 

horizontal line).  The ‘Rotate Function’ within Adobe® Photoshop® was used to 

undertake this procedure.  The image was rotated around a fixed point which was 

assigned as the midpoint of the right canine in the image of the upper dental model, 

while this point was the midpoint of the left canine in the lower model image. A 

horizontal guide was produced from the horizontal ruler and positioned to cross 

through the fixed point, represented by the midpoint the right/left canine. 

Subsequently, using the rotate function, the image was rotated until the midpoint of 

the other canine was positioned on the same guide (Figure 2.3.6). 

 



 84

     
Figure 2.3.6   An image of an upper dental model being rotated until the midpoint 
of the right and left canine are positioned on the same horizontal plane/guide. 
 

 

(4) Creating the mesial, distal and midpoints of the incisors 
 
Following the rotation of the image, the mesial and distal reference points and the 

midpoints of the incisive edges of the central and lateral incisors were established. 

This was carried out using the same methodology, previously, described for 

creating secondary and primary reference points on the canines.   

 

 

2.3.5 (b)  Creating reference lines 

This was carried out after all the reference points were created. Two reference lines 

were marked on each image of the dental models, as illustrated in figure 2.1 (p 68). 

These reference lines are defined as: (i) the horizontal reference line which crosses 

through the midpoints of the right and left canine, and (ii) a vertical reference line, 
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representing the midline, which was constructed to be perpendicular to the 

horizontal reference line and crosses through the contact point or the midpoint 

between the central incisors. These reference lines were created green in colour and 

with width of 1.0 pixel, by using the ‘Line Tool’ within Adobe® Photoshop®. A 

vertical and horizontal guide were, subsequently, produced and superimposed 

exactly on the vertical and horizontal reference lines respectively.  This procedure 

was made to accurately locate the reference lines for subsequent recording of 

defined measurements.  

 

The final product of each digitised image included these elements: (i) the primary 

image of the dental model, on this image the defined reference lines and midpoints 

of the incisive edges of the anterior teeth were marked, (ii) a transparent layer 

which is superimposed on the primary image of the dental model and includes the 

mesial and distal reference points, and (iii) vertical and horizontal guides which 

define the locations of the reference points. Figures 2.3.7 (a) and 2.3.7 (b), 

respectively, show a completely digitised image of the upper and lower dental 

arches of one subject. Each figure illustrates the reference lines and the midpoints 

of the anterior teeth, while the horizontal and vertical guides, which define the 

locations of the reference points, and the layer containing the mesial and distal 

reference points are invisible. 
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Figure 2.3.7 A digitised image of (a) an upper and (b) a lower dental model. The horizontal and vertical guides defining the locations of 
reference points, and the layer containing the secondary reference points are made invisible. 
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2.3.6  Definition and recording of measurements 

When recording measurements, the layer containing the mesial and distal reference 

points, and their defining guides were made invisible.  Thus, the digitised image at 

the time of recording measurements included the primary image of the dental 

model with the defined reference lines, the defined midpoints of the anterior teeth 

and the vertical and horizontal guides which defined the locations of these 

midpoints [Figures 2.3.8 (a) and 2.3.8 (b)]. 

 

Specific measurements were recorded, using the ‘Measure Tool’ within Adobe® 

Photoshop®, to assess symmetry of dental arches.  From each defined midpoint, 

two linear measurements were recorded. These are:  (i) a horizontal measurement 

which is the horizontal distance between the defined midpoint of a single tooth at a 

time and the midline, and (ii) a vertical measurement which is the vertical distance 

from the same midpoint to the horizontal reference line. From the midpoints of the 

canines, however, only horizontal measurements were recorded. This is because the 

canine midpoints are positioned on the same horizontal reference line. Therefore, 

the measurement value between the canine midpoints and the horizontal 

reference line is always zero.  

 

For 6 defined midpoints of the incisive edges of the anterior teeth, in each dental 

arch, 10 measurements were recorded.  These included 6 horizontal and 4 vertical 

measurements, which constituted 3 pairs of homologous measurements in a 

horizontal plane and 2 pairs in a vertical plane. These measurements were called 

the primary measurements of symmetry.  Tables 2.2 and 2.3, respectively, show 

the definitions of the primary measurements of symmetry recorded on the upper 

and lower dental arches, in addition to the codes which were assigned to them. 

Each image was digitised once and all defined measurements were recorded once. 

No assessment of the accuracy of the digitising technique or measurement errors 

was undertaken at this stage of the research, since this only a pilot study. However, 

a full assessment of these elements was carried out, before undertaking the main 

study, and is reported in chapter three. 



 88

       
 
 Figure 2.3.8 The final product of a digitised image of (a) an upper and (b) a lower dental model with the horizontal and vertical  
   guides (red in colour) defining the locations of the midpoints of the anterior teeth being visible for recording measurements. 
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Code Definition of Measurement 

UM-RCI Horizontal distance between the upper midline and the                  
midpoint of the incisive edge of the right central incisor

UM-LCI Horizontal distance between the upper midline and the                  
midpoint of the incisive edge of the left central incisor

UM-RLI Horizontal distance between the upper midline and the                  
midpoint of the incisive edge of the right lateral incisor

UM-LLI Horizontal distance between the upper midline and the                
midpoint of the incisive edge of the left lateral incisor

UM-RC Horizontal distance between the upper midline and the                  
midpoint of the incisive edge of the right canine

UM-LC Horizontal distance between the upper midline and the             
midpoint of the incisive edge of the left canine

UH-RCI Vertical distance between the upper horizontal reference line        
and the midpoint of the incisive edge of the right central incisor

UH-LCI Vertical distance between the upper horizontal reference line        
and the midpoint of the incisive edge of the left central incisor

UH-RLI Vertical distance between the upper horizontal reference line        
and the midpoint of the incisive edge of the right lateral incisor

UH-LLI Vertical distance between the upper horizontal reference line        
and the midpoint of the incisive edge of the left lateral incisor

UH-RC* Vertical distance between the upper horizontal reference line        
and the midpoint of the incisive edge of the right canine

UH-LC* Vertical distance between the upper horizontal reference line        
and the midpoint of the incisive edge of the left canine

 

Table 2.2   Definition of the primary measurements of symmetry recorded for the 
upper dental arches and the codes assigned for them (* the values of these 
measurements are always zero).  
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Code Definition of Measurement

LM-RCI Horizontal distance between the lower midline and the 
midpoint of the incisive edge of the right central incisor

LM-LCI Horizontal distance between the lower midline and the 
midpoint of the incisive edge of the left central incisor

LM-RLI Horizontal distance between the lower midline and the 
midpoint of the incisive edge of the right lateral incisor

LM-LLI Horizontal distance between the lower midline and the 
midpoint of the incisive edge of the left lateral incisor

LM-RC Horizontal distance between the lower midline and the 
midpoint of the incisive edge of the right canine

LM-LC Horizontal distance between the midline and the midpoint          
of the incisive edge of the left canine

LH-RCI Vertical distance between the lower horizontal reference line     
and the midpoint of the incisive edge of the right central incisor

LH-LCI Vertical distance between the lower horizontal reference line     
and the midpoint of the incisive edge of the left central incisor

LH-RLI Vertical distance between the lower horizontal reference line     
and the midpoint of the incisive edge of the right lateral incisor

LH-LLI Vertical distance between the lower horizontal reference line     
and the midpoint of the incisive edge of the left lateral incisor

LH-RC* Vertical distance between the lower horizontal reference line     
and the midpoint of the incisive edge of the right canine

LH-LC* Vertical distance between the lower horizontal reference line     
and the midpoint of the incisive edge of the left canine  

 
Table 2.3   Definition of the primary measurements of symmetry recorded for the 
lower dental arches and the codes assigned for them (* The values of these 
measurements are always zero). 
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2.4 ANALYSIS OF THE DATA 
 

 
2.4.1 Creation of measurement tables 

The absolute values of all defined primary measurements of symmetry were 

recorded using the ‘Measure Tool’ within Adobe® Photoshop®. These 

measurements were manually transferred and tabulated for further statistical 

analysis. The software package “SPSS® 11.5” for windows was used for the 

creation and analysis of measurement tables.  Tables 2.4.1 and 2.4 2 (see Appendix 

2 p 219-220) display values of the primary measurements of symmetry recorded of 

the upper and lower dental arches.  

 

 

2.4.2 Assessment of symmetry 

The symmetry in both the upper and lower dental arches was assessed separately. 

This included a primary and a quantitative analysis. 

 

2.4.2(a)  Primary analysis of symmetry 

This, initially, included a descriptive statistic of all recorded primary measurements 

of symmetry.  The descriptive statistics included determining the minimum, 

maximum and mean value, besides the standard deviation of each defined 

measurement. The primary analysis of symmetry was undertaken by comparing 

each homologous primary measurements of symmetry to determine if there was a 

significant difference between measurements recorded in the right and left side of  

the dental arches. Thus, the null hypothesis that there are no significant differences 

between homologous measurements was tested.  This was carried out, by 

conducting a statistical significance testing, namely the “paired-samples t test”.  

This test compares the mean values of two variables for a single group, and 

consequently computes the differences between the values of the two variables for 

each case, and tests whether the average differs from zero. The defined primary 

measurements of symmetry included 3 pairs of homologous measurements in a 

horizontal plane and 2 pairs in a vertical plane.  Thus, the test resulted in 5 values 
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in the upper and lower dental arches (one value for each pair of homologous 

measurements). The null hypothesis was rejected if the significance level (p value) 

was equal or less than 5% (P ≤ 0.05).  Thus, the difference between each pair of 

homologous measurements was considered significant if P ≤ 0.05.  The analysis, 

also, included determining the mean difference between homologous 

measurements and the 95% confidence interval for the difference. This is used to 

determine a range of values which contain, with a 95% probability, the true 

population mean difference. 

 

 

2.4.2(b)  Quantitative analysis of symmetry 

Quantifying the extent of symmetry of dental arches is very important in the 

development of this research.  Quantitative analysis of symmetry included 

determining the extent of correspondence in the position of each defined midpoint 

with its counterpart (e.g. midpoints of the right and left central incisors), in relation 

to the specified reference lines.  This can be determined by superimposing the 

defined midpoints in the right side of the dental arch on their counterparts on the 

left side. Such a superimposition can be carried out, within Adobe® Photoshop®, 

by producing a transparent layer containing the defined reference lines and 

midpoints and subsequently folding this image along the midline (Figures 2.4.1 and 

2.4.2).  As a result, homologous midpoints would coincide with each other if there 

was complete symmetry. Conversely, homologous midpoints may show horizontal 

or vertical asymmetry or may be both, in relation to the specified reference lines. In 

such a case, each homologous pair of asymmetrical midpoints would be displaced 

from each other by a distance, which can be measured in a horizontal and/or 

vertical plane. This is undertaken by defining the location of each asymmetrical 

midpoint, by creating a vertical and horizontal guide in such a manner that their 

contact point is positioned on the exact location of the midpoint (Figure 2.4.3).   

Subsequently, the vertical and/or horizontal distance existing between the 

homologous pair of asymmetrical midpoints can be measured, using the ‘Measure 

Tool’ within Adobe® Photoshop®.  Such measurements were called the 

quantitative measurements of symmetry. They can alternatively be assessed, by 

subtracting the primary measurements of symmetry recorded in the right side of the 
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dental arch from their counterparts in the left side.  For instance, subtracting ‘UM-

RCI’ from ‘UM-LCI’ (see Table 2.2 p 89) can determine if there is any horizontal 

distance between the positions of the midpoint of the right and left central incisor, 

or if these midpoints correspond with each other in the horizontal plane.  Clearly, if 

the subtraction result is zero, then these midpoints would correspond with each 

other if they are superimposed, using the superimposition method. Conversely, if 

the subtraction result is other than zero, then these midpoints will be displaced from 

each other within a measurable horizontal distance.  

 

For experimental purposes, both methods (the subtraction of homologous primary 

measurements of symmetry and the superimposition method) were attempted to 

assess the accuracy of each method in determining the quantitative measurements 

of symmetry.  It was found that the subtraction method was simpler and more 

accurate than the superimposition method.  This was because the superimposition 

method requires complicated and long procedures to be undertaken. Additionally, it 

may produce minor measurement errors as a result of inaccuracy in folding the 

transparent layer, which contains the defined midpoints and reference lines, along 

the midline. Therefore, the subtraction method of homologous primary 

measurements of symmetry was used to assess the quantitative measurements of 

symmetry. As previously described, the primary measurements of symmetry 

included 5 pairs of homologous measurements in each dental arch. Thus, the 

subtraction between these measurements produced 5 quantitative measurements of 

symmetry in the upper and lower dental arches.  These quantitative measurements 

are composed of 3 horizontal and 2 vertical measurements. Tables 2.4.3 and 2.4.4 

illustrate the definitions of the quantitative measurements of symmetry and their 

relevant codes in the upper and lower dental arches.  
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Figure 2.4.1 An image of a transparent layer containing the reference lines and  
the defined midpoints of the incisive edges of the anterior teeth of an upper dental 
arch. 
 

 

 
Figure 2.4.2 Superimposing the midpoints (black in colour) of the right central 
incisor, lateral incisor and canine on their counterparts (blue in colour) in the left 
side, by folding the image along the midline – this example shows: (a) symmetry 
between the midpoints of the right and left central incisor; (b) vertical and 
horizontal asymmetry between the midpoints of the right and left lateral incisor; (c) 
horizontal asymmetry between the right and left canine. 
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Figure 2.4.3 Creating vertical and horizontal guides (red in colour) to define the 
locations of asymmetrical midpoints of the right and left lateral incisor. The image 
also illustrates (a) horizontal and (b) vertical quantitative measurement can be 
recorded between the same midpoints.  
 

 

Code Definition of Measurement

HR-UCI Horizontal distance between the midpoints of the upper central 
incisors (the difference between UM-RCI and UM-LCI)

HR-ULI Horizontal distance between the midpoints of the upper lateral 
incisors (The difference between UM-RLI and UM-LLI)

HR-UC Horizontal distance between the midpoints of the upper 
canines (the difference between UM-RC and UMLC)

VR-UCI Vertical distance between the midpoints of the upper central 
incisors (the difference between UH-RCI and UH-LCI)

VR-ULI Vertical distance between the midpoints of the upper lateral 
incisors (the difference between UH-RLI and UH-LLI)

VR-UC* Vertical distance between the midpoints of the upper canines 
(the difference between UH-RC* and UH-LC*)

 
 
Table 2.4.3   Definition of the quantitative measurements of symmetry recorded for 
the upper dental arches and the specified codes. (* the value of this measurement is 
always zero).  
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Code Definition of Measurement

HR-LCI
Horizontal distance between the midpoints of the lower 
central incisors (the difference between LM-RCI and LM-
LCI)

HR-LLI Horizontal distance between the midpoints of the lower 
lateral incisors (the difference between LM-RLI and LM-LLI)

HR-LC Horizontal distance between the midpoints of the lower 
canines (the difference between LM-RC and LM-LC)

VR-LCI Vertical distance between the midpoints of the lower central 
incisors (the difference between LH-RCI and LH-LCI)

VR-LLI Vertical distance between the midpoints of the lower lateral 
incisors (the difference between LH-RLI and LH-LLI)

VR-LC* Vertical distance between the midpoints of the lower canines 
(the difference between LH-RC* and LH-LC*)

 
Table 2.4.4   Definition of the quantitative measurements of symmetry recorded for 
the lower dental arches and the specified codes (* the value of this measurement is 
always zero). 
 

 

2.5 RESULTS 
 

2.5.1 Results of the primary analysis of symmetry  

The descriptive statistics determined by the primary measurements of symmetry 

are recorded in tables 2.5.1 and 2.5.2.  Results of the ‘paired-samples t test’ are 

displayed in tables 2.5.3 and 2.5.4. The significance level (P value) determined of 

all paired measurements was P > 0.05.  The ‘P value’ for paired measurements in 

the upper dental arches ranged between (0.14) and (0.74), and ranged between 

(0.10) and (0.91) for paired measurements in the lower dental arches. These results 

indicate that statistically there are no significant differences between homologous 

primary measurements of symmetry, which are recorded of both the upper and 

lower dental arches. Thus, it was concluded that the positions of each homologous 

pair of the defined midpoints of the anterior teeth are symmetrical, in relation to the 

specified reference lines.  This indicate that the incisive edges of the anterior teeth 

in both the upper and lower dental arches are symmetrical, in both horizontal and 

vertical planes. 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Minimum 
Value 3.8 3.7 9.9 9.9 15.1 14.8 5.1 4.9 4.0 4.2 0 0

Maximum 
Value 4.8 4.8 13.7 13.5 19.4 19.6 11.6 11.0 7.2 7.2 0 0

Mean Value 4.3 4.4 11.7 11.8 16.9 17.1 8.1 8.1 5.5 5.5 0 0

Standard 
Deviation 0.28 0.27 0.91 0.93 1.22 1.31 1.69 1.60 0.88 0.78 n/a n/a

Primary Measurements of Symmetry Recorded for the Upper Dental ArchesDescriptive    
Statistics

 
Table 2.5.1 Descriptive statistics – the minimum, maximum and mean value and 
the standard deviation of the primary measurements of symmetry recorded for the 
upper dental arches (Figures in millimetres, No of measurements = 16. n/a = not 
applicable). 
 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Minimum 
Value 2.2 2.2 6.9 6.8 10.8 10.8 3.6 4.3 2.8 2 0 0

Maximum 
Value 3 3.2 9 9.3 15.1 15.1 6.8 6.2 5.3 5.5 0 0

Mean Value 2.7 2.7 8.1 8.2 13.1 12.9 5.2 5.2 4.1 4.0 0 0

Standard 
Deviation 0.26 0.26 0.63 0.69 1.17 1.21 0.80 0.56 0.65 0.81 n/a n/a

Descriptive 
Statistics

Primary Measurements of Symmetry Recorded for the Lower Dental Arches

 
Table 2.5.2 Descriptive statistics – the minimum, maximum and mean value and 
the standard deviation of the primary measurements of symmetry recorded for the 
lower dental arches (Figures in millimetres, No of measurements = 16. n/a = not 
applicable).  
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Lower

Upper

ns

0

00.74

0

-0.17

0.23

ns

0.55

-0.14

0.25

0.03

n/ans

-0.33

0.05

ns

Paired-Sample T Test

Significance at (P ≤ 0.05)

0.04

ns

0.14

Primary Measurements of Symmetry Recorded for the Upper Dental Arches

0.39

-0.1195% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference

0.18

-0.38

0.08

0

0.06-0.03 -0.14 -0.15

 
  Table 2.5.3   Results of the ‘Paired-Samples T Test’ of paired measurements for the upper dental arches  
             (ns = not significant. n/a = not applicable). 
 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lower

Upper

n/ansns

0.33

-0.21

0.24

0.91

0

0

-0.15

0.43

0.50Paired-Sample T Test 0.10

ns

-0.03

0.33

0

Significance at (P ≤ 0.05)

0.05

ns

-0.24

0.10

0.40

ns

-0.1095% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference -0.07 0.01

Primary Measurements of Symmetry Recorded for the Lower Dental Arches

-0.02 -0.02 0.14 0

 
  Table 2.5.4  Results of the ‘Paired-Samples T Test’ of paired measurements for the lower dental arches  
            (ns = not significant. n/a = not applicable). 
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2.5.2 Results of the quantitative analysis of symmetry 

As previously described, the quantitative analysis produced 5 quantitative 

measurements of symmetry. These measurements were assessed by subtracting the 

primary measurements of symmetry which are recorded on the right side of the 

dental arch from their counterparts on the left side. The results of the subtraction 

produced positive, negative and zero values.  A positive value indicates that the 

right measurement is greater than its counterpart in the left side. Conversely, a 

negative value indicates that the left measurement is greater than its counterpart in 

the right side.  The value of zero indicates that the right and left measurement of 

the same variable are equal, meaning that the midpoints defined by such 

measurements are completely symmetrical. The greatest positive value of each 

defined quantitative measurement was referred to as the maximum value, while the 

lowest negative value was referred to as the minimum value. 

 

Tables 2.5.5 and 2.5.6 (see Appendix 2 pp 219-220) show values of the quantitative 

measurements of symmetry recorded of the upper and lower dental arches.  A 

descriptive statistic of these measurements was undertaken, to determine the mean, 

minimum and maximum value as well as the standard deviation of each defined 

quantitative measurement. The results are reported in tables 2.5.7 and 2.5.8.  

 

The results of the quantitative analysis demonstrated a small value of the mean, 

minimum and maximum value as well as the standard deviation of all defined 

quantitative measurements.  The mean value of all quantitative measurements was 

0.15 mm or less. The minimum and maximum value of all quantitative 

measurements was less than the range ± 1.0 mm, except for the VR-LLI which 

ranged between -0.7 to 1.2 mm.  These results demonstrate that the positions of 

homologous midpoints of both the upper and lower dental arches, show a close 

vertical and horizontal correspondence in relation to the defined reference lines.  

This quantifies the magnitude of the primary analysis of symmetry and confirms 

that there is no significant difference between each homologous pair of the primary 

measurements of symmetry.  



 100

HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Minimum Value -0.2 -0.8 -0.8 -0.6 -0.7 0
Maximum Value 0.4 0.4 0.7 0.7 0.5 0
Mean Value -0.03 -0.14 -0.15 0.06 0.03 0

Standard Deviation 0.14 0.36 0.43 0.37 0.37 n/a

Descriptive 
Statistics

Quantitative Measurements of Symmetry Recorded        
for the Upper Dental Arches

 
Table 2.5.7   Descriptive statistics - the minimum, maximum and mean value and 
the standard deviation of the quantitative measurements of symmetry recorded for 
the upper dental arches (Figures in mm. No of measurements = 16. n/a = not 
applicable). 
 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Minimum Value -0.3 -0.7 -0.5 -0.7 -0.7 0
Maximum Value 0.2 0.4 0.9 0.9 1.2 0
Mean Value -0.03 -0.07 0.15 0.01 0.14 0

Standard Deviation 0.14 0.32 0.34 0.43 0.55 n/a

Descriptive 
Statistics

Quantitative Measurements of symmetry Recorded         
for the Lower Dental Arches

 
Table 2.5.8   Descriptive statistics - the minimum, maximum and mean value and 
the standard deviation of the quantitative measurements of symmetry recorded for 
the lower dental arches (Figures in mm, No of measurements = 16. n/a = not 
applicable). 
 

 

2.6 DISCUSSION 
 
This preliminary study was conducted in three practical stages.  These were: 

(1) the production of digital images of dental models; (2) digitising the dental 

model images which included the creation of reference lines and midpoints of the 

incisive edges of the central incisors, lateral incisors and; and (3) the recording of 

defined measurements within each image.  The practical stages were designed to 

achieve as high a degree of standardisation and consistency as possible.  This was 

important because the produced data would be analysed in a comparative way, in 

addition to the necessity of eliminating subjectivity, as much as possible, during all 

the practical stages of the analysis.  The subjective component was eliminated in 

two stages, which were the production of the images and the recording of the 

defined measurements.  
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The production of the images of the dental models was a completely objective 

procedure without operator subjectivity.  This was obtained by using a computer 

with powerful specifications, a powerful scanner with a high scanning resolution, 

optimum configurations of the settings of the scanning process and by modifying 

these settings within the EPSON Smart Panel interface to achieve optimum 

function. The combination of these elements accompanied by competence and 

familiarity of their use by the author resulted in producing accurate and high 

quality images.  Moreover, life size reproducibility of the images was ensured by 

two elements. These were the setting of the scanner to produce 100% scaled images 

and by placing an ABFO No.2 scale beside the dental model during the scanning 

process. Subsequently, the units of the ABFO No.2 scale were compared with the 

units of the ‘Ruler’ within Adobe® Photoshop®.  By so doing, it was determined 

that the measurement units of both devices were equal.  Thus, measurement errors 

which could result from inaccurate production of life size images of the dental 

models, were eliminated 

 

Subjectivity was also eliminated when recording the defined measurements.  This 

was due to the high accuracy, precision and flexibility of the features of the 

‘Measure Tool’ within Adobe® Photoshop® 6.0. The ‘Measure Tool’ 

automatically calculates and gives the absolute value of a defined 

measurement/distance between two points. Thus, all defined measurements were 

recorded as the exact values – not to the nearest millimetre.  As a result, the 

operator subjectivity in recording a defined measurement as when manually 

recording a measurement using a standard scale was eliminated.  All defined 

measurements in this preliminary study were in fact horizontal and vertical 

distances.  As previously described, the ‘Measuring Line’ produced from the 

‘Measure Tool’, when measuring a distance/line, can be objectively constructed to 

be completely vertical or horizontal. This function provides an accurate 

superimposition between the ‘Measuring Line’ and a defined vertical or horizontal 

distance/line.  As a result, minor measurement errors which could result from 

inaccurate alignment or tilting of the ‘Measuring Line’, while measuring a vertical 

or horizontal distance/line, were avoided. Furthermore, the magnetic feature of the 

plus sign (+) at each end of the ‘Measuring Line’ allows for precision and accuracy 

in positioning both ends of this line on the exact location of a defined start and end 
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point.  Thus, measurement errors that could arise from inaccurate superimposition 

of both ends of the ‘Measuring Line’ with the start and end point of a defined 

distance/line, were avoided. All these factors significantly assisted in minimising 

measurement errors when recording the defined measurements. 

 

There was unavoidable subjectivity in the process of digitising the images of the 

dental models. The component of subjectivity included identifying the locations of 

the specified reference points.  This was initially as a result of using two 

dimensional images to digitise three dimensional objects (teeth).  Thus, 

determining the location of each defined reference point on the images was subject 

to the author’s judgment.  However, the component of subjectivity was minimized 

to as low degree as possible, due to several factors. Prior recognition of the 

subjective element resulted in great care and attention being taken to minimize its 

effects. The precise definition of the locations of the reference points and the 

proper understanding of the anatomical features of the tooth surfaces were 

significant factors in minimizing the effect of the subjective element.  Furthermore, 

the images of the dental models were produced as coloured images with high 

quality and distinct anatomical details of teeth.  This was obtained as a result of two 

factors.  First, by setting the scanning process to produce colour images in high 

resolution and, second, by saving the acquired images in ‘TIFF’ format, which is an 

uncompressed format that maintains high quality of the image details. This, as a 

result, assisted in accurately recognising and determining the location of reference 

points and therefore minimised the effects of the subjective element.  

 

The subjective component was also minimized by the ability to perform digital 

magnification (as many times as desired) of all or a defined area of the image, 

without distorting the image details. Digital magnification permits the computer to 

be a microscope and, when undertaken, it provides very distinct details of the 

image, including tooth surfaces.  As a consequence, an enhanced vision and proper 

recognition of the anatomical details of the tooth surfaces, was available.  Thus, the 

function of digital magnification assisted significantly in accurately identifying the 

locations of the defined reference points and resulted in minimising the effects of 

the subjective element. 
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As a result of all these factors the subjective component was minimal and was not  

considered a relevant element in this preliminary study.  

 

 

2.7 CONCLUSION 
 
The primary analysis of symmetry compared the primary measurements of 

symmetry which were recorded in the right and left side of the upper and lower 

dental arches.  The analysis demonstrated that statistically there is no significant 

difference between the homologous measurements. This demonstrates that the 

homologous teeth of the anterior dentition are vertically and horizontally 

symmetrical, in relation to the specified reference lines.  

 

The quantitative analysis quantified the extent of symmetry between the right and 

left anterior teeth, in relation to the specified reference lines.  The analysis resulted 

in 5 quantitative measurements of symmetry in the upper and lower dental arches.  

The results of the analysis demonstrated that the value of all the defined 

quantitative measurements was equal to or less than ±1.2 mm. This indicates that 

the homologous anterior teeth show a close vertical and horizontal correspondence 

in terms of their positions to the specified reference lines. 

 

In summary, this preliminary study produced general conclusions which 

demonstrated that a significant symmetrical relationship is present between the 

homologous teeth of the anterior dentition. The preliminary study, also, confirmed 

the relevance of the method used in analyzing the symmetry of dental arches, for 

undertaking further research.  Thus, a more detailed study including larger sample 

of subjects was required to confirm these conclusions  



 104

Chapter 3  

 
ASSESSMENT OF THE VALIDITY OF THE DIGITISING 

METHOD USED IN THE PRELIMINARY STUDY 
 

 

3.1 INTRODUCTION 
 
The method used to analyse the symmetry of dental arches in the preliminary study 

utilized three practical stages of which two stages were objectively conducted. 

These were the production of digital images of the dental models and recording 

defined measurements of each image.  There was an unavoidable subjective 

component in one stage of the digitising process, namely, the identification of the 

location of the defined reference points on the images.  This may result in 

variations in identifying the positions of the reference points and, as a consequence, 

inconsistent measurements.  Therefore, the digitising method needed further 

investigation to determine its validity for undertaking further research for analysing 

the symmetry of dental arches.   

 

 

3.2 AIMS 
 
The aim of the investigation reported in this chapter was to determine the validity 

of the digitising technique, used in the preliminary study, in creating reproducible 

reference points and in producing consistent measurements. Specifically, the 

objective was to quantify the measurement errors in the analysis method, which 

may result from the random variability in identifying the positions of the defined 

reference points. This is very important to assess the quality of the results and the 

validity of the obtained data throughout this research.  
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3.3 MATERIALS AND METHODS 
 
Determining the validity of the digitising technique included the assessment of the 

reliability of both intra-observer and inter-observer reliability. 

 

Intra observer reliability was assessed by re-digitising the images of the whole 

preliminary study sample on another two occasions other than that reported in the 

preliminary study. The time interval between each recording session was 10 days.  

The images were selected at random in a sequence which differed from one session 

to another.  The same sequence of procedures, as described in the preliminary study 

for digitising the images, was followed.  The analysis, in the first and second trial, 

resulted in two sets of digitised images of the preliminary study sample. The same 

measurements defined in the preliminary study (the primary and quantitative 

measurements of symmetry), were recorded and tabulated. This resulted in three 

sets of measurement tables including these recorded in the preliminary study, the 

first and second trial.   

 

Inter-observer reliability comprised the assessment of the reproducibility of 

reference points and measurements between two observers.  The observers were the 

author and a second observer who is a qualified dentist and who was undertaking a 

Masters Degree in orthodontics at the Edinburgh Dental Institute, at the time of 

undertaking the analysis.  This observer was provided with thorough details about 

the digitising technique and the measurements which were to be recorded.  Also, he 

was instructed, by the author, to digitise one image several times before 

undertaking the major analysis.  This was necessary for the second observer to 

familiarise himself with the digitising technique. The second observer digitised the 

images of the whole preliminary study sample and recorded the defined 

measurements, for one time only.  This resulted in one set of measurement tables, 

recorded by the second observer. 
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3.4 ANALYSIS OF THE DATA 
 

3.4.1 Creation of measurement tables 

The software package “SPSS® 11.5” for Windows was used for the creation and 

analysis of measurement tables. The same coding system, created in the 

preliminary study to identify the dental models and the defined measurements (both 

the primary and quantitative measurements of symmetry), was utilized in the tables 

of the reliability study.  The primary measurements of symmetry recorded, by the 

author, in the first and second trial, are displayed in tables 3.4.1, 3.4.2, 3.4.3 and 

3.4.4, while the primary measurements of symmetry recorded by the second 

observer are reported in tables 3.4.5 and 3.4.6. (see Appendix 3 pp 221-223).  

 

The quantitative measurements of symmetry were determined and tabulated for all 

the trials. This included the first and second trial, undertaken by the author, and the 

analysis carried out by the second observer.  The quantitative measurements, in 

each trial, were calculated in the same manner described in the preliminary study.  

The quantitative measurements recorded by the author in the first and second trial 

are reported in tables 3.4.7, 3.4.8, 3.4.9 and 3.4.10, while the quantitative 

measurements determined by the second observer are recorded in tables 3.4.11 and 

3.4.12. (see Appendix 3 pp 224-226). 

 

 

3.4.2 Assessment of intra-observer reliability  

This comprised the assessment of the author’s reliability in creating reproducible 

reference points and recording consistent measurements.  The reproducibility of 

reference points and consistency of measurements are interrelated elements.  

Clearly, reproducible reference points will result in consistent measurements and, 

conversely, failure to reproduce reference points will result in inconsistent 

measurements.  Therefore, calculating the measurement errors will determine the 

reproducibility of reference points.  Intra observer reliability was assessed by 

determining the measurement errors, produced by the author, in both the primary 

and quantitative measurements of symmetry. The analysis included the data 
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obtained, by the author, from the preliminary study and from both trials of the 

reliability study. Thus, for each defined primary and quantitative measurement of 

symmetry, three repeated measurements were obtained.  Measurement errors were 

assessed by analyzing the variances and determining the common standard 

deviation of repeated measurements.  In this analysis, the variances of repeated 

measurements are averaged resulting in the mean value of the variances. This value 

is known as the ‘mean within-subject variance’ of which the square root is the 

common standard deviation which is known as the ‘within-subject-standard 

deviation’ (Bland and Altman, 1996). The ‘within-subject-standard deviation’ has a 

direct interpretation, namely, it is a measure of the size of the measurement error 

which was involved in the measurement process.  This analysis was performed by 

conducting one way analysis of the variance using ‘SPSS® 11.5’ for Windows.   

 

 

3.4.3 Assessment of inter-observer reliability  

It is reasonable to assume that when using a technique for the first time, then the 

maximum errors, by an operator, may appear as a result of lacking familiarity and 

experience in using that technique.  Therefore, it was reasonable to instruct the 

second observer to digitise and record the defined measurements of the images of 

the whole preliminary sample for one time only, since this would probably produce 

the maximum measurement errors. Similarly, the maximum measurement errors, 

by the author, would most likely have been produced in the preliminary study. 

Therefore, it was appropriate to include, in the inter-observer reliability analysis, 

the data obtained by the second observer and only the data obtained by the author 

in the preliminary study. Thus, two measurements, for each primary and 

quantitative measurement of symmetry, were considered in the analysis of the inter 

observer reliability. 

 

Inter observer reliability was assessed by conducting the same approach which was 

used to determine the intra observer reliability. This included the analysis of the 

variance of repeated measurements and determining the ‘within-subject standard 

deviation’.  



 108

3.5 RESULTS 
 

 
3.5.1 Results of intra-observer reliability analysis 

The values of the measurement errors, produced by the author, in recording the 

primary and quantitative measurements of symmetry are reported in tables 3.5.1, 

3.5.2, 3.5.3 and 3.5.4.  

 

Measurement errors of the primary measurements of symmetry recorded in the 

upper dental arches ranged between 0.09 mm and 0.25 mm, and those determined 

from the primary measurements of symmetry in the lower dental arches ranged 

between 0.05 mm and 0.18 mm.  Measurement errors of the quantitative 

measurements of symmetry in the upper dental arches are within the limits of 0.15 

mm and 0.28 mm, and those calculated from the quantitative measurements in the 

lower dental arches ranged between 0.08 mm and 0.22 mm. These results 

demonstrate that measurement errors are minimal and of insignificant magnitude. 

This indicates a high reproducibility in creating reference points and consequently 

recording consistent measurements, with minimal errors.  
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Mean within-subject variance 0.01 0.03 0.01 0.01 0.03 0.03 0.04 0.05 0.06 0.03 n/a n/a

Within-subject standard deviation 
(measurement error) 0.09 0.18 0.10 0.10 0.19 0.18 0.21 0.23 0.25 0.18 n/a n/a

Statistical Parameter
Primary Measurements of Symmetry Recorded for the Upper Dental Arches (three trials)

 
 
   Table 3.5.1 Results of the intra observer reliability analysis – the measurement errors (in mm), produced  
                         by the author, in recording the primary measurements of symmetry in the upper dental arches.  
                      
 
 

 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Mean within-subject variance 0.003 0.01 0.02 0.01 0.03 0.03 0.02 0.02 0.02 0.03 n/a n/a

Within-subject standard deviation 
(measurement error) 0.05 0.07 0.13 0.12 0.18 0.17 0.15 0.13 0.15 0.16 n/a n/a

Statistical Parameter
Primary Measurements of Symmetry Recorded for the Lower Dental Arches (three trials)

 
 
   Table 3.5.2 Results of the intra observer reliability analysis – the measurement errors (in mm), produced  
     by the author, in recording the primary measurements of symmetry in the lower dental arches.  
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Mean within-subject variance 0.04 0.02 0.04 0.03 0.08 n/a

Within-subject standard deviation 
(Measurement error) 0.20 0.15 0.20 0.17 0.28 n/a

Statistical Parameter

Quantitative Measurements of Symmetry Recorded       
for the Upper Dental Arches (three trials)

 
 
   Table 3.5.3 Results of the intra observer reliability analysis – the measurement errors (in mm), produced  
   by the author, in recording the quantitative measurements of symmetry in the upper dental arches.  
 

 

   

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Mean within-subject variance 0.01 0.04 0.05 0.01 0.03 n/a

Within-subject standard deviation 
(measurement error) 0.08 0.20 0.22 0.08 0.16 n/a

Statistical Parameter
Quantitative Measurements of Symmetry Recorded        

for the Lower Dental Arches (three trials)

 
 
   Table 3.5.4 Results of the intra observer reliability analysis – the measurement errors (in mm), produced  
   by the author, in recording the quantitative measurements of symmetry in the lower dental arches.  
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3.5.2 Results of inter-observer reliability analysis 

The values of the measurement errors, produced between two observers, in 

recording the primary and quantitative measurements of symmetry, are reported in 

tables 3.5.5, 3.5.6, 3.5.7 and 3.5.8.  

 

The results of the analysis show a minimum measurement error of 0.12 mm and a 

maximum of 0.27 mm in the primary measurements of symmetry recorded from 

the upper dental arches.  The primary measurements of symmetry recorded from 

the lower dental arches, displayed a minimum measurement error of 0.07 mm and a 

maximum of 0.25 mm. 

 

Measurement errors determined in the quantitative measurements of symmetry 

recorded from the upper dental arches ranged between 0.15 mm and 0.27 mm.  

Those determined in the quantitative measurements of symmetry recorded from the 

lower dental arches ranged between 0.08 mm and 0.23 mm.  Clearly, the values of 

the measurement errors determined by all recorded measurements in the upper and 

lower dental arches are significantly small.  This demonstrates that the digitising 

technique, used in this research, is a valid method in creating highly reproducible 

reference points and consequently recording consistent measurements, with 

minimal errors. 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Mean within-subject variance 0.02 0.01 0.02 0.05 0.03 0.05 0.05 0.06 0.07 0.05 n/a n/a

Within-subject standard deviation 
(measurement error) 0.15 0.12 0.15 0.22 0.17 0.21 0.23 0.24 0.27 0.22 n/a n/a

Statistical Parameter
Primary Measurements of Symmetry Recorded for the Upper Dental Arches (two trials)

 
 
   Table 3.5.5 Results of the inter observer reliability analysis – the measurement errors (in mm), produced between  
     two observers, in recording the primary measurements of symmetry in the upper dental arches.  
 

 

 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Mean within-subject variance 0.005 0.01 0.04 0.02 0.06 0.04 0.02 0.02 0.05 0.02 n/a n/a

Within-subject standard deviation 
(measurement error) 0.07 0.10 0.21 0.13 0.25 0.21 0.13 0.12 0.23 0.13 n/a n/a

Statistical Parameter
Primary Measurements of Symmetry Recorded for the Lower Dental Arches (two trials)

 
 
   Table 3.5.6 Results of the inter observer reliability analysis – the measurement errors (in mm), produced between  
     two observers, in recording the primary measurements of symmetry in the lower dental arches.  
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Mean within-subject variance 0.02 0.07 0.07 0.03 0.07 n/a

Within-subject standard deviation 
(measurement error) 0.15 0.26 0.26 0.18 0.27 n/a

Statistical Paramter

Quantitative Measurements of Symmetry Recorded       
for the Upper Dental Arches (two trials)

 
 
      Table 3.5.7  Results of the inter observer reliability analysis – the measurement errors (in mm), produced  
      between two observers, in recording the quantitative measurements of symmetry in the upper dental arches.  
 

 

      

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Mean within-subject variance 0.01 0.04 0.04 0.01 0.05 n/a

Within-subject standard deviation 
(measurement error) 0.08 0.21 0.20 0.08 0.23 n/a

Statistical Parameter

Quantitative Measurements of Symmetry Recorded       
for the Lower Dental Arches (two trials)

 
 
     Table 3.5.8  Results of the inter observer reliability analysis – the measurement errors (in mm), produced  
      between two observers, in recording the quantitative measurements of symmetry in the lower dental arches.  
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3.5.3 Interpretation of the results 

 

(i)  Intra observer reliability 

Determining the measurement errors, in the manner previously described, was 

based on assessing the random errors in creating reference points and recording the 

defined measurements. The standard deviation of the random error, which was 

referred to as the ‘within-subject standard deviation’, is a measure of the 

measurement error. Random error is generally assumed to have a normal 

distribution with a mean value of zero. Consequently, based upon the features of 

the normal distribution, the measurement error is expected to be less than the range 

(± 1.96 x ‘within-subject standard deviation’) for 95% of measurements. This can 

be interpreted in another way, based upon the assumption that the difference 

between a measurement and the true value is only the measurement error.  

Therefore, the difference between the subject’s measurement and the true value is 

expected to be less than the range (± 1.96 x ‘within-subject standard deviation’) for 

95% of measurements. 

 

This statistical application is valid when the ‘within-subject standard deviation’ is 

determined from more than two measurements recorded on the same subject.  This 

is the case in the analysis of the intra observer reliability, which included three 

repeated measurements recorded by the author for each defined variable.  Thus, by 

conducting this application, the difference (measurement error) between the 

recorded measurements and the true value, for 95% of measurements, was 

assessed.  The results are reported in tables 3.5.9; 3.5.10; 3.5.11 and 3.5.12. 

 

The results show a significant reproducibility of all the defined measurements, with 

an expected difference (measurement error) from the true value being less than

± 0.5 mm, except for one defined measurement (VR-ULI) in which the estimated 

error is ± 0.55 mm.  
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Difference from the 
true value (95%)     ± 0.18 ± 0.34 ± 0.19 ± 0.21 ± 0.36 ± 0.35 ± 0.41 ± 0.44 ± 0.48 ± 0.35 n/a n/a

Statistical Analysis
Primary Measurements of Symmetry Recorded for the Upper Dental Arches (three trials)

 
 
    Table 3.5.9  Intra observer reliability – the data represents the expected difference (measurement error) between the values 
    recorded by the author and the true values of the primary measurements of symmetry in the upper dental arches, for 95% of 
    measurements (Figures in mm).  
 
 
 
 

    

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Difference from the 
true value (95%)     ± 0.11 ± 0.14 ± 0.25 ± 0.23 ± 0.36 ± 0.33 ± 0.29 ± 0.26 ± 0.29 ± 0.31 n/a n/a

Statistical Analysis
Primary Measurements Symmetry Recorded for the Lower Dental Arches (three trials)

 
 
    Table 3.5.10  Intra observer reliability – the data represents the expected difference (measurement error) between the values 
    recorded by the author and the true values of the primary measurements of symmetry in the lower dental arches, for 95% of 
    measurements (Figures in mm).  
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Difference from the true value 
(95%)                    ±0.40 ± 0.30 ± 0.39 ± 0.33 ± 0.55 n/a

Statistical Analysis

Quantitative Measurements of Symmetry Recorded         
for the Upper Dental Arches (three trials)

 
Table 3.5.11 Intra observer reliability – the data represents the expected difference 
(measurement error) between the values recorded by the author and the true values 
of the quantitative measurements of symmetry in the upper dental arches, for 95% 
of  measurements (Figures in mm). 
 

 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Difference from the true 
value (95%)              ± 0.16 ± 0.40 ± 0.42 ± 0.15 ± 0.31 n/a

Statistical Analysis
Quantitative Measurements of Symmetry Recorded       

for the Lower Dental Arches (three trials)

 
Table 3.5.12 Intra observer reliability – the data represents the expected difference 
(measurement error) between the values recorded by the author and the true values 
of the quantitative measurements of symmetry in the lower dental arches, for 95% 
of  measurements (Figures in mm). 
 

 

(ii)  Inter observer reliability 

The results of this analysis can be interpreted by determining the repeatability of 

the measurement errors. The repeatability, by definition, expresses the difference 

between two measurements for the same subject, within a defined percentage of 

probability (Bland and Altman, 1996).  Thus, the difference between two 

measurements for the same subject is expected to be less than the range (± 2.77 x 

‘within-subject standard deviation’) for 95% of pairs of measurements.  This 

analysis was applied to the results determined in the inter observer reliability 

analysis, to estimate the repeatability of the measurement errors between different 

observers. The results of the analysis are recorded in tables 3.5.13; 3.5.14; 3.5.15 

and 3.5.16.  These results show that the expected measurement errors between 

different observers in recording all the defined measurements are less than the 

range ± 0.8 mm, for 95% of pairs of observations. This indicates acceptable 

repeatability of all defined measurements between different observers. 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Repeatability of  the 
measurement errors (95%)       ± 0.41 ± 0.33 ± 0.41 ± 0.62 ± 0.47 ± 0.59 ± 0.65 ± 0.68 ± 0.73 ± 0.61 n/a n/a

Statistical Analysis
Primary Measurements of Symmetry Recorded for the Upper Dental Arches (two trials)

 
 
 Table 3.5.13   Inter observer reliability – the data represents the expected measurement errors (in mm), between different observers,   
  in recording the primary measurements of symmetry in the upper dental arches, for 95% of pairs of measurements.  
 

 
 
 

             

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Repeatability of  the 
measurement errors (95%)      ± 0.20 ± 0.28 ± 0.57 ± 0.37 ± 0.69 ± 0.58 ± 0.35 ± 0.34 ± 0.63 ± 0.35 n/a n/a

Statistical Analysis
Primary Measurements of Symmetry Recorded for the Lower Dental Arches (two trials)

 
 
 Table 3.5.14   Inter observer reliability – the data represents the expected measurement errors (in mm), between different observers,   
   in recording the primary measurements of symmetry in the lower dental arches, for 95% of pairs of measurements. 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Repeatability of  the 
measurement errors (95%)     ± 0.42 ± 0.71 ± 0.72 ± 0.50 ± 0.76 n/a

Statistical Analysis

Quantitative Measruements of Symmetry Recorded      
for the Upper Dental Arches (two trials)

 
Table 3.5.15 Inter observer reliability – the data represents the expected 
measurement errors (in mm), between different observers, in recording the 
quantitative measurements of symmetry in the upper dental arches, for 95% of 
pairs of measurements. 
 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Repeatability of  the 
measurement errors (95%)         ± 0.23 ± 0.58 ± 0.56 ± 0.23 ± 0.64 n/a

Statistical Analysis
Quantitative Measurements of Symmetry Recorded      

for the Lower Dental Arches (two trials)

 
Table 3.5.16 Inter observer reliability – the data represents the expected 
measurement errors (in mm), between different observers, in recording the 
quantitative measurements of symmetry in the lower dental arches, for 95% of 
pairs of measurements. 
 

 

3.6 DISCUSSION 
 
In any study, which includes creating reference points on subjects and recording 

defined measurements, controlling the measurement errors is very important. This 

is because the errors in measurements may result in significant variability in the 

recorded measurements. Accordingly, the validity of the obtained data may be 

affected.  The best approach in evaluating the errors of the digitising method in this 

research was by replicating the tracing of the defined reference points on the 

images. This is because the greatest errors would arise in point identification rather 

than in the measurement, since the measurement itself does not change as a result 

of being fixed.  Therefore, the intra observer reliability analysis included digitising 

the images of the dental models three times and accordingly three measurements of 

each defined variable were recorded and considered in the analysis 

 
The reproducibility of reference points and the consistency of measurements vary 

according to the quality of the records to be analysed, the conditions under which 
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they are measured and the care and skill of the measurer.  All these elements were 

borne in mind before and during the development of the digitising technique.  

Thus, the digitising technique was developed to achieve as high a degree of 

standardization and consistency as possible. As a result, the recorded measurements 

in this research were significantly consistent and measurement errors were minimal 

and not of significance. The factors, which participated in developing such a level 

of standardization and consistency, were discussed in detail in chapter 2.  

 
Measurements recorded on a subject are never perfect and are always expected to 

include errors.  However, the magnitude of the errors will determine the validity of 

the obtained data. As demonstrated in the results of the intra and inter reliability 

analysis, measurement errors were minimal and insignificant elements. This 

confirms the validity of the data determined throughout this research.  

 
In general, measurement errors may arise as a result of variation in the subject, 

variation in the measurement process, or both.  In this research, the only source of 

variation was in the digitising process, but not in the subjects. This is because the 

studied subjects are fixed objects (dental models) from which the images, to be 

digitised, were produced objectively. The variation element mainly resulted from 

digitising three dimensional objects using two dimensional images. As a result, a 

subjective judgment in identifying the locations of the defined reference points on 

the images, was unavoidable. However, the effect of the subjective component was 

shown to be minimal and did not affect the accuracy of the recorded measurements. 

Therefore, the digitising technique, used in this research, succeeded in 

demonstrating a significant reliability in creating reproducible reference points and 

recording consistent measurements, with minimal errors. 

 

 

3.7 CONCLUSION 
 
The analysis of both the intra and inter observer reliability demonstrated that both 

the defined reference points and the recorded measurements are highly 

reproducible, with minimal errors. This confirms the validity of the digitising 

method, developed in this research, to be utilised for undertaking further research 

for analyzing the symmetry of dental arches. 
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Chapter 4  

 
ANALYSIS OF SYMMETRY OF DENTAL ARCHES –  

THE MAIN STUDY 
 

 

4.1 INTRODUCTION 
 
The preliminary study produced general conclusions regarding the symmetry of 

dental arches.  Specifically, the primary analysis of symmetry demonstrated that, in 

the upper and lower dental arches, the homologous teeth of the anterior dentition 

are symmetrical in relation to the specified reference lines. The quantitative 

analysis of symmetry quantified the extent of symmetry between the right and left 

anterior teeth, in both vertical and horizontal planes, and produced five quantitative 

measurements of symmetry, in the upper and lower dental arches. These 

measurements were assessed and found to be within a small range of values (≥ ±1.2 

mm). The assessment of the reliability of the digitising technique demonstrated its 

validity in creating reproducible reference points and recording consistent 

measurements, with minimal errors. These conclusions provided the basis for 

further research for analysing the symmetry of dental arches.  

 

 

4.2 AIMS 
 
The preliminary study included the analysis of dental arch symmetry, in a sample 

comprising 16 adult subjects, and produced general conclusions. Consequently, 

further research, in a larger number of subjects, was required to verify the validity 

of the conclusions determined in the preliminary study.  Thus, the main study was 

undertaken to assess the range of dental arch symmetry in 220 adult subjects 

representing an age group between 20 and 30 years. Specifically, the objective was 

to evaluate and quantify the extent of symmetry between the homologous teeth of 

the anterior dentition, in both vertical and horizontal planes.  
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4.3 MATERIALS AND METHODS 
 

4.3.1 Study sample 

The main study comprised the analysis of dental arch symmetry using 220 sets of 

dental models. These included 220 upper and 220 lower dental models and were 

plaster casts. The selected dental models represented the dental arches of 220 adult 

subjects of the British Population and included 115 males and 105 females whose 

ages ranged between 20 and 30 years.  These dental models were selected on the 

basis that they reflected the criteria which are outlined in the preliminary study.  

These criteria required that the dental models had to be for adult persons 

representing an age group between 20 and 30 years with no history of orthodontic 

treatment or space maintenance. This was considered to minimize variables 

influencing the natural symmetry. All anterior teeth had to be present in both the 

upper and lower dental arches.  These teeth also had to be intact with minimal 

restorations and with no artificial teeth present. Similar to selecting dental models 

in the preliminary study sample, it was aimed to select for the main study a sample 

in a manner that it would be a true representation of the defined population. Thus, 

subjects displaying malocclusion, tooth displacements or rotations, were not 

excluded from selection in the main study. Consequently, the main study sample 

included dental models showing a wide range of tooth malpositions. Examples of 

such dental models are illustrated in figure 4.1.  

 

The dental models of the main study were collected from three different sources 

(Table 4.1). None of these dental models was included in the preliminary study.

Thirty five sets were obtained from the Dental Institute in Edinburgh.  These 

included 20 sets of male dental models and 15 sets of female dental models. The 

age of the subjects for both sexes ranged between 23 and 29 years.  The second 

source included dental models obtained from the collection of Professor David 

Whittaker, and included materials from his own work on criminal cases in the field 

of bite mark identification.  These dental models were available for study by 

authorization of Professor David Whittaker, at the Department of Dental Health 

and Biological Sciences, Dental School, University of Wales College of Medicine.  

The selected dental models from this source represented random subjects from 
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throughout the UK and comprised 85 sets.  These consisted of 60 sets of male 

dental models and 25 sets of female dental models whose age ranged between 21 

and 27 years.  The third source comprised dental models obtained from the 

collection acquired for the Cardiff study.  This was a cohort study which was 

initiated in 1981 (Hunter et al, 1991).  The initial stages of this study included 1015 

school children (males and females) whose age ranged between 11 and 12 years 

and who were attending South Glamorgan Education Authority schools in Cardiff, 

Barry and Penarth.  The subjects were selected by disproportionate stratified 

random sampling and the major aim of the study was to examine the dental and 

social effects of malocclusion.  Published data of the Cardiff study indicates that 

several analyses and follow ups were undertaken, but none were concerned with 

the analysis of the symmetry of dental arches (Addy et al, 1986; Shaw et al, 1986; 

Addy et al, 1987; Dummer et al, 1987; Addy et al, 1988; Davies et al, 1988; Addy 

et al, 1990; Dummer et al, 1990a; Dummer et al, 1990b; Davies et al, 1991; Hunter 

et al, 1991; Mohlin et al, 1991).  The subjects were recalled for re-examination in 

1984 when they were at 15-16 years of age.  This was the first follow up at which 

dental impressions were taken and dental models were produced for subsequent 

analyses.  A second follow up was carried out in 1989 at which the subjects’ ages 

were 19-20 years.  A third and last follow up (this information was obtained by 

personal communications) was undertaken in 2000/2001 and the subjects’ ages 

ranged between 29 and 30 years.  

 

The dental models selected from the Cardiff study included 95 sets composed of 40 

sets of male dental models and 60 sets of female dental models. In this selection, 

there were 25 sets of dental models (10 sets of male and 15 sets of female dental 

models) obtained from the second follow up at which the subjects’ ages are 19-20 

years.  These dental models were available for analysis, by authorization of 

Professor William. C. Shaw, at the Unit of Orthodontics, Dental School, University 

of Manchester.  Further 30 sets of male and 45 sets of female dental models were 

obtained from the third follow up (the subjects’ ages are 29-30 years).  These 

dental models were accessed at Kilmarnock, where they were kept by Dr Richard 

Pilley (orthodontist) from whom the information of the third follow up of the 

Cardiff study was obtained. Table 4.1 shows the details of the dental models 

collected for the main study 
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Sources of Dental 
Models

         Male 
Dental Models

     Female   
Dental Models Total   Age Range 

(in years)

Dental Institute in 
Edinburgh 15 20 35 23-29

Professor Whittaker 
Cases 60 25 85 21-27

Cardiff Study - First 
Fellow up 10 15 25 19-20

Cardiff Study - 
Third Fellow up 30 45 75 29-30

Total 115 105 220 20-30
 

 
  Table 4.1 Detailed description of the sources of the dental models collected  
  for the main study. 
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Figure 4.1 Examples of upper and lower dental models, included in the main study showing, variable degrees of teeth malpositions. 
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4.3.2 Image Production 

The same equipment and methodology, as described in the preliminary study, were 

utilised in the main study for scanning and producing digital images of dental 

models. One dental model was scanned at a time with an ABFO No.2 scale placed 

on the scanner glass surface at the left side of the study cast, during the scanning 

process, to establish right-left laterality and ensure life-size reproduction. The 

scanner was set up to produce a colour images with 100% scale and resolution of 

400 dpi.  The EPSON Smart Panel application was utilized to launch the scanning 

process and produce images of the scanned dental models.  The settings (colour 

balance, adjustment of shadow, brightness and contrast) of this application were 

configured for optimum performance. Consequently, high quality images were 

produced and saved in the computer hard drive in ‘TIFF’ (uncompressed) format.   

 

Each produced image was labelled promptly for identification purposes. The 

images of the male dental model sets were numbered 1 to 115, Upr indicating the 

upper model and Lwr indicating the lower model in each set. Similarly, the images 

of the female model sets were numbered 1 to 105, Upr indicating the upper model 

and Lwr indicating the lower model in each set. The images of the male and female 

dental models were saved in separate folders in the computer hard drive. 

 

 

4.3.3 Digitising the Images  

Digitising each image included the creation of reference points and reference lines. 

The same techniques and sequence of procedures, described in the preliminary 

study, were conducted throughout the main study to digitise the images of the 

dental models.  These procedures are described in detail in chapter 2 in section 

2.3.5 (pp 78-86). Each image was digitised once. The process of digitising and 

recording the defined measurements of a single image required, approximately, 25 

minutes. A maximum of 5 sets of dental model images (5 upper and 5 lower), in a 

day, was carried out.  As a result, the process of digitising and recording 

measurements of the dental model images of the main study was conducted during, 

approximately, a continuous 4 months period.  
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4.3.4 Definitions and Recording of Measurements 

The defined parameters to be measured on each digitised image included vertical 

and horizontal linear measurements. These comprised the vertical and horizontal 

distance between each defined midpoint of tooth incisive edges and both the 

midline and the horizontal reference line respectively. This produced 10 

measurements which were called the primary measurements of symmetry. These 

measurements included six horizontal and 4 vertical measurements which 

constituted 5 pairs of homologous measurements (three pairs of horizontal and two 

pairs of vertical measurements). The primary measurements of symmetry are 

defined in exactly the same manner as described in the preliminary study in 

Chapter 2 (see tables 2.2 and 2.3 pp 89-90).  All the defined measurements were 

recorded in millimetres, by using the ‘Measure Tool’ within Adobe® Photoshop® 

6.0. The exact values (not to the nearest whole millimetre) were recorded. All 

recorded values were manually transferred and tabulated for further statistical 

analysis.  

 

 
4.4 ANALYSIS OF THE DATA 
 

4.4.1 Creation of measurement tables 

The software package “SPSS® 11.5” for Windows was used for the creation and 

analysis of measurement tables. The measurements recorded from the dental arches 

of both the male and female subjects were tabulated separately. The same style of 

measurement tables and the same coding system, created in the preliminary study 

to identify the primary measurements of symmetry, was utilized in the main study. 

The primary measurements of symmetry recorded in the upper and lower dental 

arches of the male and female subjects are reported in tables 4.2, 4.3, 4.4 and 4.5 

(see Appendix 4 pp 227-242). 
 

 
4.4.2 Assessment of symmetry of dental arches 

The symmetry of the upper and lower dental arches of the male and female 

subjects, was assessed separately.  The same method of analysis, reported in the 
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preliminary study for analysing the symmetry of dental arches, was conducted in 

the main study for both the male and female subjects. This included primary and 

quantitative analysis of symmetry. The results of the analyses of male and female 

data were tabulated separately.  

 

 

4.4.2(a)  Primary analysis of symmetry 

This included descriptive statistics of the primary measurements of symmetry 

recorded from the upper and lower dental arches of both the male and female 

subjects.  This was carried out to determine the minimum, maximum and the mean 

value as well as the standard deviation for each defined measurement.  Further 

analysis included conducting a ‘Paired-Samples T Test’ at significance level of 5% 

(P ≤ 0.05). This was undertaken to determine if there was a significant difference 

between the homologous primary measurements of symmetry recorded in the right 

and left side of the dental arches. The mean difference and the 95% confidence 

interval for the difference, were also determined. 

 

 

4.4.2(b)  Quantitative analysis of symmetry 

This analysis was undertaken to quantify the range of symmetry between the right 

and left anterior teeth in the upper and lower dental arches. Specifically, to quantify 

the extent of the correspondence in the positions of the homologous midpoints of 

tooth incisive edges (e.g. the midpoint of the right and left central incisor), in 

relation to the specified reference lines. The quantitative analysis of symmetry in 

the main study was conducted in exactly the same manner as described in the 

preliminary study (Chapter 2 pp 92-96).  This included subtracting the primary 

measurements of symmetry recorded on the right side (5 measurements) of the 

dental arches from their counterparts on the left side.  This resulted in 5 

measurements in each dental arch, comprising 3 horizontal and 2 vertical 

measurements, which were called the quantitative measurements of symmetry.  

These measurements are defined in exactly the same manner as described in the 

preliminary study (see tables 2.4.3 and 2.4.4 pp 95-96).  
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4.5 RESULTS 
 

4.5.1 Results of the primary analysis of symmetry for the male subjects 

The descriptive statistics of the primary measurements of symmetry recorded from 

the upper and lower dental arches of the male subjects are reported in tables 4.5.1 

and 4.5.2. The results of the test statistic ‘Paired-Samples T Test’ are recorded in 

tables 4.5.3 and 4.5.4. The results show that the significance level (p value), 

obtained by all the paired measurements in both the upper and lower dental arches, 

is greater than 0.05 (P> 0.05).  These results demonstrate that statistically there is 

no significant difference between the homologous measurements recorded in the 

vertical and horizontal plane.  This indicates that the right and left anterior teeth are 

symmetrical, in relation to the specified reference lines.   

 

 

4.5.2 Results of the primary analysis of symmetry for the female subjects 

The value of the minimum, maximum and mean value and the standard deviation 

of the primary measurements of symmetry recorded from the upper and lower 

dental arches of the female subjects are reported in tables 4.5.5 and 4.5.6.   

 

Tables 4.5.7 and 4.5.8, respectively, display the results of the ‘Paired-Samples T 

Test’ for paired measurements in the upper and lower dental arches.  Similar to the 

results of this test determined by the male data, the significance level (p value), 

determined by all paired measurements of the female data, is greater than 0.05 (p > 

0.05). This indicates that statistically there is no significant difference between the 

right and left primary measurements of symmetry, which are recorded in the upper 

and lower dental arches of the female subjects.  This finding demonstrates that that 

symmetry exists between the homologous teeth of the anterior dentition, in relation 

to the specified reference lines. 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Minimum Value 3.4 3.3 8.7 8.5 14.4 13.8 2.7 2.5 2.3 1.9 n/a n/a

Maximum Value 5.8 5.6 14.7 14.2 21.1 21 11.9 11.7 7.6 7.4 n/a n/a
Mean Value 4.3 4.4 11.7 11.7 17.4 17.4 8.2 8.2 5.2 5.1 n/a n/a

Standard Deviation 0.37 0.36 0.95 0.96 1.13 1.11 1.52 1.43 0.98 0.95 n/a n/a

Primary Measurements of Symmetry Recorded for the Upper Dental Arch of the Male SubjectsDescriptive 
Statistics

 
 
 Table 4.5.1 Descriptive statistics – the minimum, maximum and mean value and the standard deviation of the primary  
 measurements of symmetry recorded for the upper dental arches of the male subjects (Figures in mm, No of subjects  = 115) 
 

 
 

   

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Minimum Value 1.9 1.7 6.5 6.6 10.8 11.1 1.7 1.2 0.6 0.0 n/a n/a

Maximum Value 3.4 3.4 10.7 11.0 16.6 16.6 8.7 9.1 6.6 6.4 n/a n/a

Mean Value 2.6 2.6 8.1 8.1 13.1 13.0 5.4 5.4 3.9 3.9 n/a n/a

Standard Deviation 0.24 0.28 0.65 0.65 0.98 0.94 1.22 1.30 1.00 1.05 n/a n/a

Descriptive 
Statistics

Primary Measurements of Symmetry Recorded for the Lower Dental Arches of the Male Subjects

 
 
 Table 4.5.2 Descriptive statistics – the minimum, maximum and mean value and the standard deviation of the primary  
 measurements of symmetry recorded for the lower dental arches of the male subjects (Figures in mm, No of subjects  = 115) 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Lower

Upper

-0.02

-0.06

0.03

-0.03

-0.17

0.10

Primary Measurements of Symmetry Recorded for the Upper Dental Arches of the Male Subjects

0.48

95% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference

0.95

0

0.00

-0.15

0.15

ns

Paired-Sample T Test

Significance at (P ≤ 0.05) ns

0.63

0

ns

0.52

n/ans

0.04

-0.08

0.15

0.07

-0.06

ns

0

00.27

0.20

 
Table 4.5.3 Results of the ‘Paired-Samples T Test’ of the paired measurements recorded for the   

upper dental arches of the male subjects (ns = not significant. n/a = not applicable). 
 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lower

Upper

n/ansns

0.420.42

0

0

0.01

-0.02

0.05

0.00

-0.09

0.08

0.06

0.56Paired-Sample T Test 0.37

ns

0

Significance at (P ≤ 0.05) ns

0.98

ns

-0.07

0.19

-0.07

0.17

-0.2095% Confidence 
interval for the 
difference 0.09

Statistical Analysis

Mean difference 0.05

Primary Measurements of Symmetry Recorded for the Lower Dental Arches of the Male Subjects

0-0.06

 
Table 4.5.4 Results of the ‘Paired-Samples T Test’ of the paired measurements recorded for the   

lower dental arches of the male subjects (ns = not significant. n/a = not applicable).  
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Minimum Value 3.2 3 8.4 8.3 14 14 2.3 2.2 1.8 1.6 n/a n/a

Maximum Value 5.5 5.3 14 13.8 19.4 19.6 11.5 11.4 7.3 7.1 n/a n/a

Mean Value 4.3 4.3 11.4 11.4 16.6 16.7 8.3 8.3 5.1 5.0 n/a n/a

Standard Deviation 0.43 0.41 1.05 1.04 1.29 1.24 1.63 1.65 0.97 0.97 n/a n/a

Primary Measurements of Symmetry Recorded for the Upper Dental Arch of the Female SubjectsDescriptive 
Statistics 

 
 
 Table 4.5.5 Descriptive statistics – the minimum, maximum and mean value and the standard deviation of the primary  
 measurements of symmetry recorded for the upper dental arches of the female subjects (Figures in mm, No of subjects  = 105) 
 

 

           

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Minimum Value 1.7 1.5 6.1 6.1 10 9.7 1.5 0.0 0.4 0.0 n/a n/a

Maximum Value 3.3 3.4 10 9.5 15.8 15.1 8.5 8.4 7.4 6.2 n/a n/a

Mean Value 2.6 2.6 8.0 7.9 12.7 12.6 5.4 5.4 3.8 3.9 n/a n/a

Standard Deviation 0.27 0.30 0.73 0.72 1.04 1.10 1.22 1.39 1.14 1.04 n/a n/a

Descriptive 
Statistical 

Prmary Measurements of Symmetry Recorded for the Lower Dental Arches of the Female Subjects

 
 
 Table 4.5.6 Descriptive statistics – the minimum, maximum and mean value and the standard deviation of the primary  
 measurements of symmetry recorded for the lower dental arches of the female subjects (Figures in mm, No of subjects= 105) 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Lower

Upper

-0.02

-0.16

0.12

0.07

-0.05

Primary Measurements of Symmetry Recorded for the Upper Dental Arches of the Male Subjects

0.45

95% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference

0.29

0

0.02

-0.02

0.06

ns

Paired-Sample T Test

Significance at (P ≤ 0.05) ns

0.76

0

ns

0.79

n/ans

-0.08

-0.22

0.07

0.01

-0.09

ns

0

00.27

0.11 0.19

 
Table 4.5.7 Results of the ‘Paired-Samples T Test’ of paired measurements recorded for the upper dental  

arches of the female subjects (ns = not significant. n/a = not applicable). 
 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lower

Upper

n/ansns

0.860.63

0

0

-0.01

0.38Paired-Sample T Test 0.36

ns

0

Significance at (P ≤ 0.05) ns

0.07

ns

0.22 0.20 0.16

-0.15

0.13

95% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference

0.05

Primary Measurements of Symmetry Recorded for the Lower Dental Arches of the Male Subjects

00.01

-0.02

0.11

-0.01

0.06

-0.07

0.03

-0.10

 
Table 4.5.8 Results of the ‘Paired-Samples T Test’ of paired measurements recorded for the lower dental  

arches of the female subjects (ns = not significant. n/a = not applicable). 
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4.5.3 Results of the quantitative analysis of symmetry 

The quantitative analysis produced 5 measurements in each dental arch.  These 

measurements included positive, negative and zero values. A positive value 

indicates that the right measurement is greater than its counterpart in the left side 

of the dental arch. Conversely, a negative value indicates that the left measurement 

is greater than its counterpart in the right side.  The value of zero indicates that 

the right and left measurement of the same variable are equal, meaning that the 

midpoints defined by such measurements are completely symmetrical, in relation to 

the specified reference lines. The greatest positive value of each defined 

quantitative measurement was referred to as the maximum value, while the lowest 

negative value was referred to as the minimum value. 

 

Descriptive statistics of all the recorded quantitative measurements of symmetry 

was undertaken. This was carried out to determine the minimum, maximum and 

mean value and the standard deviation of each quantitative measurement recorded 

in the upper and lower dental arches of both the male and female subjects.   

 

 

4.5.3 (a)   Results of the quantitative analysis for the male subjects 

The values of the quantitative measurements of symmetry recorded from the male 

upper and lower dental arches are recorded in tables 4.6.1 and 4.6.2 (see Appendix 

4 pp 235-238).  Tables 4.6.3 and 4.6.4 show the descriptive statistics for these 

measurements. 

 

The results of the descriptive statistics show that the minimum and maximum value 

of the quantitative measurements of symmetry, varied between the defined 

parameters. The smallest minimum and maximum value of the quantitative 

measurements, in the upper and lower dental arches, are respectively recorded in 

‘HR-UCI’ and ‘HR-LCI’. The minimum and maximum value for these 

measurements is within the range ± 1.0 mm. The minimum and maximum value of 

the remaining quantitative measurements, in the upper dental arches, are greater 

than ± 1.0 mm, but equal to or less than ± 2.50 mm.  In the lower dental arches, the 

minimum and the maximum values of the other quantitative measurements are 
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greater than ± 1.0 mm, but equal to or less than ± 2.9 mm. The standard deviation 

of all the quantitative measurements, in both the upper and lower dental arches, is 

less than 1.0. This can be regarded as a small value, which may indicate a small 

variability between the recorded values within each quantitative measurement.  
 

 

4.5.3 (b)   Results of the quantitative analysis for the female subjects 

The values of the quantitative measurements of symmetry, determined in the upper 

and lower dental arches, are respectively recorded in tables 4.6.5 and 4.6.6 (see 

Appendix 4 pp 239-242).  The minimum, maximum and the mean value in addition 

to the standard deviation of each quantitative measurement are recorded in tables 

4.6.7 and 4.6.8.  
 
The smallest minimum and maximum value of the quantitative measurements, in 

the upper dental arches, is recorded in ‘HR-UCI’. The minimum and maximum 

values for this measurement are respectively – 0.4 mm and + 0.6 mm. The 

minimum and maximum values of the remaining quantitative measurements, in the 

upper dental arches, are greater than ± 1.0 mm, but equal to or less than ± 2.60 mm.  

In the lower dental arches, the smallest minimum and maximum value (± 0.5 mm) 

of the quantitative measurements is recorded in ‘HR-LCI’. The minimum and 

maximum value of the remaining quantitative measurements, in the lower dental 

arches, is greater than ± 1.0 mm but equal to or less than ± 2.8 mm.  Similar to the 

finding in the male data, the standard deviation of all the quantitative 

measurements, in both the upper and lower dental arches of the female subjects, is 

less than 1.0 

HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Minimum Value -0.9 -2.2 2.6 -1.9 -2.7 0

Maximum Value 0.8 2 2.4 2.5 2.5 0

Mean Value -0.02 -0.03 0.00 0.04 0.07 0

Standard Deviation 0.24 0.75 0.81 0.62 0.69 n/a

Descriptive 
Statistics

Quantitative Measurements Recorded for the Upper Dental 
Arches of the Male Subjects

 
Table 4.6.3 Descriptive analysis – the minimum, maximum and mean value and 
the standard deviation of each quantitative measurements recorded for the upper 
dental arches of male subjects (Figures in mm, No of subjects  = 115). 
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HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Minimum Value -0.8 -1.8 -2.7 -2.0 -2.8 0

Maximum Value 1.0 1.6 2.3 2.1 2.9 0

Mean Value 0.01 0.00 0.06 0.05 -0.05 0

Standard Deviation 0.19 0.46 0.72 0.64 0.82 n/a

Descriptive 
Statistics

Quantitative Measurements Recorded for the Lower Dental 
Arches of the Male Subjects

 
Table 4.6.4 Descriptive analysis – the minimum, maximum and mean value and 
the standard deviation of each quantitative measurements recorded for the lower 
dental arches of male subjects (Figures in mm, No of subjects  = 115). 
 

 

HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Minimum Value -0.7 -2.1 -2.3 -1.8 -2.1 0

Maximum Value 0.8 2.0 2.5 1.9 2.6 0

Mean Value 0.02 -0.02 -0.08 0.01 0.07 0

Standard Deviation 0.21 0.72 0.75 0.51 0.64 n/a

Descriptive 
Statistics

Quantitative Measurements Recorded for the Upper Dental 
Arches of the Female Subjects

 
Table 4.6.7 Descriptive analysis – the minimum, maximum and mean value and 
the standard deviation of each quantitative measurements recorded for the upper 
dental arches of female subjects (Figures in mm, No of subjects = 115). 
 

 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Minimum Value -0.7 -1.6 -2.4 -1.9 -2.7 0

Maximum Value 0.6 1.7 2.8 2.2 2.3 0

Mean Value 0.01 0.11 0.06 0.03 -0.01 0

Standard Deviation 0.01 0.60 0.71 0.68 0.73 n/a

Descriptive 
Statistics

Quantitative Measurements Recorded for the Lower Dental 
Arches of the Female Subjects

 
Table 4.6.8 Descriptive analysis – the minimum, maximum and mean value and 
the standard deviation of each quantitative measurements recorded for the lower 
dental arches of female subjects (Figures in mm, No of subjects = 115). 
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4.6 DISCUSSION 

 
The main study was conducted in exactly the same manner as described in the 

preliminary study.  This included following the same practical stages to produce 

the images of the dental models and to undertake the digitising process in addition 

to defining and recording measurements. These procedures, as discussed in the 

preliminary study, were carried out objectively. Thus, a high degree of 

standardisation and consistency was achieved throughout the main study. The 

unavoidable subjective component, which resulted from digitising three 

dimensional objects (teeth) using a two dimensional image, required a special care 

and attention to minimise its effect.  Such an effect may introduce variations in 

identifying the exact positions of the defined reference points and consequently 

inconsistent measurements.  However, the effect of the subjective component was 

insignificant, as demonstrated in Chapter 3. Thus, the measurement errors were 

minimal and did not affect the validity of the obtained data. 

 

The descriptive statistics of the quantitative measurements of symmetry, in the 

upper and lower dental arches of both the male and female subjects, indicated a 

specific trend regarding the symmetry of the anterior teeth. The smallest minimum 

and maximum value of the quantitative measurements, in both the horizontal and 

vertical plane, was measured between the defined midpoints of the central incisors 

followed by those recorded between the lateral incisors and then between the 

canines.  This indicated that the symmetry, in both the horizontal and vertical 

plane, is greatest for the central incisors followed by the lateral incisors and then 

the canines. For each set of homologous teeth (e.g. the central incisors), the 

minimum and maximum value of the vertical quantitative measurement is greater 

than the horizontal quantitative measurement recorded for the same set of teeth.  

This indicated that each pair of homologous teeth showed greater symmetry in the 

horizontal plane than in the vertical plane. There is no definite explanation for these 

findings, but may be as a result of the sequence of tooth eruptions.  In the anterior 

dentition, the first teeth to erupt into the oral cavity are normally the central 

incisors followed by the lateral incisors and then the canines.  As a result, there 

would usually be a proper space in the dental arch for the central incisors to be 
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aligned normally/symmetrically, while this chance will be less for the lateral 

incisors followed by the canines. 

 

Specific criteria were defined for selecting subjects from the British population for 

the main study (see section 4.3.1 pp 121-124).  Individuals who fulfilled the 

defined criteria were then randomly selected for the study. The neutrality in subject 

selection was maintained by not defining malocclusion and tooth malpositions as 

exclusion criteria.  Thus, the subjects of the main study were a true representative 

of the defined population.  

 

When testing a phenomenon in a defined population, then the best scenario would 

be to study the whole population. Obviously, such a suggestion is not amenable to 

application due to the time, effort and cost implications which are beyond the scope 

of a research exercise. Therefore, it was believed that defining a limited age group 

(20-30 years) of the population for research was a more applicable approach than 

studying the whole population. This is mainly due to difficulties which could arise 

in obtaining a significant number of dental models of subjects representing the 

whole population.  Besides, the time duration which is required to research the 

whole population would not be met by the limited period of time that is specified to 

undertake a Ph.D degree.  The whole research, reported in this thesis, can be 

considered as a pilot study which can be further developed to study different age 

groups of the population, using the same methodology. However, in the collection 

of Professor David Whittaker, the subjects were involved in real bite mark cases 

and it was found that the majority of these subjects were between 21 and 27 years 

of age. Such a finding indicates that young persons between the age of 20 and 30 

years may be involved more than older ages in crimes which include bite marks. 

For these reasons, it was a very appropriate approach to select the subjects between 

20 and 30 years of age for this research. 
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4.7 CONCLUSION 

 
The symmetry of the anterior dentition was separately assessed in the upper and 

lower dental arches of both the male and female subjects. The primary analysis of 

symmetry demonstrated that statistically there is no significant difference between 

the primary measurements of symmetry which are recorded in right and left side of 

the dental arches. This indicates that, in both the male and female subjects, the right 

and left anterior teeth are vertically and horizontally symmetrical, in relation to the 

specified reference lines.  The quantitative analysis of symmetry quantified the 

extent of the correspondence in the position of the homologous anterior teeth, in 

relation to the specified reference lines.  The analysis produced 5 quantitative 

measurements in the upper and lower dental arches of the male and female 

subjects. The values of all these measurements in all subjects were equal or less 

than ± 2.9 mm.  This indicates that the homologous teeth of the anterior dentition 

are in close vertical and horizontal correspondence in terms of their positions to the 

specified reference lines.  

 

These conclusions are consistent with those determined in the preliminary study.  

Thus, the results of the main study confirmed the validity of the conclusions 

obtained from the preliminary study. 

 

The quantitative measurements of symmetry are the most significant, in this 

research.  This is because these measurements quantify the extent of symmetry of 

the anterior dentition and they are within a small range of values. Therefore, further 

analysis of the quantitative measurements of symmetry, determined in the main 

study, was required in order to determine the distribution of these measurements in 

the population from whom the sample of the main study was selected.  
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Chapter 5  

 
ASSESSEMENT OF THE QUANTITATIVE MEASUREMENTS 

OF DENTAL ARCHES SYMMETRY IN THE POPULATION 
 

 

5.1 INTRODUCTION 
 
The main study demonstrated that the right and left anterior teeth, in both the male 

and female subjects, are symmetrical in relation to the specified reference lines.  

Quantifying the extent of symmetry produced 5 quantitative measurements of 

symmetry, which were assessed separately in the male and female subjects. These 

measurements are the most important area in this research.  This is because the 

quantitative measurements of symmetry can be assessed in the population. 

Consequently a significant data could be established, which can be further used in 

developing objective techniques for evaluating and minimising postural distortion 

in the photographic recording of bite marks. These applications are described in 

Chapters 7 and 8. Therefore, further analysis of the quantitative measurements of 

symmetry was required.   

 

 

5.2 AIMS 

 
The aims of the analysis, reported in this chapter, are twofold.  The first aim is to 

compare between the quantitative measurements of symmetry recorded from the 

male and female subjects, in the main study.  The objective is to determine if there 

are significant differences between these measurements in both sexes.  The second 

aim is to determine the distribution of the quantitative measurements of symmetry 

in the population defined in the main study. Specifically, the objective is to assess 

statistically and within 95% probability the minimum and maximum value of each 

defined quantitative measurement that would be expected to be found in the 

population represented by the sample of the main study. 
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5.3 MATERIALS AND METHODS 
 
The data included in the analysis comprised the quantitative measurements of 

symmetry which were recorded, in the main study, from the upper and lower dental 

arches of the male and female subjects.  The values of these measurements are 

reported, in the main study, in tables 4.6.1, 4.6.2, 4.6.5 and 4.6.6 (see Appendix 4 

pp 227-242). 

 

The analysis included undertaking an ‘Independent-Sample T Test’ at a 

significance level of 5% (P ≤ 0.05), to determine if there is a significant difference 

between the quantitative measurements recorded in both the male and female 

subjects. The software package “SPSS® 11.5” for Windows was used to carry out 

the analysis. The analysis of the measurements in the upper and lower dental arches 

was undertaken separately. Each quantitative measurement recorded in the upper 

dental arches of the male subjects was compared with its corresponding 

measurement in the upper dental arches of the female subjects.  Similarly, 

comparable quantitative measurements recorded in the lower dental arches of the 

male and female subjects were compared. The difference between comparable 

measurements was considered significant if P ≤ 0.05.  The mean difference and the 

95% confidence interval for the difference between comparable measurements, was 

also determined. Furthermore, an assessment of the distribution of the quantitative 

measurements of symmetry in the population was carried out and an interpretation 

of the data is discussed.  

 

 

5.4 RESULTS 
 

5.4.1 Results of the Independent-Samples T Test. 

The analysis resulted in 5 values in the upper and lower dental arches (one value 

for each pair of comparable measurements).  The results of the analysis in the 

upper and lower dental arches are reported in tables 5.1 and 5.2 respectively. 
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HR-UCI  
(M)

HR-UCI  
(F)

HR-ULI  
(M)

HR-ULI  
(F)

HR-UC  
(M)

HR-UC   
(F)

VR-UCI  
(M)

VR-UCI  
(F)

VR-ULI  
(M)

VR-ULI  
(F)

VR-UC   
(M)

VR-UC    
(F)

Lower

Upper 0.03

-0.03

-0.09

-0.01

-0.21

0.18

Quantitative Measurements of Symmetry Recorded in the Upper Dental Arches of the Male and Female Subjects

0.30

95% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference

0.44

0

0.08

-0.13

0.29

ns

Independent-Sample T Test

Significance at (P ≤ 0.05) ns

0.90

0

ns

0.75

n/ans

0.02

-0.13

0.18

0.00

-0.18

ns

0

00.98

0.18

 
 

Table 5.1   Results of the comparison between the quantitative measurements of symmetry recorded in the upper dental arches of  
the male and female subjects (M = Males. F = Females. No of male cases = 115. No of Female cases = 105. ns = not significant). 

 

HR-LCI  
(M)

HR-LCI  
(F)

HR-LLI  
(M)

HR-LLI  
(F)

HR-LC  
(M)

HR-LC   
(F)

VR-LCI  
(M)

VR-LCI  
(F)

VR-LLI  
(M)

VR-LLI   
(F)

VR-LC   
(M)

VR-LC    
(F)

Lower

Upper

Quantitative Measurements of Symmetry Recorded in the Lower Dental Arches of the Male and Female Subjects

00.00

-0.05

-0.11

-0.25

-0.01

-0.20

0.02

-0.1695% Confidence 
interval for the 
difference

Statistical Analysis

Mean difference

0.04

0

Significance at (P ≤ 0.05) ns

0.13

ns

0.03 0.18 0.19

-0.25

0.16

0.87Independent-Sample T Test 0.94

ns

0.86

0

0

-0.05

n/ansns

0.65

 
 

Table 5.2   Results of the comparison between the quantitative measurements of symmetry recorded in the lower dental arches of  
the male and female subjects (M = Males. F = Females. No of male cases = 115. No of Female cases = 105. ns = not significant). 
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The results of the analysis show that the significance level (P value) in all cases is 

greater than 0.05 (P > 0.05).  This demonstrates that statistically there is no 

significant difference between compared measurements, in the upper and lower 

dental arches of the male and female subjects.  These results indicate that the same 

extent of symmetry, between the right and left anterior teeth in the upper and lower 

dental arches, is observed in the male and female subjects. Consequently, the 

quantitative measurements of symmetry, determined in the main study, were 

treated as a single group of data for further analysis.  Specifically, the homologous 

quantitative measurements recorded in the upper dental arches of the male and 

female subjects were combined in a single group of data. Similarly, the same 

consideration was conducted for the quantitative measurements recorded in the 

lower dental arches of both sexes.  Subsequently, descriptive statistics of all the 

quantitative measurements in the upper and lower dental arches were determined.  

This included determining the minimum, maximum and mean value as well as the 

standard deviation for each defined measurement.  The results are listed in tables 

5.3 and 5.4. In these tables, the minimum and maximum values of the defined 

quantitative measurements represent the general values in the studied population, 

including both the males and females.  Therefore, further analysis was required to 

assess statistically and within a specific probability (95%) the minimum and 

maximum value of each defined quantitative measurement, in the upper and lower 

dental arches, that would be expected to be found in the general population from 

whom the main study sample was selected. 

 

HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Minimum Value -0.9 -2.2 -2.6 -1.9 -2.7 0

Maximum Value 0.8 2 2.5 2.5 2.6 0

Mean Value 0.00 -0.03 -0.04 0.03 0.07 0

Standard Deviation 0.22 0.73 0.78 0.57 0.67 n/a

Descriptive Statistics
Quantitative Measurements of Symmetry Recorded from 

the Upper Dental Arches in the Main Study

 
Table 5.3   Descriptive statistics of the quantitative measurements of symmetry 
recorded in the upper dental arches of the population defined in the main study. 
(figures in mm, No of cases = 220). 
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HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC
Minimum Value -0.8 -1.8 -2.7 -2.0 -2.8 0
Maximum Value 1.0 1.7 2.8 2.2 2.9 0

Mean Value 0.01 0.05 0.06 0.04 -0.04 0
Standard Deviation 0.18 0.53 0.71 0.66 0.76 n/a

Descriptive Statistics
Quantitative Measurements of Symmetry Recorded from 

the Lower Dental Arches in the Main Study

 
Table 5.4   Descriptive statistics of the quantitative measurements of symmetry 
recorded in the lower dental arches of the population defined in the main study. 
(figures in mm, No of cases = 220). 
 

 

5.4.2 Assessment of the distribution of the data 

A distribution describes the relative frequency of obtaining different values of a 

defined variable in a proportion of the population. It is generally assumed that 

continuous medical or biological variables, as the case in this research, recorded in 

a large sample (usually 100 subjects) of the population, usually have a normal 

distribution. The size of the sample of the main study (220 subjects) was 

reasonably large. This assumes that the recorded values of each defined 

quantitative measurement of symmetry follow a normal distribution.  However, the 

normality of the data was tested by plotting the recorded values of each defined 

quantitative measurement against a probability plot (normal plot).  The statistical 

package ‘Minitab 13’ for Windows was used to undertake this particular analysis.  

The ‘Minitab 13’ performs the normality test using two criteria simultaneously to 

determine if the tested data fits the normal distribution.  Initially, if the values of 

the selected variable match the normal distribution, then the plot points cluster 

around a straight line.  Secondly, the ‘goodness-of-fit’ can be determined by 

calculating the ‘Pearson correlation coefficient’, which measures the strength of the 

linear relationship between the variable's cumulative proportions against the 

cumulative proportions of the normal distribution.  The correlation will range 

between 0 and 1, higher values indicating a good fit to the normal distribution. 

 

Figures 5.4.1, 5.4.2, 5.4.3, 5.4.4 and 5.4.5 display the normal plots and the values 

of the ‘Pearson correlation coefficient’ determined by the quantitative 

measurements of symmetry recorded in the upper dental arches.  The normal plots 
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and the ‘Pearson correlation coefficient’ obtained by the quantitative measurements 

in the lower dental arches are illustrated in figures 5.4.6, 5.4.7, 5.4.8, 5.4.9 and 

5.4.10.   

 
The normal plots determined by all the defined variables are a close match to a 

straight line. The value of the ‘Pearson correlation coefficient’ in all cases ranged 

between 0.94 and 0.99. Clearly, these values indicate a high correlation between 

the tested variable and the normal distribution.  These findings demonstrate that the 

quantitative measurements data recorded in the main study is a good fit for the 

normal distribution.   

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.1 Normal Probability Plot for HR-UCI 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.2 Normal Probability Plot for HR-ULI 
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 Figure 5.4.3 Normal Probability Plot for HR-UC 
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 Figure 5.4.4 Normal Probability Plot for VR-UCI 
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 Figure 5.4.5 Normal Probability Plot for VR-ULI 
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 Figure 5.4.6 Normal Probability Plot for HR-LCI    
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 Figure 5.4.7 Normal Probability Plot for HR-LLI 
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 Figure 5.4.8 Normal Probability Plot for HR-LC 
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 Figure 5.4.9 Normal Probability Plot for VR-LCI 
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 Figure 5.4.10   Normal Probability Plot for VR-LLI 
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5.4.3 Interpretation of the data 

The quantitative measurements of symmetry, recorded in the population defined in 

the main study, follow a normal distribution, as previously demonstrated.  The 

normal distribution describes the probability of a variable having specific values in 

a proportion of the population. Based upon the properties of the normal 

distribution, then 95% of the values of each defined quantitative measurement, in 

the upper and lower dental arches, are expected to be between ‘mean value ± 1.96 x 

standard deviation’. Thus, this application was undertaken to present the 

quantitative measurements of symmetry in a manner that describes the probability 

of each defined measurement having specific values in the population.  

Specifically, the analysis was carried out to determine, within 95% probability, a 

reference range of values (pairs of value) within which the defined quantitative 

measurement values in the population are expected to be found.  The results of the 

analysis in the upper and lower dental arches are reported in tables 5.7 and 5.8 

respectively. The minimum and maximum values of the reference range recorded 

by the analysis have a direct interpretation.  These values represent, within 95% 

probability, the estimated minimum and maximum values of the defined 

quantitative measurements that would be expected in the studied population. 

 

HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Minimum Value -0.4 -1.5 -1.6 -1.1 -1.2 0

Maximum Value 0.4 1.4 1.5 1.1 1.4 0

Reference Range 
(95% probability)

Quantitative Measurements of Symmetry Defined in the 
Upper Dental Arches 

 
Table 5.7  Reference range values estimated for the quantitative measurements of 
symmetry, in the upper dental arches of the population, within 95% probability. 
 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Minimum Value -0.3 -1.0 -1.3 -1.3 -1.5 0

Maximum Value 0.4 1.1 1.5 1.3 1.5 0

Reference Range 
(95% probability)

Quantitative Measurements of Symmetry Defined in the 
Lower Dental Arches 

 
Table 5.8  Reference range values estimated for the quantitative measurements of 
symmetry, in the lower dental arches of the population, within 95% probability. 
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5.6 DISCUSSION 
 
The method of determining the quantitative measurements of dental arch symmetry 

is discussed in detail in the preliminary study (Chapter 2).  The ‘Independent-

Samples T Test’ demonstrated that there were no significant differences between 

comparable measurements recorded in the male and female subjects.  Thus, it was 

an appropriate approach to combine the values of the comparable measurements, in 

a single group of data that represents the general population from whom the study 

sample was selected, for further analysis. 

 

The quantitative measurements of symmetry define and quantify a symmetrical 

relationship between the right and left anterior teeth. Determining the minimum 

and maximum values of these measurements, in the population, is very important 

for the development of this research. This is because such a data, if established, can 

be used as standard criteria in evaluating and minimising postural distortion in the 

photographic recording of bite marks, as described in Chapters 7 and 8. 

Consequently, an estimated reference range of values, within a 95% probability, for 

the defined quantitative measurements, in the population, was assessed.   

 

The assessment of the probability distribution of the recorded quantitative 

measurements demonstrated that this data fit a normal distribution.  Consequently, 

it was an appropriate approach to determine the reference range values based upon 

the properties of the normal distribution.  The term “reference range” represents the 

estimated minimum and maximum values of the defined quantitative measurements 

that would be expected in the general population from whom the main study 

sample was selected. This implies that the values included within the estimated 

range are considered to be normal and would be expected to be found in the 

population within 95% probability.  Contrary, the values beyond the estimated 

range are considered to be by definition abnormal.  This means that such values if 

and when found in the population, then they would not represent the general trend, 

but only occur within the limits of 5% probability. The estimated values of the 

reference range, determined in this research, provide a general reference for the 

defined quantitative measurements of symmetry, in the population, but not with 



 151

infinite certainty.  Clearly, establishing results with absolute certainty, when testing 

a natural phenomenon, is not possible. 

 

 

5.7 CONCLUSION 

 
No significant differences were found between the quantitative measurements of 

dental arch symmetry recorded in the male and female subjects. Thus it was 

concluded that both the males and females, in the defined population, show the 

same range of symmetry between the right and left anterior teeth, in both the upper 

and lower dental arches. 

 

An estimated reference range representing the minimum and maximum values of 

the defined quantitative measurements of symmetry was determined, within 95% 

probability, in the general population represented by the main study sample.  Thus, 

a standard data defining a mathematical relationship between the right and left 

anterior teeth, in both the upper and lower dental arches, is established.  This data 

needs to be evaluated in terms of its application in evaluating postural distortion of 

bite marks.  
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Chapter 6  

 
ANATOMICAL LOCATIONS OF BITE MARKS – CASE 

REVIEW 
 

 

6.1 INTRODUCTION 
 
The main study produced significant data, which defined and quantified a 

symmetrical relationship between the right and left anterior teeth of the upper and 

lower dental arches, in a defined population.  This data can be used in developing 

objective techniques for evaluating and minimising postural distortion in bite mark 

photographs.  Developing these techniques require creating test bite marks, as 

described in detail in Chapters 7 and 8. Therefore, it was necessary to select the 

anatomical sites of the human body on which the test bite marks would be created. 

It was believed that such anatomical sites should be determined on the basis that: 

(1) they represent a significant relevance to bite marks incidence in real cases; and 

(2) that they can easily and clearly produce postural distortion in a bite mark. 

 

 

6.2 AIMS 
 
The investigation, reported in this chapter, was carried out to determine the 

anatomical distribution of bite marks in real cases. Specifically, the objective was 

to determine the human anatomical sites on which bite marks are most frequently 

found. On such sites, test bite marks would be created for undertaking the 

application of dental arch symmetry in evaluating postural distortion of bite marks.  

 

 

6.3 MATERIALS AND METHODS 
 
A questionnaire was constructed and sent to forensic odontologists worldwide to 

enquire of them about the number and location of bite marks that they had 
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identified.  The questionnaire included three diagrams of the human body, as 

illustrated in figure 6.1. The diagrams, respectively, represent a lateral view of an 

adult male, adult female and a child (male/female). The age of the adult male and 

female was defined as being more than 16 years, whilst the child age was defined 

as being equal or less than16 years. 

 

It was intended that the questionnaire would be sent to as many forensic 

odontologists as possible throughout the world.  However, there were only 56 

addresses of forensic odontologists available for contact.  The majority of these 

addresses were obtained by conducting a search through the internet for listed 

forensic odontologists. Some addresses were obtained through the contact details 

included within different published articles about bite mark topics, while a few 

addresses were obtained by personal communications.  Thus, the questionnaire was 

forwarded by post to fifty-six forensic odontologists who were located in Britain, 

USA and Australia.  Each forensic odontologist was asked to complete the 

diagrams included in the questionnaire in order to indicate the number and 

locations of bite marks that he/she identified regardless of the circumstance under 

which the injury was sustained.  Forty-three forensic odontologists responded and 

returned the questionnaire to the author.  Seven of those, who responded, had not 

identified any bite mark.  

 

 

6.4 RESULTS 
 
The results of the questionnaire are summarized in table 6.1. A total of 423 cases 

was reviewed in the investigation. It was found that the highest percentage of bite 

marks incidence occurred in children (37.8%, 160 cases) followed by the adult 

females (33.6%, 142 cases) and then the adult males (28.6%, 121 cases).  If both 

the adult males and adult females are considered as a single group, namely the 

adults, then the highest percentage of cases is accounted for in this group (62.2%, 

263 cases). In children, bite marks were mainly found in the upper and lower arm 

followed by the upper leg and then the head and face.  In the adult males, bite 

marks were primarily observed in the head and face region followed by the upper 

arm, lower arm and the hand.  The most commonly bitten anatomical location in 
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the adult females was the breast. Also, a significant number of cases occurred in the 

hand, lower arm and upper arm of the adult females. 

 

 
 
 Figure 6.1 Constructed questionnaire used to collect data about 
   the anatomical distribution of bite marks.  
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Anatomical 
Location

Adult Male  
(16 y+)

Adult Female 
(16 y+)

Chiled (>16 y) 
Male+Female Total Percent (%) 

of 423 Cases

Head and Face 45 11 22 78 18.4%

Neck 4 16 2 22 5.2%

Back 9 17 18 44 10.4%

Shoulder 3 3 9 15 3.6%

Chest/Breast 8 38 5 51 12.1%

Abdomen 6 10 13 29 6.9%

Upper Arm 12 10 26 48 11.3%

Lower Arm 11 19 27 57 13.5%

Hand 9 13 3 25 5.9%

Buttock _ 2 9 11 2.6%

Thigh/Upper Leg 8 1 25 34 8.0%

Lower Leg _ 1 _ 1 0.2%

Foot 1 1 1 3 0.7%

Penis 2 _ _ 2 0.5%

Unknown Region 3 3 0.7%

Total 121 142 160 423 100%

Percent (%)       
of 423 Cases 28.6% 33.6% 37.8% 100%

 

Table 6.1   Anatomical locations of 423 bite marks in adults and children – the 
results are based upon reviewed cases obtained by the questionnaire. 
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6.5 DISCUSSION 
 
In this investigation, no details were available regarding the ethnicity of the victims 

or the type of the crime involved in each case.  Also, there was no information 

provided to identify whether the reviewed cases included self-inflicted bite marks 

or multiple bite marks occurring in the same case.  Therefore, there was no control 

for these elements in the final results reported by the investigation.   

 

The results of this investigation indicate that human bite marks can be found 

virtually at almost every anatomical location of the victims.  Therefore, a search for 

bite marks in criminal cases must include the entire body.  If the hand, lower arm 

and upper arm were considered as a single anatomical location, namely the upper 

limb, then the highest percentage of bite marks incidence was accounted for in that 

location in both the adult females (29.6%, 42 cases of 142 bite marks) and children 

(35%, 56 cases of 160 bite marks), and the second highest percentage in the adult 

males (26.4%, 32 cases of 121 bite marks). Thus, within the 423 cases reviewed, a 

total of 130 (30.7%) bite marks was observed in the upper limb in all age groups. 

This is the highest percentage of cases accounted for in a single anatomical 

location. 

 

Some studies, reported in the literature, indicate that in adult females, the breast is 

the anatomical location where bite marks are most frequently found (Harvey, 1976; 

Vale and Noguchi, 1983; Sheasby, 1998; Pretty and Sweet, 2000). This is 

consistent with the finding of this investigation, as 38 (26.7%) cases of 142 bite 

marks in the adult females were accounted for in the female breast. Several studies 

reported that the upper extremities (different locations) are the major anatomical 

site where the highest percentage of bite marks incidence occurs (Speirs, 1941; 

Marr et al, 1979; Vale and Noguchi, 1983; Ligthelm and Van Niekerk, 1994).  This 

finding is comparable to the results of this investigation, as the highest percentage 

of cases was accounted for in the upper limb (30.7%, 130 cases of 423 bite marks). 
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6.6 CONCLUSION 
 
By classifying the incidence of bite marks, in relation to individual anatomical 

locations and the defined groups, it was found that bite marks were mostly found in 

the head and face region of the adult males (45 cases) followed by the breast of the 

adult females (38 cases) and then in the lower arm of children (27 cases). 

For ethical reasons, children are excluded from being subjects for creating test bite 

marks for undertaking the application of dental arch symmetry in evaluating 

postural distortion of bite marks.  Similarly, it is not appropriate to consider the 

head and face region in males nor the female breast as the primary anatomical 

location for undertaking the experiment.  The upper limb including the hand, lower 

and upper arm was found to be the most common anatomical location where bite 

marks occur in adult females and the second most commonly bitten area in adult 

males.  It is conceivable that bite marks in this location can be easily distorted, due 

to wide range of movements that can be undertaken by the upper limb. Thus, the 

upper limb (different locations) was determined to be the main anatomical location 

for creating test bite marks, as reported in Chapters 7 and 8. 
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Chapter 7  

 
THE APPLICATION OF DENTAL ARCH SYMMETRY IN 

EVALUATING POSTURAL DISTORTION IN BITE MARKS 
 

 

7.1 INTRODUCTION 
 
The main study quantified the symmetry of the anterior dentition, in relation to 

specified reference lines, in a defined population. Consequently, a reference range 

of quantitative measurements of dental arch symmetry, in the population, was 

established, as described in Chapter 5. These measurements define a symmetrical 

relationship, in both vertical and horizontal plane, between the right and left 

anterior teeth of the upper and lower dental arches, in the defined population. The 

upper limb is the anatomical site where bite marks are most frequently found on the 

victims exhibiting such injuries, in real cases, as described in Chapter 6.   

 

These conclusions provided the basis for developing the application reported in this 

chapter. 

 

 

7.2 AIMS 
 
The application reported in this chapter was undertaken to determine the relevance 

of the symmetry of dental arches to evaluating postural distortion in bite marks. 

Specifically, the aim was to assess the validity of the reference range of the 

quantitative measurements of symmetry, established in the population, in 

determining postural distortion in a bite mark. The intention was to develop an 

objective technique for evaluating postural distortion in bite mark photographs. 

Such a technique would be of significance in determining the accuracy of the 

comparison procedure between a bite mark and the alleged causal dentition.  
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7.3 MATERIALS AND METHODS 
 
The application of dental arch symmetry in evaluating postural distortion of bite 

marks included the creation of study bite marks, the production of scaled digital 

images and subsequently an analysis of the bite marks. 

 

 

7.3.1 Subjects 

The upper limb, in adult persons, was determined as the main anatomical site 

where the study bite marks would be created.  Thus, three adult males were 

selected for the experiment. These were postgraduate dental students at the Dental 

Institute in Edinburgh and were identified as subject No.1, No.2 and No.3.  The 

ages of these subjects were 29, 33 and 37 years respectively.  The study bite marks 

were created using dental models and a black ink pad.  The dental models included 

seven sets, which were randomly obtained from the Dental Institute in Edinburgh. 

None of these sets was included in the preliminary or the main study. The same 

criteria, described in the preliminary/main study for selecting dental models, were 

considered in selecting the dental models for creating the study bite marks. Each set 

of the selected dental models included the upper and lower dental model of an adult 

person.  Thus, the whole collection included seven upper and seven lower dental 

models.  From this collection, only five sets were used for creating five study bite 

marks on the subject No.1, No.2 and No.3, but two sets were included to increase 

the neutral component when the comparison between the study bite marks and the 

dentition was be undertaken. The dental models, used for creating the study bite 

marks, represented the dental arches of three adult males and two adult females 

whose ages ranged between 21 and 28 years.  Table 7.3.1 displays the codes used 

to identify the dental model sets, used to create the study bite marks, and the sex 

and age of the persons from whom these dental models were obtained.  
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Sex Age (in years)

Upr + Lwr (1) M 21

Upr + Lwr (2) M 24

Upr + Lwr (3) M 28

Upr + Lwr (4) F 23

Upr + Lwr (5) F 25

SubjectsCodes of              
Dental Models

 
Table 7.3.1   Description of the codes of the dental model sets which were used in 
creating the study bite marks. The table also shows details of the sex and age of the 
subjects from whom these dental models were obtained. (M = Male, F = Female) 
 

 

7.3.2 Technique and locations of creating the study bite marks 

The application reported in this chapter was undertaken on the assumption that the 

examiner was presented with recorded scaled images of bite marks. The images 

represented bite marks demonstrating both postural distortion and no postural 

distortion. The task of the examiner was to determine the distorted and undistorted 

cases. Thus, for this particular application, the examiner had to have no 

involvement during the process of creating the study bite marks and recording the 

images. Consequently, all study bite marks were created by subject No.1, No.2 and 

No.3 on specific anatomical locations in one another. For example, subject No.2 

created a single study bite mark on the pectoral region of subject No.1. 

Comprehensive instructions were given, by the author, to the subjects about the 

method and the locations of creating the study bite marks. Five study bite marks 

were created using the dental models illustrated in table 7.3.1 and a black ink pad. 

Each set of these dental models was used to create one study bite mark. One dental 

model (upper or lower) at a time was pressed against the black ink pad so that the 

biting edges of the central incisors, lateral incisors and canines were properly 

inked. Subsequently, the inked biting edges were applied to the specified 

anatomical location with a moderate pressure required to ensure complete and 

accurate reproduction of the biting edges of the anterior teeth.   

 

Three study bite marks were created on three different sites of the upper limb of 

subjects No. 2 and No.3, using three different sets of the collected dental models. 
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Two study bite marks were created on the pectoral region and the back of subject 

No.1, using the remaining two sets of the dental models.  The exact anatomical 

locations where the study bite marks were created are: (1) the inner/medial surface 

of the left elbow joint (the medial epicondyle region) of subject No.2; (2) the 

outer/lateral surface of the left elbow joint (the lateral epicondyle region) of subject 

No.2; (3) the dorsal surface of the right hand of subject No.3; (4) the back in a 

position slightly below the right shoulder of subject No.1; (5) the pectoral region 

(left side) of subject No.1.  

 

 

7.3.3 Photographic equipment 

An advanced memory stick digital still camera, namely, ‘Sony Cyber-Shot DSC-S 

85’ was used to record digital images of the study bite marks (Figure 7.1). This 

camera has an auto or manual exposure bracketing adjustment and is featured with 

4.1 mega-pixel resolution. This allows the capture of ultra high quality images up 

to 2272 x 1704 pixels in size. The camera is also fitted with a zoom lens with focal 

length of 34 – 102 mm with a minimum focus range of 4 cm.  The zoom function 

of the lens includes 3x optical zoom and 6x precision digital zoom. Both the optical 

and digital zoom feature of the camera can be used for focusing on desired details 

when recording an image. A powerful built-in flash unit with an effective range 

between 0.3 - 3 m is fitted to the camera. The flash unit can be manually or 

automatically operated to adjust the balance and sharpness of the luminance level. 

Adjustable levels of the flash unit include low, normal, high or auto level. 

 

The camera can simultaneously undertake two automatic functions which include 

auto flash and auto focus illuminator function.  Both functions were used when 

recording the images of the study bite marks. The auto flash function can 

accurately detect the main flash level required for capturing an image with clarity 

and without changing the aperture value or the shutter speed.  The auto focus 

illuminator function can automatically adjust the exposure and the focus of the 

captured image so that the sensitivity of the image is automatically adjusted. 

Consequently, an ultra high quality image with accurate details is recorded.  The 

memory stick included with the camera was 128 MB in size which can store up to 
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10 captured images, at a time, in a ‘TIFF’ format (uncompressed format) and at a 

size of 2272 x 1704 pixels for each image.  All the images of the study bite marks 

were captured as 2272 x 1704 pixels in size and saved in ‘TIFF’ format. The 

camera can be connected to a computer so that all captured images stored in the 

memory stick of the camera can be transferred to the computer hard drive and 

subsequently viewed on the computer screen. 

 

 
 
Figure 7.1 The camera used to record images of the study bite marks 
 

 

7.3.4 Method of recording images of the study bite marks 

The production of the study bite marks and recording their images was undertaken 

by the subject No.1, No.2 and No.3, according to predetermined procedures. As 

previously described, five study bite marks were created. For each study bite mark, 

three scaled digital images were recorded. A forensic scale (ABFO No.2) was 

included in each image, in the conventional way. Each bite mark was first recorded 

in exactly the body position in which it was created. This particular image was 

regarded as the original case which represented the bite mark, without postural 

distortion. Thus, five digital images, representing the accurate reproduction of five 

study bite marks, were produced. Each study bite mark was also recorded at two 

different positions from the original position at which it was created.  Thus, 
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postural distortion was artificially and deliberately made and recorded in two 

images for each study bite mark, by moving the body/upper limb into two different 

positions from the position at the time of creating the bite. In this manner, ten 

images (two for each study bite mark) representing the study bite marks possessing 

postural distortion were produced. The net result of the described method was the 

production of fifteen digital images of five study bite marks. Specifically, three 

images were recorded, for each study bite mark - one image represented the bite 

mark without postural distortion, and two images showing the bite mark with 

postural distortion. 

 

The position of the body and the upper limb, at the time of recording each image of 

the study bite marks, was documented by the subjects, as instructed by the author. 

The subjects were also instructed to label each image, for identification purposes, 

and to keep this documentation in their own records.  Thus, each image was given a 

specific code so that the images representing the original cases (undistorted study 

bite marks) could be distinguished from those which represented the distorted 

cases. The identification codes of the study bite marks were kept with the subjects 

and not disclosed to the author at the time of undertaking the application.  These 

codes also remained concealed until the analysis of the images was undertaken, by 

the author, and the final results were concluded.  Table 7.3.2 shows full details of 

the study bite marks, including the body positions of subjects at the time of creating 

and recording the bite marks. The table also displays the codes used to identify the 

distorted and undistorted cases.  The recorded images of the study bite marks, 

including the original and distorted cases, are illustrated in figures 7.2 (A-1; A-2; 

A-3);  7.3 (B-1, B-2, B-3);  7.4 (C-1, C-2, C-3);  7.5 (D-1, D-2, D-3) and 7.6 (E-1, 

E-2, E-3). The details included, in table 7.3.2, and the codes defining the images of 

the distorted and undistorted cases were not available to the author at the time of 

undertaking the application. 
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Dental Models Codes of the Study 
Bite Mark Images Description Subjects Anatomical Locations Subject(s) Body Positions                      

Standing (↨↨) / Sitting (≡)

Upr + Lwr (1) A-1 Original Case No 2 Lateral surface of the          
left elbow joint 

The lower arm is resting on the left thigh - slight 
flexion was observed (≡)

-- A-2 Distorted Case -- -- The lower arm is fully extended (≡)
-- A-3 Distorted Case -- -- The lower arm is in full flexion positon (≡)

Upr + Lwr (2) B-1 Original Case No 2 Medial surface of the          
left elbow joint 

The lower arm is resting on the left thigh - slight 
flexion was observed (≡)

-- B-2 Distorted Case -- -- The lower arm is fully extended (≡)
-- B-3 Distorted Case -- -- The lower arm is at flexion positon of 45 degrees (≡)

Upr + Lwr (3) C-1 Original Case No 3 Dorsal surface of the           
right hand 

The hand is in resting position on the right thigh 
with all fingers adducted (≡)

-- C-2 Distorted Case -- -- The hand is resting on the right thigh with all fingers 
adducted but the thumb is fully abducted (≡)

-- C-3 Distorted Case -- -- The hand is resting on the right thigh with all fingers 
clinching the thumb (≡)

Upr + Lwr (4) D-1 Original Case No 1 The back - slightly below 
the right shoulder The upper limb is in medial rotation position (≡)

-- D-2 Distorted Case -- -- The upper limb is horizontal (≡)

-- D-3 Distorted Case -- -- The upper limb is vertically Up (≡)

Upr + Lwr (5) E-1 Original Case No 1 Pectoral Regoin (Left) The upper limb is vertically down (↨↨)

-- E-2 Distorted Case -- -- The upper limb is horizontal (↨↨)

-- E-3 Distorted Case -- -- The upper limb is fully hyperextended (↨↨)  
 
   Table 7.3.2 Full details of the study bite marks including the codes assigned to define each   
     case and the sequence of body position at which each case was recorded. 
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Figure 7.2  
The sequence of the  
recorded images of the first  
study bite mark, which was 
created on the subject No.2.  
This bite mark was created  
on the lateral surface of the  
elbow joint, in the left  
upper limb.  
 

 
(A-1) The bite mark is  
recorded, with the upper  
limb, at the same position  
when it was created – a  
slight flexion in the lower  
arm is observed. 
 

 
(A-2) The same bite mark  
is recorded with the lower  
arm being fully extended. 
 

 
(A-3) The same study bite  
mark is recorded with the  
lower arm in full flexion. 
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Figure.7.3  
The sequence of the 
recorded images of the  
second study bite mark,  
which was created on the  
subject No.2.  This bite  
mark was created on the  
medial surface of the elbow 
joint, in the left upper limb.  
 

 
(B-1) The bite mark is 
recorded, with the upper  
limb, at the same position  
when it was created – a  
slight flexion in the lower  
arm is observed. 
 

 
(B-2) The same bite mark is 
recorded with the lower arm  
is fully extended. 
 

 
(B-3) The same bite mark is  
recorded with the lower arm  
at a flexion position of 45º. 
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Figure 7.4  
The sequence of the  
recorded images of the  
third study bite mark,  
which created on the  
subject No.3. This bite  
mark was created on the  
dorsal surface of the right  
hand.  
 
 

 
(C-1) The bite mark is  
recorded, with the hand, at 
the same position when it  
was created – all fingers  
are adducted. 
 

 
(C-2) The same bite mark 
is recorded with all fingers  
being adducted, but the  
thumb is fully abducted. 
 

 
(C-3) The same bite mark 
is recorded with all fingers 
clinching the thumb. 
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Figure 7.5 
The sequence of the  
recorded images of the  
forth study bite mark,  
which was created on the  
subject No.1. The bite  
mark was created on the  
back on a location slightly  
below the right shoulder.  
 

 
(D-1) The bite mark is  
recorded, with the upper  
limb, at the same position  
when it was created – the  
upper limb is in a medial  
rotation position. 
 

 
(D-2) The same bite mark 
is recorded with the upper 
limb being horizontal. 
 

 
(D-3) The same bite mark  
is recorded with the upper  
limb being vertically up. 
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Figure 7.6 
The sequence of the  
recorded images of the  
fifth study bite mark,  
which was created on the  
pectoral region(left side)  
of the subject No.1. 
 

 
(E-1) The bite mark is  
recorded, with the upper 
limb, at the same position  
when it was created – the  
upper limb was vertically  
down in this image. 
 

 
(E-2) The same bite mark  
is recorded with the upper  
limb being horizontal. 
 

 
(E-3) The same bite mark  
is recorded with the upper  
limb being hyperextended. 
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7.3.5 Analysis of the images of the study bite marks 

This analysis was undertaken to identify the original cases, which included 

undistorted study bite marks, from those which demonstrated postural distortion.  

Specifically, the aim was to evaluate each image individually and consequently 

determine the distorted and undistorted cases.  

 

All the recorded images of the study bite marks, with their identification codes, 

were downloaded from the camera memory stick and saved in the hard drive of a 

neutral computer (not the author’s computer). This procedure was carried out by 

the subjects who created the study bite marks and recorded the images. The 

subjects were previously instructed to produce a copy of all the recorded images on 

a CD disc. The images were arranged in a random order with no identification 

codes included. The disc was then given to the author to undertake the analysis.  

This included digitising the images of the study bite marks and recording defined 

measurements, using the same equipment (PC and Adobe® Photoshop® 6.0) 

described in the preliminary study (see figure 2.2 p 72).  

 

Before undertaking the analysis, a life size production of each image was created 

digitally, to insure that correct measurements would be taken.  This was carried out 

by enlarging or reducing the size of each image, as required, by increasing/reducing 

the pixels value which defines the original size of the image.  Such a procedure can 

be undertaken, within Adobe® Photoshop® 6.0, through the ‘Image Size’ submenu 

of the ‘Image’ menu, which can be selected from the main screen of the program.  

Subsequently, the measurement units (in mm) of the ‘Ruler’, included within 

Adobe® Photoshop® 6.0, were compared with the measurement units of the ABFO 

No.2 scale, which was included in each image. When the measurement units in 

both devices were equal, then the life size production of the image was established. 

 

 

7.3.5 (a)  Digitising the images 

This, specifically, included digitising the upper and lower dental arches recorded in 

the images of the study bite marks. Digitising the upper and lower dental arch in 

each image was carried out separately. The digitising of each dental arch included 



 171

the creation of reference points and reference lines. These were defined and created 

in exactly the same manner described in the preliminary/main study, which was 

used to digitise the images of the scanned dental models.  A detailed description of 

the procedures of the digitising technique is reported in the preliminary study, in 

section 2.3.5 (pp 78-86).  Reference points included the midpoints of the biting 

marks of the central incisors, lateral incisors and canines. These are the primary 

reference points which were identified and marked on the image, by creating 

vertical and horizontal guides and secondary reference points which define the 

boundaries (mesial and distal) of the tooth biting edges, as per the explanation in 

the preliminary/main study. Reference lines included: (i) a horizontal line which 

crosses through the midpoints of the biting edges of the right and left canines; and 

(ii) a vertical line representing the midline which was constructed to be 

perpendicular on the horizontal reference line and crosses through the contact point 

or the midpoint between the central incisors. Figure 7.7 illustrates the final product 

of digitising the upper dental arch, which was recorded in the image of the study 

bite mark number (A-1).  The image illustrates the creation of the reference lines 

and the midpoints of the biting marks of the central incisors, lateral incisors and 

canines. 

             
 Figure7.7   A digitised image of the upper dental arch recorded in the study  
 bite mark (A-1).  The image illustrates creating the reference lines and the 

midpoints of tooth biting marks. 
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7.3.5 (b)  Definition and recording of measurements 

All measurements were recorded in millimetres, by using the ‘Measure Tool’ 

within Adobe® Photoshop® 6.0. The recorded measurements included primary and 

quantitative measurements of symmetry, in both the upper and lower dental arches. 

The primary measurements recorded from each dental arch included 10 variables 

composed of 5 pairs of homologous measurements, while the quantitative 

measurements included 5 variables in each dental arch. Both the primary and 

quantitative measurements of symmetry are defined and determined in exactly the 

same manner as described in the preliminary study, which was equally conducted 

in the main study. The definition of the primary measurements of symmetry is 

reported, in Chapter 2, in tables 2.2 and 2.3 (pp 89-90). The definition of the 

quantitative measurements of symmetry is reported, in Chapter 2, in tables 2.4.3 

and 2.4.4 (pp 95-96).  

 

 

7.3.6 Method of evaluating postural distortion in the  
images of the study bite marks 

 
Postural distortion, in bite marks, changes the shape and size of the recorded dental 

arches (DeVore 1971; Harvey 1976; Sheasby 1998). This may result in varying 

degrees of asymmetry in the recorded dental arches. Consequently, the degree of 

postural distortion can be assessed, by comparing the extent of asymmetry of the 

dental arches recorded in the distorted bite mark, with the average degree of dental 

arch symmetry, established in the population.  Thus, the principle of the practical 

application of dental arch symmetry in determining if a bite mark possesses 

postural distortion includes three analytical stages. These are: 

 
(1) Quantifying the extent of symmetry of the upper and lower dental arch recorded 

in the bite mark. This is carried out by determining the quantitative measurements 

of symmetry, in each dental arch recorded in the bite mark, in the same manner 

conducted in the preliminary and main study for calculating such measurements.

 
(2) The values of the quantitative measurements of symmetry, obtained from the 

bite mark, may then be compared with their counterparts determined in the 

reference range values, which were established in the population. The estimated 
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reference range values of the quantitative measurements of symmetry, in the 

population, are previously determined and reported, in Chapter 5, in tables 5.7 and 

5.8 (p149). 

 
(3) Postural distortion can then be determined. If the quantitative measurements of 

symmetry obtained from the dental arches, recorded in the bite mark, are beyond 

the values of the reference range determined in the population, then this would 

indicate that the bite mark was distorted. Conversely, if the values of the 

quantitative measurements of symmetry, determined in the recorded dental arches, 

are within the limits of the reference range values established in the population, 

then this would indicate that the bite mark was undistorted.  

 

By conducting the procedures (1), (2) and (3), postural distortion was assessed in 

all the recorded images of the study bite marks. Consequently, the distorted and 

undistorted cases were identified.  

 

 

7.4 RESULTS 
 

 
7.4.1 Primary and quantitative measurements of symmetry  

The values of the primary measurements of symmetry determined of both the upper 

and lower dental arches, recorded in the study bite marks, are reported in tables 

7.4.1 and 7.4.2.  The quantitative measurements of symmetry were determined by 

subtraction of the homologous primary measurements of symmetry, as per the 

explanation in the preliminary and main study. Thus, the recorded values of these 

measurements included negative, positive and zero values. These are displayed in 

tables 7.4.3 and 7.4.4. 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC* UH-LC*

Upr 1 A-1 Original Case 4.8 4.6 13.3 12.1 19 17.7 8.2 7.3 6.2 4.9 0 0
Upr 1 A-2 Distorted Case 5 5.4 13.7 13.5 18.3 20.4 9.6 8.6 7 5.3 0 0
Upr 1 A-3 Distorted Case 4 3.6 12.7 9.4 21.6 12.5 5.3 5.6 4.2 4.2 0 0

Upr 2 B-1 Original Case 4.2 4.1 10.6 11.1 15.5 16.9 9.1 9.9 5.6 6.6 0 0
Upr 2 B-2 Distorted Case 4.5 4.5 11.4 12.1 16.9 19.1 7.2 8.3 4.1 5.9 0 0
Upr 2 B-3 Distorted Case 4.3 3.6 10.9 7.6 17.2 8.3 10.7 10.9 6.6 6.8 0 0

Upr 3 C-1 Original Case 4 3.9 10.7 10.4 14.8 16.2 7.5 7.5 4.6 5.1 0 0
Upr 3 C-2 Distorted Case 4.2 4.1 10.9 10.9 16.1 17.3 6.2 6.5 3.2 4.8 0 0
Upr 3 C-3 Distorted Case 4 3.7 11.2 10.1 15.8 14.8 7.5 7.8 4.1 5.7 0 0

Upr 4 D-1 Original Case 5.5 5.4 14 14.4 19.9 20.4 11.9 11.9 7.2 7.4 0 0
Upr 4 D-2 Distorted Case 5.5 6.4 12.9 19 14.5 30 13.6 13.1 8.8 8.5 0 0
Upr 4 D-3 Distorted Case 5.5 6 13.6 17.5 17.9 26.7 15.2 14.9 9.6 9.3 0 0

Upr 5 E-1 Original Case 4.6 5 12.1 13.5 17 18.2 9.4 9.1 6.7 6.7 0 0
Upr 5 E-2 Distorted Case 4.9 5.5 13.1 15.1 18.6 21.1 6.2 6.6 5.4 4.3 0 0
Upr 5 E-3 Distorted Case 4.9 5.2 12.6 14.6 17.8 21.8 9.4 9 6.8 6.5 0 0

Dental 
Models 

Primary Measurements of Symmetry Obtained from the Upper Dental Arches                 
Recorded in the Study Bite Marks

Study 
Bite 

Marks
Description

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC* LH-LC*

Lwr 1 A-1 Original Case 3.4 3.1 10.2 10 15.8 17 6 6 4.8 4.8 0 0
Lwr 1 A-2 Distorted Case 3.6 2.8 10.4 10.3 16.1 17.8 4.2 4.5 3.4 3.9 0 0
Lwr 1 A-3 Distorted Case 3.4 2.5 10 10 14.2 16.4 5.5 5.5 4.6 4.1 0 0

Lwr 2 B-1 Original Case 3 3 9 8.4 14.3 12.9 4.1 4.1 3.1 2.7 0 0
Lwr 2 B-2 Distorted Case 3.3 3.5 10.7 9.9 17.7 15.2 5.9 5.6 4.1 3.6 0 0
Lwr 2 B-3 Distorted Case 1.4 2.2 5.3 4.3 7.4 11.5 2.8 2.5 2.8 1.6 0 0

Lwr 3 C-1 Original Case 2.3 2 6.7 6.6 10.5 11.3 5.7 5.2 3.6 3.6 0 0
Lwr 3 C-2 Distorted Case 3.7 2.8 8.1 8.5 12.8 14 6.7 5.3 4 3.2 0 0
Lwr 3 C-3 Distorted Case 1.5 2 4.4 6.7 6.5 12.7 5.5 4.5 3.7 2.7 0 0

Lwr 4 D-1 Original Case 2.8 3 9.1 8.4 14.7 13.7 7.2 7.5 4.9 4.9 0 0
Lwr 4 D-2 Distorted Case 3.1 3 10.5 7.9 17.9 12.1 7.6 7.6 5.4 5.1 0 0
Lwr 4 D-3 Distorted Case 3.1 3.1 10.4 8.2 17.1 12.8 8.3 8.4 5.7 5.5 0 0

Lwr 5 E-1 Original Case 3.2 2.9 9.4 8.4 14.8 13.8 6 6.6 4.3 4.3 0 0
Lwr 5 E-2 Distorted Case 4.3 3.5 11.5 11.4 17.3 19.1 5.8 6.4 4.1 4.1 0 0
Lwr 5 E-3 Distorted Case 3.9 3.1 10.8 9.9 17.5 15.6 6.2 6.6 4.7 4.3 0 0

Dental 
Models 

Primary Measurements of Symmetry Obtained from the Lower Dental Arches                 
Recorded in the Study Bite Marks

Study 
Bite 

Marks
Description

 
Table 7.4.1 Values of the  
primary measurements of 
symmetry, determined for 
the upper dental arches 
recorded in the study bite 
marks. 
(Measurements in mm.  
No of cases = 15) 
 
 
 
 
 
 
 
 
 
Table 7.4.2 Values of the   
primary measurements of 
symmetry, determined for 
the lower dental arches 
recorded in the study bite 
marks. 
(Measurements in mm.  
No of cases = 15) 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC
Upr 1 A-1 Original Case 0.2 1.2 1.3 0.9 1.3 0

Upr 1 A-2 Distorted Case -0.4 0.2 -2.1 1 1.7 0

Upr 1 A-3 Distorted Case 0.4 3.3 9.1 -0.3 0 0

Upr 2 B-1 Original Case 0.1 -0.5 -1.4 -0.8 -1 0
Upr 2 B-2 Distorted Case 0 -0.7 -2.2 -1.1 -1.8 0

Upr 2 B-3 Distorted Case 0.7 3.3 8.9 -0.2 -0.2 0

Upr 3 C-1 Original Case 0.1 0.3 -1.4 0 -0.5 0

Upr 3 C-2 Distorted Case 0.1 0 -1.2 -0.3 -1.6 0

Upr 3 C-3 Distorted Case 0.3 1.1 1 -0.3 -1.6 0

Upr 4 D-1 Original Case 0.1 -0.4 -0.5 0 -0.2 0

Upr 4 D-2 Distorted Case -0.9 -6.1 -15.5 0.5 0.3 0

Upr 4 D-3 Distorted Case -0.5 -3.9 -8.8 0.3 0.3 0

Upr 5 E-1 Original Case -0.4 -1.4 -1.2 0.3 0 0

Upr 5 E-2 Distorted Case -0.6 -2 -2.5 -0.4 1.1 0

Upr 5 E-3 Distorted Case -0.3 -2 -4 0.4 0.3 0

Dental 
Models 

Quantitative Measurements of Symmetry Obtained from the 
Upper  Dental Arches Recorded in the Study Bite Marks

Study 
Bite 

Marks
Description

 
Table 7.4.3 Values of the quantitative measurements of symmetry determined for the 
upper dental arches recorded in the study bite marks. (Figures in mm. No of cases = 15) 
 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC
Lwr 1 A-1 Original Case 0.3 0.2 -1.2 0 0 0

Lwr 1 A-2 Distorted Case 0.8 0.1 -1.7 -0.3 -0.5 0

Lwr 1 A-3 Distorted Case 0.9 0 -2.2 0 0.5 0

Lwr 2 B-1 Original Case 0 0.6 1.4 0 0.4 0
Lwr 2 B-2 Distorted Case -0.2 0.8 2.5 0.3 0.5 0

Lwr 2 B-3 Distorted Case -0.8 1 -4.1 0.3 1.2 0

Lwr 3 C-1 Original Case 0.3 0.1 -0.8 0.5 0 0

Lwr 3 C-2 Distorted Case 0.9 -0.4 -1.2 1.6 0.8 0

Lwr 3 C-3 Distorted Case -0.5 -2.3 -6.2 1 1 0

Lwr 4 D-1 Original Case -0.2 0.7 1 -0.3 0 0

Lwr 4 D-2 Distorted Case 0.1 2.6 5.8 0 0.3 0

Lwr 4 D-3 Distorted Case 0 2.2 4.3 -0.1 0.2 0

Lwr 5 E-1 Original Case 0.3 1 1 -0.6 0 0

Lwr 5 E-2 Distorted Case 0.8 0.1 -1.8 -0.6 0 0

Lwr 5 E-3 Distorted Case 0.8 0.9 1.9 -0.4 0.4 0

Dental 
Models 

Quantitative Measurements of Symmetry Obtained from the Lower 
Dental Arches Recorded in the Study Bite Marks

Study 
Bite 

Marks
Description

 
Table 7.4.4   Values of the quantitative measurements of symmetry determined for the 
lower dental arches recorded in the study bite marks. (Figures in mm. No of cases = 15) 
 
** The underlined measurements, in both table 7.4.3 and 7.4.4, indicate asymmetry  
      between the teeth defined by these measurements (see section 7.4.2 p 176). 
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7.4.2 Assessment of postural distortion in the study bite marks  

As previously described, in section 7.3.6 (pp 172-173), identifying the distorted 

cases from the undistorted ones, was achieved by comparing the values of the 

quantitative measurements of symmetry, obtained from the study bite marks, with 

their counterparts determined in the reference range values, which were established 

in the population.  The values of all the quantitative measurements determined in 

the undistorted cases were within the limits of the established reference range 

values. This indicates that the homologous teeth, in the dental arches recorded in 

the undistorted study bite marks, are symmetrical. Conversely, the distorted cases 

demonstrated, with different teeth, a significant difference from the reference range 

values. Specifically, in most dental arches recorded in the distorted study bite 

marks, there were at least two quantitative measurements which were significantly 

beyond their counterparts determined in the reference range values.  This indicates 

that the teeth defined by such measurements are asymmetrical. The values of the 

quantitative measurements of symmetry, determined for the study bite marks, 

which were beyond the reference range values, were underlined in tables 7.4.3 and 

7.4.4.   

Having determined the distorted and undistorted cases, each image of the study bite 

marks was compared digitally with the dentition which was used to create the bite 

marks. This was undertaken to further verify the conclusions determined by the 

method of comparing the quantitative measurements of symmetry. The comparison 

between the study bite mark images and the dentition was undertaken, before the 

identification codes of the study bite mark images were revealed to the author.   

 

All the dental models obtained for this application, which included seven sets, were 

scanned to produce life size digital images of these dental models.  This exercise 

was undertaken, using the same technique and equipment (figure 2.2 p 76) 

described in the preliminary study, to produce digital images of dental models.  

Thus, seven life size images were produced of seven sets of dental models.  Figure 

7.8 illustrates an example of one image produced by scanning one set of dental 

models.  Subsequently, by using Adobe® Photoshop® 6.0, an overlay transparency 

was generated digitally of each image of the dental model sets.  Thus, seven digital 

overlay transparencies were produced of the images of seven sets of dental models. 
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Each overlay transparency represented the outline of the biting edges of the central 

incisors, lateral incisors and canines, in the upper and lower dental arch in one set 

of dental models (figure 7.9).  Each overlay transparency was then digitally scaled 

as a life size reproduction of the tooth biting edges.  This technique in producing a 

transparent overlay representing the biting edges of the dentition, was described by 

Sweet et al (1998a), and found to be the most accurate and reproducible method of 

the common methods usually used to create a transparent overlay of the dentition 

(Sweet and Bowers, 1998b).  

 

The overlay transparencies (one at a time) were then superimposed onto the images 

of the study bite marks, to determine the extent of correspondence between the 

dentition and each study bite mark.  This procedure was undertaken digitally using 

Adobe® Photoshop® 6.0. The elements which were considered in determining the 

goodness of match between the dentition and the bite mark, in each case, included 

assessment of the extent of similarity in the size and shape of both the recorded 

dental arches and tooth marks.  As a result, it was possible to only and accurately 

match five cases, which included the undistorted cases [(A-1), (B-1), (C-1), (D-1), 

(E-1)], with the dentition in five sets of dental models.  Figure 7.10 (A-1), (B-1), 

(C-1), (D-1) and (E-1) illustrates a high consistency and correspondence between 

the causal dentition and the study bite marks, in each undistorted case. By contrast, 

none of the distorted cases corresponded accurately with the dentition of any dental 

model. Figure 7.11 is as an example to demonstrate the contrast, between the 

undistorted case (B-1) and the distorted cases (B-2, B-3) of the same study bite 

mark, in terms of consistency and correspondence between the dentition and the 

mark.  
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   Figure 7.8 An image produced by scanning one   Figure 7.9 An overlay transparency created digitally  
     set of dental models       of one set of dental models 
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Figure 7.10 
The images of the original 
study bite marks, which  
include five undistorted  
cases, are compared with  
five transparent overlays  
representing the biting  
edges of the causal  
dentitions, which included  
five sets of dental models.  
 

 
The comparison was  
undertaken, in each case, 
to identify the causal  
dentition and to  
demonstrate the  
goodness of match  
between the dentition and  
the bite mark.  
The illustrated cases  
include the undistorted  
study bite marks (A-1),  
(B-1), (C-1), (D-1) and  
(E-1).  
 

 
In each image, a  
transparent overlay,  
representing the biting  
edges of the causal  
dentition, is created  
digitally and placed onto  
the bite mark image. Each  
overlay was created, using  
Adobe® Photoshop®,  
to represent the outline  
of the biting edges of the  
central incisors, lateral  
incisors and canines, in  
one set of dental models. 
 

 
The consistency and  
correspondence between  
the bite mark and the  
dentition, in all cases,  
is extremely high. 
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    Continued Figure 7.10 
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Figure 7.11 
The goodness of match  
between the causal  
dentition and the same  
study bite mark, which  
is recorded at different  
positions.  
 

 
Image (B-1), illustrates  
the original bite mark  
(undistorted case), while  
the images (B-2) and  
(B-3) represent the same 
bite mark possessing  
postural distortion. Each  
image includes a compound  
transparent overlay, representing  
the biting edges of the causal   
dentition. 
 

 
The correspondence between  
the dentition and the original  
case (B-1), is extremely high.  
Conversely, a significant  
Inconsistency, between the  
compound overlay of the actual  
dentition and the same bite mark,  
can be observed in case (B-2) and  
(B-3), due to postural distortion. 
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7.5 DISCUSSION 
 
The study bite marks were created, as previously described, by using dental models 

and black ink pad. This was an appropriate approach, since it was clearly 

inapplicable to attempt to inflict bite marks on the specified anatomical locations of 

the selected subjects.  The method is reproducible and can be controlled accurately, 

so that an accurate production of artificial bite marks can be achieved.  

 

The study bite marks were created on five different anatomical locations of three 

adult male subjects. These locations included the medial and lateral surface of the 

elbow joint, the dorsal surface of the hand, the pectoral region and the back. These 

locations were deliberately selected for creating the study bite marks and 

subsequently induce artificial postural distortion. This is because all these 

anatomical sites are located at or near the joints of the upper limb, which can 

perform a wide range of movements (see section 1.10 pp 38-42). Consequently, a 

significant degree of postural distortion, in bite marks, can be induced at the 

specified locations, by recording the bite mark at different positions from the 

original position at which it was created. The degree of postural distortion would 

depend on the degree of the flexion and extension of the upper limb. In this way, 

variable degrees of postural distortion, in the study bite marks, were produced. 

Consequently, the validity of the technique, described in this application for 

evaluating postural distortion in bite marks, was tested in cases which demonstrated 

a variable magnitude of postural distortion and were located on different 

anatomical sites.  Thus, the developed technique can be regarded as a valid method 

for evaluating postural distortion, in bite marks inflicted on any part of the body 

and in any case which is suspected to possess postural distortion. 

 

An accurate reproduction of the dentition of the dental models, collected for this 

application, was produced in the study marks. Thus, good quality bite marks with 

well defined tooth marks were created. Subsequently, high quality images of the 

study bite marks, in all cases, were produced. The camera was easy to use and 

reasonably sophisticated to record high quality images of the study bite marks. This 

resulted from the main features of the camera which were used in recording the 

images. These features included recording the images in a high resolution (2272 x 
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1704 pixels) and saving the recorded images in an uncompressed format (TIFF). 

Additionally, the auto flash and auto focus functions, which support automatic 

adjustments of the captured image sensitivity, were significant elements in 

automatically recording high quality images, without subjective adjustment to the 

camera, by the operator. Both the creation of well defined bite marks and recording 

high quality images, were significant elements for an accurate analysis of the 

images.   

 

The creation and recording images of the study bite marks was carried out, by the 

subject No.1, No.2 and No.3, as previously described in this chapter. These 

subjects were qualified dentists with considerable experience in different aspects of 

clinical dentistry. This was a significant factor for a proper understanding, by the 

subjects, of the application and all the procedures required for the creation and 

recording images of the study bite marks.  Furthermore, to ensure that a full 

understanding of the application was maintained, a demonstration was undertaken, 

by the author, in an attempt to show the subjects practically how to create a study 

bite mark and record a scaled image of the bite. Special care was undertaken when 

recording the images of the study bite marks to avoid producing photographic 

distortion.  The subjects were instructed to place the ABFO No.2 scale on the same 

plane as the bite mark, to eliminate parallax distortion.  Additionally, the camera 

had to be oriented so that both the camera and the scale were parallel.  Specifically, 

the camera lens had to be perpendicular to the scale to avoid angular distortion, 

which can be caused by positioning the camera at a wrong angle (other than 90º). 

As a result of all the previous factors, the subjects were successful in creating well 

defined study bite marks and recording high quality images, with no photographic 

distortion present.  Consequently, the process of analysing the images and 

recording the defined measurements, were undertaken accurately.   

 

The dental models, used in creating the study bite marks, were selected on the basis 

of representing the criteria which were outlined in the preliminary and main study, 

for selecting dental models.  This was important in order to validate the results of 

the application, reported in this chapter, since this application was carried out to 

evaluate the validity of the data (see tables 5.7 and 5.8 p 149) produced by the main 

study in evaluating postural distortion of bite marks.  
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The application was evaluated using fifteen cases, which included ten distorted and 

five undistorted study bite marks. Determining the number of cases to be evaluated, 

was based upon the assumption that the whole application was a pilot study to 

demonstrate the relevance of the symmetry of dental arches, in evaluating postural 

distortion in bite marks.  Specifically, the application was a pilot study to confirm 

the validity of the reference range values of the quantitative measurements of 

symmetry, established by the main study, in evaluating postural distortion in bite 

marks.  The technique succeeded in determining the distorted and undistorted 

cases.  Thus, the technique, described in this application, can be considered as a 

valid system for evaluating postural distortion in bite marks, inflicted by persons in 

the population defined in this research. However, this technique needs to be 

evaluated, using larger number of cases and real bite mark cases, to further verify 

its validity in evaluating postural distortion in bite marks. 

 

 

7.6 CONCLUSION 
 
An objective technique to evaluate postural distortion, in bite mark images, is 

proposed. The technique is based upon an established data, which includes 

reference range values quantifying the extent of symmetry of dental arches, in a 

defined population.  The results of the application demonstrated the validity of the 

proposed technique in determining the undistorted study bite marks from the 

distorted cases which possessed postural distortion.  Thus, the proposed technique 

appears to be capable of evaluating postural distortion, in bite marks.  The 

technique also demonstrates that postural distortion can cause a significant 

asymmetry, in the dental arches recorded in the distorted bite marks.   

 

Further research is required to quantify the degree of postural distortion which can 

be induced in bite marks created on various parts of the body and on people of 

many different sizes. This can be undertaken by using the same technique 

described in this chapter. As a result, a significant data base quantifying patterns of 

postural distortion in bite marks would be produced.  
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Using the technique proposed in this chapter, an evaluation of postural distortion in 

bite marks should be undertaken before the comparison between the bite mark and 

the suspect’s dentition is carried out.  This would determine the validity of the 

comparison procedure and as a consequence the reliability of the evidence.   

 

The symmetry of dental arches can be further used to develop a new approach to 

minimise the effects of postural distortion during photography of bite marks. 

Ideally, the pattern of the dental arches recorded in a bite mark should be the same 

as in the dentition, which had caused the bite mark.  Consequently, the bite mark 

should be photographed in such a way that the recorded dental arches express 

accurate bilateral (right to left) symmetry. If this is achieved, then postural 

distortion is minimised. Clearly, determining the correct degree of symmetry in the 

dental arches recorded in a bite mark, during photography, is difficult to achieve 

accurately by eye judgment. Therefore, it is required to develop a forensic 

measuring device, with which the correct degree of symmetry in the recorded 

dental arches can be determined. The development of this device and its application 

are reported in Chapter 8.  
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Chapter 8  

 
THE APPLICATION OF DENTAL ARCH SYMMETRY IN 

RECORDING IMAGES OF BITE MARKS 
 

 

8.1 INTRODUCTION 
 
The main study quantified the symmetry of the anterior dentition, in relation to 

specified reference lines, in a defined population. Specifically, a quantified data 

defining a symmetrical relationship, in both vertical and horizontal planes, was 

established, between the right and left anterior teeth of the upper and lower dental 

arches. This data was evaluated in terms of determining postural distortion in bite 

marks, as described in Chapter 7. Consequently, an objective technique for 

evaluating postural distortion, in bite marks, was developed. 

 
These conclusions provided the basis for developing a new technique for recording 

images of bite marks.  

 

 

8.2 AIMS 
 
The application reported in this chapter was undertaken to determine the relevance 

of the symmetry of dental arches in recording images of bite marks with minimal 

postural distortion. Specifically, the aim was to develop an objective technique to 

minimise postural distortion, during photography of bite marks. Such a technique 

would be valuable in recording the accurate dimensions and shape of the bite mark. 

Consequently, an accurate comparison between the bite mark and an alleged 

dentition could be undertaken. 
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8.3 MATERIALS AND METHODS 
 

8.3.1 Main principles  

The technique proposed in this chapter, for recording images of bite marks, was 

based upon the conclusions produced by the application reported in Chapter 7. It 

was demonstrated that postural distortion caused asymmetrical dental arches in the 

distorted bite marks, which as a result did not correspond accurately with the causal 

dentition. Consequently, it was concluded that the degree of symmetry of the dental 

arches, recorded in a bite mark, should be the same as in the dentition which had 

caused the bite. Thus, it was proposed that a bite mark should be photographed in 

such a manner that the recorded dental arches should show the correct degree of 

symmetry, in both vertical and horizontal planes.  Specifically, this symmetry 

should be within the limits of the reference range values of the quantitative 

measurements of symmetry, which are established in the population and reported in 

tables 5.7 and 5.8 (p149).  In order to directly determine the correct degree of 

symmetry, in the dental arches recorded in bite marks, a measuring device is 

required.  Thus, the initial stages of the application, reported in this chapter, include 

the development of a forensic measuring device. This device is intended to aid 

forensic odontologists in determining valid measurement values of symmetry, in 

the dental arches recorded in bite marks.  

 

 
8.3.2 Creation and description of the Measuring Device 

Figure 8.1 illustrates the original design of the measuring device, created in this 

research. This design is based upon the procedures of the digital technique, which 

was developed in the preliminary study, for quantifying the symmetry of dental 

arches.  The device is rectangular in shape with a scaled framework, in millimetres 

and centimetres. The framework is 1.5 cm wide, with the long and short internal 

edges measuring 6 cm X 4 cm, respectively. These figures, for the internal edges of 

the framework, were determined on the basis that they are significantly greater than 

the size (depth and width) of the anterior segment of dental arches, in adult persons. 

By so doing, the device can be used, in determining the symmetry of dental arches, 

in all bite marks, regardless of the size of the biter’s dental arches.  
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Figure 8.1 The original design of the measuring device. 
 
The framework includes four circles and is scaled in millimetres and centimetres. 
The blue line is a fixed vertical arm, which represents the midline. 
The red lines are upper and lower movable horizontal arms. These arms represent 
horizontal reference lines. 
The black arrows are movable pointers (two are attached to each horizontal arm). 

 

 
The long and short sides of the framework are, respectively, defined as the 

horizontal and vertical sections of the measuring device. Four circles are created on 

the framework. Each circle includes vertical and horizontal lines, which represent 

the vertical and horizontal diameters of the circle.  These circles are created to 

identify angular distortion, when it occurs, during photography of bite marks. 

 

The device includes one vertical fixed arm, representing the midline, and two 

movable horizontal arms (lower and upper). The horizontal arms can be moved 

vertically upwards or downwards, towards the horizontal sections of the 

framework.  Each horizontal arm is scaled, in millimetre units, and represents a 

horizontal reference line, when recording measurements.  On each horizontal arm 

there are two pointers (right and left). These pointers can be moved horizontally, 
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inwards towards the vertical arm, or outwards towards the vertical sections of the 

framework.  Each pointer is designed as a thin bar, which is 1.5 cm in length, with 

two sharp ends, as illustrated in figure 8.1. The pointers would be used to locate the 

midpoints of tooth marks recorded in bite marks. All the arms and the pointers, 

described in the original design, are designed to be ≥ 0.5 mm thick when creating a 

hard copy of the measuring device.   

 

Having created the original design of the device, a hard copy was constructed in 

collaboration with the Department of Chemical and Mechanical Engineering, 

School of Engineering and Physical Sciences, Heriot-Watt University. Figure 8.2 

illustrates the hard product of the measuring device, including the specifications 

displayed in figure 8.1. 

 

 
      Figure 8.2   The hard product of the measuring device. The product includes 
       the main features described in the original design in figure 8.1. 
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8.3.3 Practical application 

The application of dental arch symmetry using the newly created measuring device 

in recording images of bite marks includes three practical stages.  These are: 

creating study bite marks, recording images and analysis of the bite marks. 

 

 

8.3.3 (a)   Creating study bite marks  

The application was undertaken in a manner assuming that a forensic odontologist 

is presented with a bite mark inflicted on a victim whose body position, at the time 

of biting, is unknown. The task is to record images of the bite mark, for subsequent 

analysis, in a manner that postural distortion is minimal. Specifically, the correct 

dimensions and shape of the dental arches, recorded in the bite mark, should be 

recorded. Thus, for this particular application, the author had to have no 

involvement during the process of creating the study bite marks.  

 

The technique of creating study bite marks, in this application, is similar to that 

previously described in Chapter 7. Specifically, dental models and a black ink pad 

were used. The dental models included three sets, which were randomly selected 

from the Dental Institute in Edinburgh. From this collection, only two sets were 

used to create two study bite marks. The third set was included to increase the 

neutral component when the comparison between the study bite marks and the 

dentitions used to create the bites would be undertaken. None of the three dental 

model sets, selected for this application, was included in either the preliminary or 

main study, nor used in the application reported in Chapter 7. The same criteria, 

described in the preliminary/main study for selecting dental models, were 

considered in selecting the dental models for the application reported in this 

chapter. The two dental model sets, used for creating the study bite marks, 

represented the dental arches of an adult male and adult female whose ages were 27 

and 23, respectively.  

 

An adult female, with a medium body build and whose age was 37 years, was 

randomly selected for creating the study bite marks. This female was instructed, by 

the author, to create two bite marks on her right and left upper limbs, using two sets 
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of the selected dental models and a black ink pad.  A practical demonstration 

illustrating the technique of creating study bite marks was shown to the subject. 

This was necessary for the female subject to familiarise herself with technique, so 

that the bites could be created accurately. No instructions were given to the subject 

for the exact locations, on her upper limbs, where the bites were to be created.  

Thus, the subject created one study bite mark on the lateral surface of the elbow 

joint of her left upper limb and a second bite mark on the dorsal surface of her 

lower right arm.  These bites were respectively called bite (a) and (b).   

 

A neutral person was asked to attend the process of creating the study bite marks, 

by the female subject.  This person was instructed to document the position of the 

body and the upper limbs of the female subject, at the time of creating the bites. 

The neutral person was also instructed to record scaled images of the study bite 

marks, at the same body position when the bites were created. A forensic scale was 

included in each image, in the conventional way. The same camera, described in 

Chapter 7, was used to record the images of the study bite marks. The neutral 

person was the subject No.3 who participated in undertaking the application 

reported in Chapter 7. Thus, he was familiar with the camera and the procedures 

required for recording accurate and good quality images of the study bite marks, 

without distortion.  The documentation and the images, recorded by the neutral 

person, were kept undisclosed, until the application was completely undertaken and 

the final results were concluded, by the author. Figure 8.3 (a) and (b) illustrates the 

images of the study bite marks, which were recorded by the neutral person, at the 

time of creating the bites.  
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Figure 8.3 Images of the study bite marks created by the female subject on her upper limbs. (a) The bite is created on the lateral surface of the 
elbow joint of the left upper limb. (b) The bite is created on the dorsal surface of the right lower arm. Both images were recorded by a neutral person 
and they illustrate the original positions of the upper limbs at the time of creating the bites. In both images, the spacing between the tooth marks, in 
the upper dental arches, reflects the status of the dentitions used to create the bites. 
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8.3.3 (b)   The application of the measuring device in determining the  

symmetry of the dental arches recorded in the study bite marks 

 

Two study bite marks were created on the upper limbs of a female subject, as 

previously described, and presented to the author. The positions of the upper limbs 

of the female subject, at the time of creating the bites, were unknown to the author.  

The task was to photograph the study bite marks in such a manner that the correct 

degree of symmetry, in the dental arches registered in each bite, would be recorded.  

This application was undertaken using the new measuring device.  Specifically, the 

measuring device was used to determine the degree of symmetry in the upper and 

lower dental arches recorded in the study bite marks. The degree of symmetry was 

assessed by determining the primary and quantitative measurements of symmetry, 

in the recorded dental arches. These measurements are previously defined in the 

preliminary study (see tables 2.2, 2.3 pp 89-90; and tables 2.4.3, 2.4.4 pp 95-96).  

Determining these measurements, in the upper and lower dental arches recorded in 

the study bite marks, was undertaken separately. One dental arch was analysed, at a 

time, by using the measuring device, and the same sequence of procedures was 

followed in all cases.  These procedures, in order, include the following:  

 

 
(1) Positioning the subject’s upper limb 

The subject’s upper limb, which included the study bite mark, was adjusted into a 

position at which the dental arches, recorded in the bite, appeared to show correct 

symmetry (right-left symmetry within each dental arch). Determining the symmetry 

of the recorded dental arches, at this stage, was a subjective procedure and 

completely depended on eye judgment, by the author.  

 

 
(2) Determining the midpoints of the canine biting marks   

This was undertaken, by using the measuring device, as illustrated in figure 8.4. 

The technique is described in the following procedures: 
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Figure 8.4 
 
Adjusting the lower  
horizontal arm of the  
measuring device with  
the attached pointers, 
to determine the  
midpoints of the  
canine biting marks. 
 
 
 
 
 
 
 

 

 

 

(a)  The contact or midpoint between the central incisor biting marks was, first, 

identified. The measuring device was then positioned on the bite mark in such a 

way that the vertical fixed arm (midline) passed through this point.  This procedure 

is similar to creating the vertical reference line (midline) in the digital technique, 

which was developed in the preliminary study, for analysing the symmetry of 

dental arches. A detailed description of the digital technique is reported in Chapter 

two, in section 2.3.5 (pp 78-86)   

 

(b)  The lower movable horizontal arm of the measuring device was moved, until it 

passed through the biting marks of the right and left canines. This process was 

similar to creating horizontal reference line passing through the midpoint of the 

biting edges of the canines, in the digital technique.  

 

(c)  The midpoints of the canine biting marks were determined, by eye judgment. 

Subsequently, the right and left pointers, attached to the lower horizontal arm, were 

moved horizontally. Specifically, the right pointer was positioned on the midpoint 

of the right canine biting mark, while the left pointer was positioned on the 

midpoint of the left canine biting mark. By so doing, the distance between the 

device’s midline and, respectively, the right and the left pointers determined the 
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midpoint positions, in relation to the device’s midline. Consequently, two primary 

measurements of symmetry in the horizontal plane were determined. These are 

homologous measurements which were previously defined, in the preliminary and 

main studies, as UM-RC and UM-LC, in the upper dental arch, and are defined as 

LM-RC and LM-LC, in the lower dental arch (see tables 2.2 and 2.3 pp 89-90).   

 

The procedures described in (b) and (c) are, together, similar to the process 

described, in the digital technique, for locating the midpoints of tooth biting edges.  

This process, as described in the preliminary study, included defining the midpoint 

of a tooth biting edge, by creating vertical and horizontal guides, which were 

positioned in a manner that their contact point was defined as the exact location of 

the midpoint of the tooth biting edge.  

 

 
(3)    Determining the midpoints of the biting marks of the lateral incisors  

This was undertaken subsequent to determining the midpoints of the canine biting 

marks. Figure 8.5 illustrates the procedures described in this section. 

 

       
Figure 8.5  Adjusting the upper horizontal arm of the measuring device, with the 
attached pointers, to determine the midpoints of the lateral incisor biting marks.  
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The upper movable horizontal arm of the device was moved, until it passed through 

the biting marks of the lateral incisors. Subsequently, the right and left pointers, 

attached to the upper horizontal arm, were respectively positioned on the defined 

midpoint locations of the right and left lateral incisor biting marks. Consequently, 

the positions of these midpoints were determined, in relation to both the midline 

and the lower horizontal arm of the measuring device. As a result, four primary 

measurements of symmetry were assessed. These included two homologous 

measurements in a horizontal plane and two homologous measurements in a 

vertical plane.  

 

The horizontal measurements are defined as the right and left linear distances 

between the device midline and, respectively, the right and the left pointers, 

attached to the upper horizontal arm. Both measurements determine the midpoint 

positions of the right and left lateral incisor biting marks, in relation to the device’s 

midline. These horizontal measurements are previously defined, in the preliminary 

study, as UM-RLI and UM-LLI, in the upper dental arch, and are defined as

LM-RLI and LM-LLI, in the lower dental arch (see tables 2.2 and 2.3 pp 89-90).   

 

The vertical measurements determined the midpoint positions of the right and left 

lateral incisor biting marks, in relation to the lower horizontal arm of the measuring 

device.  These measurements are defined as the vertical distances between the 

device’s lower horizontal arm and the midpoints of the biting marks of both the 

right and left lateral incisors.  Both measurements represent the primary 

measurements of symmetry which are defined, in the preliminary/main study, as 

UH-RLI and UH-LLI in the upper dental arch, and are defined as LH-RLI and LH-

LLI in the lower dental arch (see tables 2.2 and 2.3 pp 89-90).  

 

 
(4)   Determining the midpoints of the biting marks of the central incisors  

Figure 8.6 illustrates the procedures described in this section. The same sequence 

of procedures described in section (3) was followed, in exactly the same manner, to 

determine the midpoint positions of the central incisor biting marks.  
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Figure 8.6 Adjusting the upper horizontal arm of the measuring device, with the 
attached pointers, to determine the midpoints of the central incisor biting marks.  
 

 

The upper horizontal arm of the device was adjusted to pass through the biting 

marks of the right and left central incisors.  Subsequently, the pointers attached to 

the upper arm were positioned on the defined midpoint locations of the biting 

marks of both the right and left central incisors.  Thus, the positions of these 

midpoints were determined, in relation to both the midline and the lower horizontal 

arm of the measuring device. This resulted in determining four primary 

measurements of symmetry, which included two horizontal and two vertical 

measurements.  The horizontal measurements determined the positions of the biting 

mark midpoints of the right and left central incisors, in relation the midline of the 

measuring device.  These measurements are defined as the horizontal distances 

between the measuring device’s midline and the right and left pointers, attached to 

the device’s upper horizontal arm. These are homologous measurements which 

represent the primary measurements of symmetry defined in the preliminary/main 

study as UM-RCI and UM-LCI, in the upper dental arch, and are defined as LM-

RCI and LM-LCI in the lower dental arch (see tables 2.2 and 2.3 pp 89-90)  
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The vertical measurements determined the midpoint positions of the biting marks 

of the right and left central incisors, in relation to the lower horizontal arm of the 

measuring device.  These measurements are homologous and are defined as the 

vertical distances between the device’s lower horizontal arm and the biting mark 

midpoints of the right and left central incisors. Both measurements represent the 

primary measurements of symmetry which are defined, in the preliminary/main 

study, as UH-RCI and UH-LCI, in the upper dental arch, and are defined as LH-

RCI and LH-LCI, in the lower dental arch (see tables 2.2 and 2.3 pp 89-90).  

 

 
(5) Determining the values of the primary measurements of symmetry  

 
Positioning the measuring device on the bite mark, in the manner described in 

sections (2), (3) and (4), produced ten primary measurements of symmetry, in each 

dental arch (upper/lower) recorded in the study bite marks. These measurements 

constitute three pairs of homologous measurements, in horizontal plane, and two 

pairs of homologous measurements, in vertical plane. These measurements, as 

previously described, are defined in exactly the same manner as reported in the 

preliminary study. The horizontal measurements defined the midpoint positions of 

the biting marks of the central incisors, lateral incisors and canines, in relation to 

the midline of the measuring device.  The vertical measurements defined the 

midpoint positions of the biting marks of the central and lateral incisors, in relation 

to the lower horizontal arm of the measuring device.  Determining the values of the 

horizontal measurements was assessed directly, by reading the measurement values 

indicated by the device’s pointers, against the scaled horizontal sections of the 

device’s framework.  Determining the values of the vertical measurements was 

assessed directly, by calculating the measurement values indicated between the 

upper and lower horizontal arms of the device against the scaled vertical sections of 

the device framework.   

 

 
(6)    Determining the values of the quantitative measurements of symmetry   

Determining these values, in the upper and lower dental arches recorded in the 

study bite marks, was undertaken in exactly the same manner described in the 
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preliminary study, for assessing the quantitative measurements of symmetry.  

Specifically, the values of the primary measurements of symmetry determined in 

the right side of each dental arch, recorded in the study bite marks, were subtracted 

from their counterparts recorded in the left side.  This resulted in determining five 

quantitative measurements of symmetry, in the upper and lower dental arches. 

These measurements are defined, in the same manner, as described in the 

preliminary study, in tables 2.4.3 and 2.4.4 (pp 95-96).  

 

 

8.3.3 (c)   Determining the correct position of the study bite marks 

It was established, in the main study, that the anterior dentition is symmetrical 

within a specific range, which was determined in a defined population (see tables 

5.7 and 5.8 p 149). Consequently, it was concluded that an undistorted bite mark 

made by the anterior dentition will also demonstrate this symmetry. Therefore, the 

correct position of a bite mark is defined as the body position where the recorded 

dental arches are symmetrical. The correct position of each study bite mark was 

then determined using the measuring device in the manner described in sections 1-6 

(pp193-199). If in a specific body position, the right and left (homologous) primary 

measurements of symmetry in the recorded dental arches were equal, then that 

body position was determined as the correct position in which the recorded dental 

arches are symmetrical and the bite should photographed. The same conclusion was 

decided, if the difference between the right and left primary measurements of 

symmetry, at a specific body position, were within the limits of the reference range 

values of the quantitative measurements of symmetry established in the population. 

Conversely, recording values beyond the reference range of the quantitative 

measurements of symmetry indicate that the bite mark is at incorrect body position 

and that the recorded dental arches are asymmetrical and therefore the bite mark is 

distorted.   In such a case, the body has to be moved to a different position(s) until 

the recorded dental arches show correct symmetry as determined using the 

measuring methods described in sections 1-6. Specifically, the primary and 

quantitative measurements of symmetry should be determined at a different body 

position(s), until their values indicate that the dental arches recorded in the bite 

mark are symmetrical. 
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In the application, reported in this chapter, the subject’s upper limb, on which the 

study bite mark was created, was adjusted into several positions. The values of the 

primary and quantitative measurements of symmetry were determined at each 

position, until the recorded values indicated correct symmetry, in the recorded 

dental arches.  Tables 8.1, 8.2, 8.3 and 8.4 display the recorded values of the 

primary and quantitative measurements of symmetry, which were determined in the 

upper and lower dental arches, recorded in the study bite marks.  All measurement 

values, illustrated in these tables, were recorded when the correct position of the 

subject’s body and bite mark was determined. 

 

UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

a Upper Arch 4 5 13 12 17 18 11 10 7 8 0 0

b Upper Arch 5 5 12 11 17 16 8 9 5 6 0 0

Dental 
Arches 

Primary Measurements of symmetry Determined for the                                          
Upper Dental Arches Recorded in the Study Bite Marks

Study 
Bite 

Marks

 
Table 8.1   Values of the primary measurements of symmetry determined for   
                   the upper dental arches recorded in the study bite marks (a) and (b).  
 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

a Lower Arch 4 3 11 10 17 16 6 6 4 5 0 0

b Lower Arch 3 2 8 7 13 12 5 5 4 4 0 0

Dental 
Arches 

Primary Measurements of symmetry Determined for the                                         
Lower Dental Arches Recorded in the Study Bite Marks

Study 
Bite 

Marks

 
Table 8.2   Values of the primary measurements of symmetry determined for   
                   the lower dental arches recorded in the study bite marks (a) and (b). 

 

HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

a Upper Arch -0.10 0.10 -0.10 0.10 -0.10 0

b Upper Arch 0.00 0.10 0.10 -0.10 -0.10 0

Dental Arches
Quantitative Measurements of Symmetry Determined for the Upper 

Dental Arches Recorded in the Study Bite MarksStudy Bite 
Marks

 
      Table 8.3   Values of the quantitative measurements of symmetry determined for
    the upper dental arches recorded in the study bite marks (a) and (b). 
 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

a Lower Arch 0.10 0.10 0.10 0.00 -0.10 0

b Lower Arch 0.10 0.10 0.10 0.00 0.00 0

Dental Arches
Quantitative Measurements of Symmetry Determined for the 

Lower Dental Arches Recorded in the Study Bite MarksStudy Bite 
Marks

 
      Table 8.4   Values of the quantitative measurements of symmetry determined for 
              the lower dental arches recorded in the study bite marks (a) and (b) 
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8.3.3 (d)   Limitations of the measuring device 

The hard product of the measuring device demonstrated some limitations, when it 

was used to determine the symmetry of the dental arches recorded in the study bite 

marks.  These limitations include the following elements: 

 

(1) The major limitation resulted from the shape and size of the pointers.  

Specifically, the size of each pointer was significantly greater than the original 

design.  Besides, each pointer possessed only one sharp end and was short in 

length. Consequently, the pointer blunt edges (the edges nearer to the internal edges 

of the horizontal sections of the device framework. Figure 8.4) did not contact the 

scaled framework, when adjusting both the pointers and the horizontal arms of the 

device to define the midpoint positions of the tooth biting marks.  This caused 

inaccuracy in recording/reading the measurement values indicated by each pointer 

against the horizontal sections of the scaled framework.  However, in order to 

accurately determine the measurement values indicated by the pointers, the upper 

horizontal arm was moved upward and the lower one downward towards the 

horizontal sections of the device framework. By so doing, the pointers contacted 

the scaled framework and, consequently, the measurement values were determined 

accurately. Figure 8.4 illustrates the lower horizontal arm being pulled 

downwards towards the lower horizontal section of the scaled framework so that 

the attached pointers, defining the midpoints of the canine biting marks, 

contacted the scaled framework. 

 

(2) The thickness of each horizontal arm was 3 mm. This figure is larger than 

the original design (≥ 0.5 mm).  This structure of the horizontal arms together with 

the big size of the pointers caused inaccuracy, in positioning the horizontal arms 

and the pointers simultaneously on the defined locations of the midpoints of the 

tooth marks.  Consequently, the full details of the tooth marks were obscured.  

Thus, in order to accurately determine the midpoints of tooth marks, the upper 

horizontal arm was moved upward and the lower arm was moved downward. This 

allowed the sharp ends of the pointers to be positioned accurately on the defined 

midpoints of tooth marks (figures 8.4, 8.5 and 8.6) 
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(3) The horizontal arms are attached to the vertical sections of the device’s 

framework, by two vertical bars as illustrated in figure 8.2. These bars pass through 

the circles, included on the framework, and therefore parts of these circles are 

concealed. This may cause some limitation in determining angular distortion, if it 

occurs during photography of bite marks. This structure of the measuring device, 

however, is not an important element, since the device would not be used as a scale 

in the final image of the bite mark.   

 

All the described limitations were caused by structural elements, which were 

produced in constructing the hard product of the device.  Figures 8.1 and 8.2 

illustrate the contrast between the original design and the hard product of the 

measuring device.  The main differences between them include the size and shape 

of the pointers, the thickness of the horizontal arms and the method of attaching the 

horizontal arms to the vertical sections of the framework.  

 

All the limitations, discussed in this section, require to be eliminated. This can be 

achieved by constructing a hard copy which accurately fulfils all the features 

specified in the device’s original design. Specifically, both the pointers and the 

horizontal arms have to be constructed as sharp and thin as possible.  Besides, each 

pointer has to be created as a thin bar as possible which is 1.5 cm in length and 

possess two sharp ends. Clearly, such a construction depends on the availability of 

proper equipment and materials.   

 

 

 8.3.3 (e)   Recording images of the study bite marks 

The correct position of each bite mark was determined, by using the measuring 

device, as previously described. Subsequently, the measuring device was removed 

and the bite mark was recorded, using the same camera described in Chapter 7 (see 

section 7.3.3 pp 161-163). A forensic scale ABFO No.2 was included in the 

images, to ensure life size reproducibility of the recorded bite marks. The 

measuring device was not used as a scale, in the recorded images, because it can 

obscure details of tooth marks. Figures 8.7 and 8.8 illustrate the images recorded of 

the study bite marks (a) and (b). 
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    Figure 8.7   Recorded image of the study bite mark (a).  This image was  
    recorded, by the author, after determining the correct degree of symmetry,  
    in the dental arches recorded in the bite mark.  
 

 

    
    Figure 8.8   Recorded image of the study bite mark (b).  This image was  
    recorded, by the author, after determining the correct degree of symmetry,  
    in the dental arches recorded in the bite mark.  
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8.3.3 (f)   Analysis of the study bite marks 

The analysis included a comparison between the study bite marks and the 

dentitions, used to create the bites. As previously described, three sets of dental 

models were selected to create two study bite marks.  Consequently, three overlay 

transparencies were created of three sets of dental models. This was undertaken, in 

exactly the same manner as described in Chapter 7 (see section 7.4.2 pp 176-181).  

Each overlay was scaled as a life size reproduction representing the outline of the 

biting edges of the central incisors, lateral incisors and canines of the upper and 

lower dental arches, in one set of dental models.  Digital images of the study bite 

marks were produced, in the manner previously described, and subsequently a life 

size production of each image was created digitally, by using Adobe® Photoshop® 

6.0. This procedure was performed before undertaking the process of comparing 

the bite marks with the dentitions. The comparison process was undertaken 

digitally, using Adobe® Photoshop® 6.0.  This was carried out by superimposing 

the overlay transparencies (one at a time) onto the images of the study bite marks, 

to determine the degree of correspondence between the dentition and the bite mark.  

The elements which were considered in determining the goodness of match 

included the extent of similarity in the size and shape of the dental arches and tooth 

marks, in both the bite images and the overlay transparencies.   

 

 

8.4 RESULTS 
 
The causal dentition was identified in both study bite marks. Specifically, the study 

bite marks corresponded accurately with two overlay transparencies, which 

represented the anterior dentition in two sets of dental models. Figures 8.9 and 8.10 

illustrate the goodness of match between the causal dentition and the study bite 

marks (a) and (b).  Each figure includes an image of a transparency overlay, 

representing the causal dentition, superimposed onto the image of the study bite 

mark. 
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.  

Figure 8.9 The goodness of match between the study bite mark (a) and the 
causal  dentition – a transparency overlay of the causal dentition is superimposed  
on the actual image of the bite mark. 
 

 
Figure 8.10 The goodness of match between the study bite mark (b) and the 
causal  dentition – a transparency overlay of the causal dentition is superimposed  
on the actual image of the bite mark. 
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8.5 DISCUSSION 
 
The application, reported in this chapter, was an attempt to develop an objective 

technique to minimise postural distortion, during photography of bite marks.  Such 

a technique would be useful for recording accurately the shape and size of a bite 

mark. Consequently, the comparison between the bite mark and an alleged 

dentition can be undertaken properly.  The proposed technique required developing 

a measuring device, by which the correct position of a bite mark could be 

determined.  The correct position of the bite mark, as previously established, is 

defined as the body position where the recorded dental arches show the correct 

degree of symmetry. By determining this position postural distortion is minimised 

and the correct shape and size of the recorded dental arches may be photographed.  

 

The technique, proposed in this chapter, was evaluated in two study bite marks. 

These bites were created at body positions which were unknown to the author.  The 

results of the application demonstrate that the measuring device is a useful tool in 

determining the correct position of the body, where the bite mark can be 

photographed without postural distortion. Specifically, the measuring device 

demonstrated its validity in determining the correct shape and dimensions of the 

dental arches recorded in the study bite marks for subsequent photography and 

analysis. However, the technique needs to be evaluated in a larger number of cases, 

to confirm its usefulness. 

 

The study bite marks were created on the upper limbs of a female subject. The 

exact locations were: (1) the lateral surface of the elbow joint of the left upper limb, 

and (2) the dorsal surface of the lower right arm, near the wrist joint. Both locations 

are susceptible to a considerable postural distortion. This is because these sites are 

located at or near joints, which can perform a variety of random movements.  Thus, 

the proposed technique was evaluated in bite marks created on anatomical sites at 

which determining the correct position of the bite is difficult.   

 

Collecting the dental models, for creating the study bite marks, was based upon the 

criteria outlined in both the preliminary and main study, for selecting dental 

models. This was an important approach, in order to accept the validity of the 
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results of the application. The study bite marks were created accurately and with 

well defined tooth marks. This was a significant element, in accurately identifying 

the tooth marks, when using the measuring device to determine the correct degree 

of symmetry in the dental arches recorded in the bites. High quality images of the 

study bite marks were recorded and photographic distortion was eliminated, in the 

same manner as discussed in Chapter 7. Consequently, the comparison between the 

bites and the dentitions, was undertaken accurately.  

 

 

8.6 CONCLUSION 
 
An objective technique is proposed for minimising postural distortion, during 

photography of bite marks. The proposed technique succeeded in recording 

accurate images, without postural distortion, in two study bite marks. Specifically, 

the recorded bites demonstrated high correspondence with the causal dentition, in 

each case. Thus, the proposed technique appears to be useful in minimising 

postural distortion, in the photographic recording of bite marks.  

 

Further research is required to verify and confirm the validity of the proposed 

technique in recording images of bite marks, without postural distortion. This 

requires evaluating the technique in a larger number of study cases and also in 

applying the procedures to real cases.  

 
Creating a hard copy of the measuring device has to be as similar as possible to the 

original design, described in this research.  Such a construction would improve the 

quality of the application of the measuring device, in determining the correct 

positions of bite marks. 

 
Dental arches recorded in bite marks have to show the correct degree of symmetry 

during photography of the bites. This would minimise postural distortion and result 

in recording the correct shape and dimensions of the bite mark. Therefore, before a 

bite mark is photographed, it is recommended to use the measuring device 

developed in this research in the manner described in this chapter, to determine the 

correct degree of symmetry of the dental arches recorded in the bite mark.   



 208

Chapter 9  

 
FINAL DISCUSSION 

 

 

The aim of this study was to develop an objective technique for evaluating postural 

distortion in bite mark photographic records and, for minimising postural distortion 

during photography of bite marks. This discussion is concerned with addressing the 

necessity of developing such techniques, determining how closely the aim of this 

research has been achieved and the value of the generated methods. 

 

 

9.1 POSTURAL DISTORTION – THE PROBLEM   
 
Postural distortion, in human bite marks on skin, occurs when photographing a bite 

mark in a body position other than the position of the body at the time of biting.  

This arises during evidence recording, due to failure to reconstruct the victim’s 

body position at the time of biting. The exact position of the victim’s body, during 

the biting action, cannot be determined by the forensic odontologists. Therefore, it 

is possible to record postural distortion in all bite marks.  

 

Postural distortion occurs due to skin stretching and relaxing induced by postural 

changes. This causes expansion and contraction of recorded marks on the skin. 

Therefore, postural distortion could introduce significant changes in both the shape 

and size of bite marks. Thus, interpretation of bite marks may be hindered and a 

proper comparison between the bite mark and the causal dentition may be 

precluded. Clearly, superimposition and size-matching techniques, between a bite 

mark photographic record and a suspect’s dentition, would only be applicable to 

bite marks exhibiting no or minimal postural distortion. 

 

The literature revealed that previous studies of postural distortion were limited to 

demonstrating and quantifying the effects of such a phenomenon in changing the 
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shape and size of experimental (stamp) marks.  Such studies addressed the 

necessity of eliminating or minimising postural distortion, during photography of 

bite marks. It has been suggested that it is necessary to reconstruct the victim’s 

body position at the time of biting. This ideal is not always obtainable and if not, it 

is suggested that the bite mark is photographed in a range of positional possibilities. 

Such a procedure is subjective and should be undertaken with caution.  

 

There are no previous studies, reported in the literature which attempt to develop a 

technique for the evaluation and correction of postural distortion in bite marks. 

Therefore, it was considered important to attempt to develop a technique, by which 

postural distortion in bite mark photographic records could be evaluated and 

eliminated, with minimal operator subjectivity. Such a technique would be useful 

in the development and improvement of the quality of bite mark analysis. A 

proposed technique for evaluation and correction of postural distortion should 

consider the features in the dental arches. Symmetry of dental arches was found to 

be the least variable component among other features, such as size and shape, of 

dental arches. Thus, symmetry was considered as the main element, in the 

development of a technique for evaluation/correction of postural distortion.  

 

 

9.2    METHOD OF ANALYSING DENTAL ARCH SYMMETRY  
 
The equipment used, in the development of the analytical method of dental arch 

symmetry, included a computer and scanner, with powerful specifications, in 

addition to Adobe® Photoshop® 6.0. The technique was designed to achieve as 

high a degree of standardisation and consistency as possible. This technique 

included three practical stages. These were: (1) the production of digital images of 

dental models, (2) the digitising of the images, which included the creation of 

reference points and lines (3) the recording of defined measurements on each 

image. 
 
Producing high quality life size images of the dental models and recording the 

defined measurements of symmetry, were undertaken objectively without operator 

subjectivity. This was maintained by using the computer and configuring the 



 210

scanner to produce life size images automatically, with optimum performance. The 

defined measurements of symmetry were objectively and accurately recorded. This 

was maintained by the features of the ‘Measure Tool’ within Adobe® Photoshop® 

6.0. This tool automatically calculates and records the exact value of a defined 

measurement, without interaction of the operator. 

 

The digitising included an unavoidable subjective component. This resulted from 

digitising a three dimensional object (teeth) in a two dimensional medium (digital 

images). Specifically, there was a subjective judgment, in identifying the locations 

of the reference points on the images. This may result in variations in identifying 

the midpoint locations and, as a consequence, inconsistent measurements. 

However, the subjective component was minimised. Prior knowledge of the nature 

of the subjective element resulted in great care and attention being taken to 

minimize its effects. The production of high quality images and the ability to 

digitally perform high magnification, of all or part of the image, provided distinct 

details of tooth surfaces. This resulted in precision in identifying the defined 

locations of the reference points and lines. Furthermore, a statistical analysis was 

undertaken to determine the reliability of the digitising technique, in creating 

reproducible reference points and recording consistent measurements. The results 

demonstrated that the measurement errors were minimal, as reported in Chapter 3. 

Thus, it was confirmed that the effects of the subjective component were minimal 

and that the digitising technique was reliable.   

 

When analysing the symmetry/asymmetry of dental arches, the applied technique 

and defining reference points and lines could vary between investigators, 

depending on the aims of the study. The median palatal raphe is usually used as a 

standard to represent the median reference line. Against this line, most researchers 

make transverse comparisons of the positions of bilateral dental landmarks, in both 

the upper and lower casts (Maurice and Kula, 1998). In this research, reference 

points and lines were defined to be relevant to the images of both bite marks and 

dental casts. Specifically, it was necessary to develop a technique for analysing 

dental arch symmetry, which would be applicable to both the images of bite marks 

and dental casts. Thus, defining the median palatal raphe as the midline, against 
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which the symmetry of dental arches would be measured, was not an applicable 

approach. This is because tracing and recording such an anatomical feature in a bite 

mark is not usually possible. Therefore, reference points and lines were defined in 

the manner described in the preliminary study. 

 

The technique of analysing dental arch symmetry, in this research, was developed 

to fulfil as far as possible specific requirements and to overcome some limitations 

produced by various techniques reported in the literature. It is believed (by the 

author) that an ideal technique, for analysing symmetry of dental arches, should be 

user friendly (as simple as possible) and be undertaken in an objective manner with 

the least possible measurement errors and cost.  It is not claimed that the technique 

developed in this research is ideal, although it fulfils some of the outlined 

requirements. The equipment (computer, scanner and Adobe® Photoshop®), used 

to develop and undertake the analysis, was of a reasonable cost. Such equipment 

may be available to most researchers and forensic odontologists. Subjectivity of the 

technique, in terms of producing measurement errors, was evaluated and 

consequently was demonstrated to be minimal. The author believes that 

measurement errors, produced by the technique, were insignificant and did not 

affect the accuracy of the recorded measurement values. The procedures required to 

undertake the technique are not complicated and need minimal skills. This was 

demonstrated, by the second observer (described in chapter 3) who was instructed 

to undertake the analysis method for a sample of 16 dental models.  

 

 

9.3 QUANTIFYING THE SYMMETRY OF DENTAL ARCHES 
 
The development of this research was initially based on analysing the symmetry of 

dental arches, in a defined population. The population represented the males and 

females of the general British population of an age group between 20 and 30 years. 

The aim of the analysis was to quantify the degree of symmetry between the right 

and left anterior teeth, in relation to specified reference lines. The analysis, initially, 

resulted in determining ten primary measurements of symmetry, in the right and 

left sides of the upper and lower dental arches. These measurements included three 
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pairs of homologous measurements, in the horizontal plane, and two pairs in the 

vertical plane.  The analysis of these measurements demonstrated that statistically 

there are no significant differences between the right and left measurements. Thus, 

it was established that the right and left anterior teeth are symmetrical, in relation to 

the specified reference lines. Further analysis, namely quantitative analysis of 

symmetry, was undertaken and produced five quantitative measurements of 

symmetry. The results of this analysis demonstrated that the biting edges of 

homologous teeth (e.g. right and left central incisors) were in a close symmetrical 

relationship, in terms of their positions to the specified reference lines.  

 

The primary measurements of symmetry, determined in the main study, 

demonstrated a wide range of values. Specifically, the difference between the 

minimum and maximum values of these measurements ranged between 1.6 mm 

and 9.2 mm.  Thus, the primary measurements of symmetry were of no 

significance, in determining a standard data, in the studied dental arches. By 

contrast, the quantitative measurements of symmetry demonstrated relatively a 

small range of values (≤ ± 2.9 mm). Consequently, it was determined that the 

quantitative measurements were of more significance than the primary 

measurements of symmetry, in quantifying a standard data defining a symmetrical 

relationship, in the dental arches of defined population. Thus, an estimated range of 

the minimum and maximum values of the quantitative measurements of symmetry 

was determined, within 95% probability, in the population. The estimated values 

(see tables 5.7 and 5.8 p149) represented a reference range of the quantitative 

measurements, which are expected to be found in the population including both the 

males and females.  Specifically, a defined and quantified symmetrical relationship, 

in relation to specified reference lines, was established between the biting edges of 

the central incisors, lateral incisors and canines, in both the upper and lower dental 

arches. This provided the basis for the development of two practical applications. 

These were the evaluation of postural distortion, in a bite mark photographic 

records, and a proposed technique for minimising postural distortion, during 

photography of bite marks.  
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9.4   THE APPLICATION OF EVALUATING POSTURAL 

        DISTORTION IN BITE MARK PHOTOGRAPHIC RECORDS 
 
The development of this application was based upon the assumption that postural 

distortion may produce asymmetrical relationship (right-left asymmetry), in the 

dental arches recorded in bite marks. As a result, the quantitative measurements of 

symmetry, recorded in the distorted bite, would be beyond their counterparts 

determined in the reference range values, which are estimated for the population. 

Consequently, postural distortion can be assessed, by determining the difference 

between the values of the quantitative measurements of symmetry, determined in 

both the bite mark and in the reference range established in the population.  

 

The application was evaluated in five study bite marks. These were created, using 

five sets of different dental models and black ink pad, on the upper limbs (different 

locations) of three adult male subjects. The study bite marks were photographed in 

a manner that produced fifteen images. Specifically, three images for each bite 

mark, one image represented the bite mark without postural distortion, and two 

images showed the bite mark with postural distortion. The results of the application 

demonstrated the validity of the proposed technique, in determining the distorted 

and undistorted cases, as previously described in Chapter 7. Undistorted bite marks 

exhibited symmetrical relationship between the right and left side of each recorded 

dental arch. Also, the undistorted bites were very consistent with the causal 

dentition. By contrast, distorted bite marks demonstrated asymmetrical relationship 

and were inconsistent with the causal dentition. These findings demonstrate that, in 

order to minimise postural distortion, dental arches recorded in bite marks should 

express the correct degree of symmetry, during photography of the bite. This 

conclusion provided the basis for developing an objective technique to record 

images of bite marks, with no/minimal postural distortion.  

 

The proposed technique for evaluating postural distortion, in a bite mark 

photographic records, is neither a substitute for conventional detailed bite mark 

analysis nor a substitute for appreciation of individual bite mark characteristics. 

The technique may form a useful adjunct especially when demonstrating how a 
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particular dentition may be related to the marks examined. The proposed technique 

demonstrates the relevance of dental arch symmetry in evaluating postural 

distortion, in bite marks. The technique also demonstrates the validity of the 

established reference range values of the quantitative measurements of symmetry, 

for determining the extent of postural distortion, in bite mark photographic records.  

 

The study bite marks were well defined and were created to simulate as much as 

possible the real patterns of bite marks. Thus, the technique can be regarded as a 

valid method for evaluating postural distortion, in bite mark photographic records 

obtained in real cases. However, bite marks found in real cases could exhibit 

considerable variation, in terms of their quality. Indeed, bite mark quality may vary 

from a collection of poorly defined marks to an accurate reproduction of the 

dentition. A poor quality bite mark may be inappropriate for analysis or 

comparison with a suspect’s dentition. Consequently, the proposed technique is 

more applicable to cases in which the bite mark exhibits well defined tooth marks. 

This would be a significant element in determining the mesiodistal dimensions of 

tooth marks. Consequently, the image of the tooth marks can be accurately 

digitised for subsequent recording of measurements. However, it is required to 

evaluate the proposed technique in photographs of bite marks inflicted in virtual 

circumstances. In this way, the validity of the technique, in determining postural 

distortion in real cases, may be verified. The technique was evaluated in test bites 

in which a complete registration of the anterior teeth was produced. Therefore, 

further research is required to determine the validity of the technique in cases in 

which a complete registration of the anterior teeth is not produced in the bite mark.  

 

 

9.5 THE APPLICATION OF MINIMISING POSTURAL 

 DISTORTION DURING PHOTGRAPHY OF BITE MARKS 
 
Eliminating postural distortion of bite marks, during photography, is essential for 

recording the correct shape and dimensions of the bites. This is very important for 

accurate comparison between the bite mark and the suspect’s dentition. Thus, it 

was decided to develop an objective technique, for minimising postural distortion 
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during photography of bite marks. The technique was developed on the basis that 

the symmetry of the dental arches, recorded in a bite mark, should be the same as in 

the dentition, which had caused the bite. Thus, it was determined that the recorded 

dental arches should exhibit the correct degree of symmetry, during photography of 

the bite. This approach required the development of a measuring device, by which 

the correct degree of symmetry of the dental arches, recorded in bite marks, can be 

determined. The application of the measuring device was evaluated in two study 

bite marks. These were created on the right and left upper limbs of a female 

subject, in a body position which was unknown to the examiner. The results of the 

application demonstrated that the measuring device is a useful tool in determining 

the correct position of the body and bite mark, by assessing the correct degree of 

symmetry in the recorded dental arches. Consequently, the correct shape and size 

of the study bite marks, was recorded. This was further verified by comparing the 

bites with the dentition which was used to create the bites. The bites corresponded 

accurately with the causal dentition. In this manner, it was demonstrated that 

postural distortion can be minimised, during photography of bite marks. 

 

The proposed technique was aimed to objectively photograph the correct shape and 

dimensions of bite marks. By so doing, postural distortion is eliminated. The 

technique achieved this objective. The technique succeeded in recording the correct 

pattern of the study bite marks, which was very consistent with the arch forms of 

the dentitions that had caused the bites. Thus, the proposed technique appears to 

have a significant value, in minimising postural distortion in the photographic 

recording of bite marks. However, this technique needs to be evaluated in larger 

number of cases, to further confirm its significance in recording images of bite 

marks, without postural distortion.  
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9.6 FURTHER RESEARCH 
 
There are no previous studies which conducted the same methodologies reported in 

this research. Therefore, the whole research can be regarded as a pilot study which 

can be further developed by more research. Further research can be suggested on 

the basis of the work described in this thesis.  The symmetry of dental arches was 

quantified in an age group of the population which ranged between 20 and 30 

years. By using the same methodology described in this thesis, further research to 

quantify the extent of dental arch symmetry in different age groups is 

recommended. This would create a significant database which would expand the 

application of dental arch symmetry in evaluating postural distortion in bite marks, 

to include a wider range of the population.  

 

The application of dental arch symmetry in evaluating postural distortion, 

introduces a valid technique to quantify postural distortion in bite marks. 

Specifically, quantify the degree of postural distortion, which can be induced, in 

bite marks created on various anatomical locations of different human body build. 

By so doing, a scientific data quantifying postural distortion in bite marks can be 

created. Such data would be significant in understanding patterns of postural 

distortion in bite marks. 

 

Ideally, correcting postural distortion, in bite mark photographic records, should be 

possible and undertaken graphically, by using the appropriate computer program. 

Specifically, using a program by which the distorted bite mark can be objectively 

reconstructed, to the correct pattern that represent the correct shape and dimensions 

of the recorded dental arches. There is no computer program that can undertake 

such a process. Thus, creating such a program was attempted during undertaking 

this research. The project was discussed in collaboration with the department of 

Informatics in the School of Computer Science of the University of Edinburgh. 

Consequently, the project was undertaken, by a student as a part of his master 

degree in computer science (Magill, 2001). The project was based upon geometric 

analysis of bite marks. The technique and methodology of developing the program 

were discussed in detail in Magill’s dissertation. Magill concluded that the project 
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resulted in varying degrees of failure and success. The element of failure was 

related to the development of a system capable of generating three dimensional 

models from two dimensional images of bite marks, or vise versa, with accurate 

dimensions of the bite mark. This failure was due to time limitations and technical 

elements, which resulted from the available equipment for creating the program. 

The success element was regarded in making suggestions for possible future 

development of the proposed program. The success element was also addressed, by 

producing knowledge of the technical limitations that could be encountered in 

developing the system. The success was in the sense that such limitations should be 

avoided if further development of the proposed program shall be undertaken.  

 

Creating a computer program to graphically and objectively correct postural 

distortion in bite mark images would be a significant approach in improving the 

quality of bite mark analysis. Thus, further development of such a program is 

required. 

 

 



Appendix 1 :   
 
Descriptions and terms used to link a suspect to a bite mark (modified from 
the ABFO Bite Mark Guidelines). 
 

 

Terms Connotation

Reasonable medical certainty  
Extremely probable                 High 
degree of certainty 

Virtual certainty; no reasonable or practical 
possibility that someone else did it

Very probable                            
Probably                                   Most 
likely

More likely than not

Possible                                   
Consistent (with)                   Can't 
exclude

Could be, may or may not be; can't be ruled out

Improbable Unlikely to be the biter

Ruled out                                 
Excluded                                   
Exculpatory                              
Could not have; did not            
Eliminated                                  
Dissimilar                                    No 
match; mismatch                  
Incompatible                              Not 
of common origin

Not the biter

Inadequate                                
Inconclusive                              
Insuffucient 

Insufficient quality/quantity/specificity of 
evidence to any statelemt of relationship to the 
biter

Evidence has no probative 
(forensic) value                          
Unsuitable (should not be used) 
Non-contributory                         
Non-diagnostic

Of no evidentiary value
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Appendix 2 : Tables of Chapter 2 
 

UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 1 4.8 4.4 11.1 11.1 15.8 15.5 8 8 5.5 5.5 0 0

Upr 2 4.6 4.7 13.2 13.2 17.5 18.3 11.6 11 7.1 6.9 0 0

Upr 3 4.5 4.5 11.3 10.9 15.5 14.8 9.1 8.9 6.1 5.6 0 0

Upr 4 4.7 4.8 13.7 13.5 19.4 19.6 5.1 5.7 5.2 5.2 0 0

Upr 5 4.3 4.5 11.8 12 16.2 16.6 6.9 7.2 5.6 5.6 0 0

Upr 6 4 4.1 11.4 12.2 17.6 18 9 9.5 6.1 6.4 0 0

Upr 7 4.3 4.3 11.2 11.5 17.4 17.9 7.7 7.7 4.8 5.3 0 0

Upr 8 3.9 4 10.7 10.9 15.7 16.5 5.3 4.9 4 4.7 0 0

Upr 9 4.3 4.4 11.1 11.1 15.5 15.8 8.8 8.8 5.3 4.9 0 0

Upr 10 3.8 3.7 9.9 9.9 15.1 15.1 7.8 8.1 4.6 5.1 0 0

Upr 11 4.5 4.5 12.1 12.4 17.7 17.3 8.7 8.4 5.9 5.4 0 0

Upr 12 4.4 4.4 11.6 12.1 18.8 18.4 7 6.6 4.4 4.2 0 0

Upr 13 4.3 4.5 11.5 12.3 17.6 17.9 8.9 8.2 5.4 5.4 0 0

Upr 14 4.4 4.4 12.2 12.5 17 17.3 9.9 9.9 7.2 7.2 0 0

Upr 15 4.1 4.2 12.2 11.9 17.2 17.4 6.7 6.7 5.2 4.8 0 0

Upr 16 4.2 4.2 11.5 11.2 17.1 17.1 9.7 9.7 5.9 5.6 0 0

Dental 
Models

Primary Measurements of Symmetry Recorded for the Upper Dental Arches

 
Table 2.4.1   Values of the primary measurements of symmetry recorded for  

the upper dental arches (Figures in mm). 
 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 1 2.2 2.5 7.1 7.4 12.3 12.3 3.6 4.3 2.8 2 0 0

Lwr 2 3 3 9 9 13.6 13.9 5.6 5.6 3.9 3.5 0 0

Lwr 3 2.5 2.5 6.9 6.8 11.3 11 5.6 5.2 3.7 3.5 0 0

Lwr 4 2.9 2.7 8.9 8.7 13.8 13.3 4.3 5 4 3.7 0 0

Lwr 5 2.9 2.9 8 8.5 12.8 12.2 4.2 4.8 4.9 5.5 0 0

Lwr 6 2.5 2.5 7.9 8 13.3 13.2 5.1 4.9 3.5 4 0 0

Lwr 7 2.7 2.7 8.3 7.9 12.7 13.2 5.6 5.6 4.4 3.3 0 0

Lwr 8 2.6 2.4 8.3 7.9 11.9 11.6 4.7 4.4 5.2 4 0 0

Lwr 9 2.7 2.7 8.1 8.1 12.9 12.9 5.3 5.2 4 3.9 0 0

Lwr 10 2.3 2.2 7.2 7.3 10.8 10.8 5.8 5.9 4.3 4.3 0 0

Lwr 11 2.6 2.8 8.3 9 13.6 13.6 5.5 5 4.3 4.3 0 0

Lwr 12 3 3.2 8.8 9.3 15.1 15.1 4.6 4.6 3.5 4.2 0 0

Lwr 13 2.3 2.5 8 8.1 13.9 13 6.8 5.9 4.4 4.7 0 0

Lwr 14 3 3 8.9 8.9 15.1 15.1 5.7 5.7 3.8 3.8 0 0

Lwr 15 2.7 2.6 8.1 7.8 13.3 13 5.3 5.4 3.8 3.6 0 0

Lwr 16 2.6 2.7 8.2 8.4 12.9 12.7 6.2 6.2 5.3 5.3 0 0

Dental 
Models

Primary Measurements of Symmetry Recorded for the Lower Dental Arches

 
Table 2.4.2   Values of the primary measurements of symmetry recorded for  
  the lower dental arches (Figures in mm). 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

Upr 1 0.4 0 0.3 0 0 0
Upr 2 -0.1 0 -0.8 0.6 0.2 0
Upr 3 0 0.4 0.7 0.2 0.5 0
Upr 4 -0.1 0.2 -0.2 -0.6 0 0
Upr 5 -0.2 -0.2 -0.4 -0.3 0 0
Upr 6 -0.1 -0.8 -0.4 -0.5 -0.3 0
Upr 7 0 -0.3 -0.5 0 -0.5 0
Upr 8 -0.1 -0.2 -0.8 0.4 -0.7 0
Upr 9 -0.1 0 -0.3 0 0.4 0

Upr 10 0.1 0 0 -0.3 -0.5 0
Upr 11 0 -0.3 0.4 0.3 0.5 0
Upr 12 0 -0.5 0.4 0.4 0.2 0
Upr 13 -0.2 -0.8 -0.3 0.7 0 0
Upr 14 0 -0.3 -0.3 0 0 0
Upr 15 -0.1 0.3 -0.2 0 0.4 0
Upr 16 0 0.3 0 0 0.3 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Upper Dental Arches

 
 
Table 2.5.5   Values of the quantitative measurements of symmetry recorded for 

the upper dental arches (Figures in mm). 
 

 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC
Lwr 1 -0.3 -0.3 0 -0.7 0.8 0

Lwer 2 0 0 -0.3 0 0.4 0
Lwr 3 0 0.1 0.3 0.4 0.2 0
Lwr 4 0.2 0.2 0.5 -0.7 0.3 0
Lwr 5 0 -0.5 0.6 -0.6 -0.6 0
Lwr 6 0 -0.1 0.1 0.2 -0.5 0
Lwr 7 0 0.4 -0.5 0 1.1 0
Lwr 8 0.2 0.4 0.3 0.3 1.2 0
Lwr 9 0 0 0 0.1 0.1 0

Lwr 10 0.1 -0.1 0 -0.1 0 0
Lwr 11 -0.2 -0.7 0 0.5 0 0
Lwr 12 -0.2 -0.5 0 0 -0.7 0
Lwr 13 -0.2 -0.1 0.9 0.9 -0.3 0
Lwr 14 0 0 0 0 0 0
Lwr 15 0.1 0.3 0.3 -0.1 0.2 0
Lwr 16 -0.1 -0.2 0.2 0 0 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Lower Dental Arches

 

Table 2.5.6   Values of the quantitative measurements of symmetry recorded for 
  the lower dental arches (Figures in mm). 
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Appendix 3 : Tables of Chapter 3 
 

 

UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 1 4.9 4.3 11 11 15.8 16.1 7.4 7.3 4.6 4.9 0 0
Upr 2 4.8 4.8 13.4 13.2 17.5 18.4 11.7 11.2 7.1 6.9 0 0
Upr 3 4.5 4.7 11.2 11.1 15.1 15 9 8.8 5.7 5.2 0 0
Upr 4 4.9 4.6 13.9 13.6 19.4 19.5 5.2 5.9 5.6 5.4 0 0
Upr 5 4.5 4.3 11.8 12 16.2 16.6 7.2 7.2 5.6 5.8 0 0
Upr 6 3.8 3.9 11.3 12.3 17.4 17.9 8.5 8.9 6.2 6.4 0 0
Upr 7 4.4 4.3 11.2 11.2 17.6 18 7.5 7.8 4.8 5.1 0 0
Upr 8 3.9 4 10.8 10.9 16 16.7 5.2 5.4 4.9 4.1 0 0
Upr 9 4.4 4.7 11.2 11 15.8 16.4 9 9 5.4 5.2 0 0

Upr 10 3.8 3.6 9.7 9.9 14.9 15.1 7.8 8.5 4.5 5.5 0 0
Upr 11 4.5 4.5 12.2 12.3 18.1 17.4 8.8 8.3 6.1 5.5 0 0
Upr 12 4.5 4.4 11.8 11.9 19 18.5 6.7 6.4 4.3 4.1 0 0
Upr 13 4.4 4.3 11.7 12.6 17.6 18.2 8.5 7.8 5.2 5.4 0 0
Upr 14 4.5 4.5 12.2 12.6 17.1 17.6 10.1 9.5 6.8 7.3 0 0

Upr 15 4.2 4.3 12.5 11.8 17.6 18 7.2 6.8 5.4 4.7 0 0

Upr 16 4.3 4.3 11.7 11.4 17.7 16.9 10 10 6.1 5.7 0 0

Dental 
Models

Primary  Measurements of Symmetry Recorded for the Upper Dental Arches (first trial)

 
Table 3.4.1   Values of the primary measurements of symmetry recorded, by the 
author, for the upper dental arches in the first trial (Figures in mm). 
 

 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 1 2.3 2.4 7.2 7.6 12.3 12.1 3.4 4.2 2.9 1.9 0 0
Lwr 2 3 3.2 9.2 9 13.9 14 5.6 5.6 4 3.5 0 0
Lwr 3 2.4 2.4 6.8 6.9 11.1 11.3 5.6 5.1 3.6 3.4 0 0
Lwr 4 2.9 2.9 8.9 8.6 13.6 13.4 4.5 5.2 4.3 3.9 0 0
Lwr 5 2.9 2.9 7.9 8.6 13.3 12.1 4.1 4.7 5 5.3 0 0
Lwr 6 2.6 2.6 7.9 7.9 13.4 13.1 5.3 4.9 3.6 3.9 0 0
Lwr 7 2.7 2.7 8.2 7.9 12.9 13.6 5.3 5.3 4.2 3.1 0 0
Lwr 8 2.5 2.4 8.3 8 12.1 11.7 4.9 4.5 5.2 4.1 0 0
Lwr 9 2.7 2.7 8.1 8.4 12.7 12.9 5.3 5.2 4.1 3.7 0 0

Lwr 10 2.3 2.2 7.3 7.2 10.6 10.9 5.8 6 4.4 4.4 0 0
Lwr 11 2.5 2.8 8.3 9 13.5 13.8 5.4 4.9 4.2 4.2 0 0
Lwr 12 3 3.1 8.7 9.3 15.3 14.9 4.5 4.5 3.5 4.1 0 0
Lwr 13 2.4 2.5 7.9 8.1 13.6 13.3 7.3 6.2 4.5 5.1 0 0
Lwr 14 2.9 2.8 9.3 9.1 14.8 15 5.7 5.8 4.4 3.6 0 0

Lwr 15 2.6 2.6 8.2 7.8 13.2 12.6 5.6 5.6 4.2 4 0 0

Lwr 16 2.5 2.7 8.6 8.5 12.7 12.5 6 6 5.4 5.5 0 0

Dental 
Models

Primary  Measurements of Symmetry Recorded for the Lower Dental Arches (first trial)

 
Table 3.4.2   Values of the primary measurements of symmetry recorded, by the 
author, for the lower dental arches in the first trial (Figures in mm). 
 

 221



 

UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 1 4.8 4.3 11.1 11 15.8 16 7.5 7.3 4.7 5.1 0 0

Upr 2 4.8 4.7 13.3 13.1 17.6 18.4 11.5 10.9 7.1 6.9 0 0

Upr 3 4.4 4.6 11 10.9 15.4 15.2 8.9 8.9 5.6 5.5 0 0

Upr 4 4.9 4.6 13.9 13.6 19.2 19.4 5.1 5.7 5.5 5.3 0 0

Upr 5 4.5 4.4 11.7 12 16.4 16.8 7 7.1 5.4 5.8 0 0

Upr 6 3.7 3.8 11.3 12.5 17.4 18 8.2 8.7 6 6.2 0 0

Upr 7 4.3 4.3 11.1 11.5 17.3 17.8 7.4 7.6 4.7 5.2 0 0

Upr 8 3.9 4.1 10.8 10.9 16 16.7 5.2 5.5 5 4.2 0 0

Upr 9 4.3 4.5 11.1 11.3 15.7 16.2 9.1 9.1 5.5 5.3 0 0

Upr 10 3.8 3.7 9.8 10 15.2 14.9 7.6 8.2 4.4 5 0 0

Upr 11 4.6 4.4 12.2 12.2 18.3 17.4 8.8 8.4 6.1 5.6 0 0

Upr 12 4.5 4.4 11.8 12 18.6 18.4 6.4 6.1 3.7 3.9 0 0

Upr 13 4.3 4.4 11.4 12.4 17.3 17.8 8.7 7.9 5.2 5.1 0 0

Upr 14 4.6 4.4 12.3 12.4 17.2 17.5 10.1 10.1 7.2 7 0 0
Upr 15 4.4 4.3 12.5 11.7 17.7 17.8 7.4 7 5.6 4.8 0 0

Upr 16 4.4 4.4 11.6 11.3 17.7 17.3 9.7 9.7 6.1 5.6 0 0

Dental 
Models

Primary Measurements of Symmetry Recorded for the Upper Dental Arches (second trial)

 
Table 3.4.3   Values of the primary measurements of symmetry recorded, by the 
author, for the upper dental arches in the second trial (Figures in mm). 
 

 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 1 2.3 2.5 7.1 7.5 12.3 12 3.5 4.2 2.9 2.1 0 0

Lwr 2 3 3.1 9.2 9.1 14.1 14.2 5.4 5.4 3.8 3.3 0 0

Lwr 3 2.4 2.5 6.9 6.7 11.1 11.3 5.6 5 3.6 3.2 0 0

Lwr 4 2.9 2.8 8.8 8.6 13.7 13.2 4.6 5.2 4.3 4 0 0

Lwr 5 2.8 2.9 7.8 8.7 13.3 12.2 4.2 4.8 5 5.7 0 0

Lwr 6 2.5 2.5 7.9 7.9 13.2 13.2 5.1 4.8 3.4 3.9 0 0

Lwr 7 2.7 2.7 7.8 8.4 13.1 13.6 5.3 5.3 4.3 3 0 0

Lwr 8 2.6 2.4 8.4 8 12.2 11.9 4.7 4.4 5.2 4.2 0 0

Lwr 9 2.8 2.7 8.2 8.3 13 12.8 5.2 5 3.9 3.5 0 0

Lwr 10 2.3 2.2 7.2 7.3 10.9 10.9 5.7 6 4.4 4.4 0 0

Lwr 11 2.6 2.8 8.3 9.1 13.6 14 5.3 4.8 4 4.2 0 0

Lwr 12 3 3.1 8.8 9.3 15.5 14.9 4.3 4.3 3.2 4 0 0

Lwr 13 2.5 2.5 7.7 8.2 13.6 13.5 6.7 5.9 4.3 5 0 0

Lwr 14 3 2.9 9 9.2 15.2 15.1 5.6 5.9 4.3 3.7 0 0

Lwr 15 2.7 2.5 8.4 7.7 13.8 13.3 5 5 3.6 3.3 0 0

Lwr 16 2.5 3 8.3 8.8 12.7 12.8 6.1 6.1 5.4 5.6 0 0

Dental 
Models

Primary Measurements of Symmetry Recorded for the Lower Dental Arches (second trial)

 
Table 3.4.4   Values of the primary measurements of symmetry recorded, by the 
author, for the lower dental arches in the second trial (Figures in mm). 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 1 4.9 4.5 11.3 11.1 15.9 16.1 7.6 7.5 4.7 4.9 0 0

Upr 2 4.9 4.6 13.3 12.9 17.8 17.9 11.6 11.1 7.2 6.9 0 0

Upr 3 4.4 4.5 11.3 11.4 15.4 15.2 9 8.9 5.6 5.1 0 0

Upr 4 5 4.7 13.7 13.3 19.4 19.8 5.3 5.9 5.3 5.3 0 0

Upr 5 4.4 4.6 11.4 11.9 16.1 16.2 7.2 7.2 5.6 5.7 0 0

Upr 6 3.6 4 11.6 12.2 17.7 17.9 8.5 8.8 6.2 6.2 0 0

Upr 7 4.5 4.4 11.6 11.5 17.7 17.9 7.6 7.9 4.8 5.1 0 0

Upr 8 3.6 3.9 11 10.9 15.9 16.5 5.1 5 4.7 4.1 0 0

Upr 9 4.1 4.6 11.1 11.9 15.5 16.1 9 9 5.3 5.1 0 0

Upr 10 3.9 3.8 9.8 9.9 15 15.1 7.9 8.5 4.9 5.5 0 0

Upr 11 4.5 4.3 12.1 12.1 18 17.6 8.9 8.3 6.1 5.8 0 0

Upr 12 4.3 4.1 11.5 11.5 18.9 18.4 6.6 6.1 4 3.9 0 0

Upr 13 4 4.2 11.2 12.1 17.4 17.9 8.1 7.8 5.2 5.4 0 0

Upr 14 4.5 4.5 12.4 12.5 17.4 17.5 9.8 9.3 6.5 7.1 0 0

Upr 15 4.3 4.5 12.4 11.7 17.5 17.9 7.1 6.8 5.1 4.7 0 0

Upr 16 4.1 4.1 11.5 11.4 17.6 16.8 10 10 6 5.7 0 0

Dental 
Models

Primary Measurements of Symmetry Recorded for the Upper Dental Arches (second observer)

 
Table 3.4.5   Values of the primary measurements of symmetry recorded, by the  
second observer, for the upper dental arches (Figures in mm). 
 

 

LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 1 2.3 2.5 6.6 7.7 12.5 12.4 3.6 4.3 2.9 2.2 0 0

Lwr 2 3 3 9 9 13.8 14.1 5.6 5.6 4 3.5 0 0

Lwr 3 2.5 2.4 6.9 7.2 11.1 11.3 5.4 4.9 3.2 3.4 0 0

Lwr 4 2.8 2.8 8.8 8.7 13.9 13.6 4.1 4.8 3.7 3.6 0 0

Lwr 5 2.7 2.7 7.8 8.2 13.1 12.2 4.4 4.8 5.5 5.3 0 0

Lwr 6 2.6 2.6 7.9 7.8 13.6 13.4 5.1 4.9 3.6 3.9 0 0

Lwr 7 2.7 2.7 8.2 7.9 13.3 13.9 5.4 5.3 4.2 3.3 0 0

Lwr 8 2.5 2.4 8.3 8 12.1 11.7 4.9 4.5 5.2 4.1 0 0

Lwr 9 2.7 2.7 8.1 8.2 12.2 12.6 5.1 5 4.1 3.8 0 0

Lwr 10 2.4 2.2 7.7 7.5 10.9 11.1 5.7 6 4.4 4.4 0 0

Lwr 11 2.5 2.9 8.2 9 14.1 13.8 5.7 4.9 4.2 4.2 0 0

Lwr 12 2.9 3 8.5 9.1 15.1 14.7 4.5 4.5 3.4 4 0 0

Lwr 13 2.3 2.3 7.6 7.9 13.4 13.1 7.1 6.2 4.6 5 0 0

Lwr 14 2.8 2.6 9.1 9.1 14.6 14.8 5.7 5.8 4.4 3.6 0 0

Lwr 15 2.6 2.6 8.1 7.8 13.1 12.7 5.6 5.6 4.4 4 0 0

Lwr 16 2.7 2.8 8.9 8.5 13 12.9 6 6 5.6 5.5 0 0

Dental 
Models

Primary Measurements of Symmetry Recorded for the Lower Dental Arches (second observer)

 
Table 3.4.6   Values of the primary measurements of symmetry recorded, by the  
second observer, for the lower dental arches (Figures in mm).. 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC
Upr 1 0.6 0 -0.3 0.1 -0.3 0
Upr 2 0 0.2 -0.9 0.5 0.2 0
Upr 3 -0.2 0.1 0.1 0.2 0.5 0
Upr 4 0.3 0.3 -0.1 -0.7 0.2 0
Upr 5 0.2 -0.2 -0.4 0 -0.2 0
Upr 6 -0.1 -1 -0.5 -0.4 -0.2 0
Upr 7 0.1 0 -0.4 -0.3 -0.3 0
Upr 8 -0.1 -0.1 -0.7 -0.2 0.8 0
Upr 9 -0.3 0.2 -0.6 0 0.2 0

Upr 10 0.2 -0.2 -0.2 -0.7 -1 0
Upr 11 0 -0.1 0.7 0.5 0.6 0
Upr 12 0.1 -0.1 0.5 0.3 0.2 0
Upr 13 0.1 -0.9 -0.6 0.7 -0.2 0
Upr 14 0 -0.4 -0.5 0.6 -0.5 0
Upr 15 -0.1 0.7 -0.4 0.4 0.7 0
Upr 16 0 0.3 0.8 0 0.4 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Upper Dental Arches (first trial) 

 
Table 3.4.7   Values of the quantitative measurements of symmetry recorded, by 
the author, for the upper dental arches in the first trial (Figures in mm). 
 

 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC
Lwr 1 -0.1 -0.4 0.2 -0.8 1 0
Lwe 2 -0.2 0.2 -0.1 0 0.5 0
Lwr 3 0 -0.1 -0.2 0.5 0.2 0
Lwr 4 0 0.3 0.2 -0.7 0.4 0
Lwr 5 0 -0.7 1.2 -0.6 -0.3 0
Lwr 6 0 0 0.3 0.4 -0.3 0
Lwr 7 0 0.3 -0.7 0 1.1 0
Lwr 8 0.1 0.3 0.4 0.4 1.1 0
Lwr 9 0 -0.3 -0.2 0.1 0.4 0

Lwr 10 0.1 0.1 -0.3 -0.2 0 0
Lwr 11 -0.3 -0.7 -0.3 0.5 0 0
Lwr 12 -0.1 -0.6 0.4 0 -0.6 0
Lwr 13 -0.1 -0.2 0.3 1.1 -0.6 0
Lwr 14 0.1 0.2 -0.2 -0.1 0.8 0
Lwr 15 0 0.4 0.6 0 0.2 0
Lwr 16 -0.2 0.1 0.2 0 -0.1 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Lower Dental Arches (first trial)

 

Table 3.4.8   Values of the quantitative measurements of symmetry recorded, by 
the author, for the lower dental arches in the first trial (Figures in mm) 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC
Upr 1 0.5 0.1 -0.2 0.2 -0.4 0
Upr 2 0.1 0.2 -0.8 0.6 0.2 0
Upr 3 -0.2 0.1 0.2 0 0.1 0
Upr 4 0.3 0.3 -0.2 -0.6 0.2 0
Upr 5 0.1 -0.3 -0.4 -0.1 -0.4 0
Upr 6 -0.1 -1.2 -0.6 -0.5 -0.2 0
Upr 7 0 -0.4 -0.5 -0.2 -0.5 0
Upr 8 -0.2 -0.1 -0.7 -0.3 0.8 0
Upr 9 -0.2 -0.2 -0.5 0 0.2 0

Upr 10 0.1 -0.2 0.3 -0.6 -0.6 0
Upr 11 0.2 0 0.9 0.4 0.5 0
Upr 12 0.1 -0.2 0.2 0.3 -0.2 0
Upr 13 -0.1 -1 -0.5 0.8 0.1 0
Upr 14 0.2 -0.1 -0.3 0 0.2 0
Upr 15 0.1 0.8 -0.1 0.4 0.8 0
Upr 16 0 0.3 0.4 0 0.5 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Upper Dental Arches (second trial) 

 
Table 3.4.9   Values of the quantitative measurements of symmetry recorded, by 
the author, for the upper dental arches in the second trial (Figures in mm). 
 

 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC
Lwr 1 -0.2 -0.4 0.3 -0.7 0.8 0
Lwe 2 -0.1 0.1 -0.1 0 0.5 0
Lwr 3 -0.1 0.2 -0.2 0.6 0.4 0
Lwr 4 0.1 0.2 0.5 -0.6 0.3 0
Lwr 5 -0.1 -0.9 1.1 -0.6 -0.7 0
Lwr 6 0 0 0 0.3 -0.5 0
Lwr 7 0 -0.6 -0.5 0 1.3 0
Lwr 8 0.2 0.4 0.3 0.3 1 0
Lwr 9 0.1 -0.1 0.2 0.2 0.4 0

Lwr 10 0.1 -0.1 0 -0.3 0 0
Lwr 11 -0.2 -0.8 -0.4 0.5 -0.2 0
Lwr 12 -0.1 -0.5 0.6 0 -0.8 0
Lwr 13 0 -0.5 0.1 0.8 -0.7 0
Lwr 14 0.1 -0.2 0.1 -0.3 0.6 0
Lwr 15 0.2 0.7 0.5 0 0.3 0
Lwr 16 -0.5 -0.5 -0.1 0 -0.2 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Lower Dental Arches (second trial)

 

Table 3.4.10 Values of the quantitative measurements of symmetry recorded, by 
the author, for the lower dental arches in the second trial (Figures in mm). 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC
Upr 1 0.4 0.2 -0.2 0.1 -0.2 0
Upr 2 0.3 0.4 -0.1 0.5 0.3 0
Upr 3 -0.1 -0.1 0.2 0.1 0.5 0
Upr 4 0.3 0.4 -0.4 -0.6 0 0
Upr 5 -0.2 -0.5 -0.1 0 -0.1 0
Upr 6 -0.4 -0.6 -0.2 -0.3 0 0
Upr 7 0.1 0.1 -0.2 -0.3 -0.3 0
Upr 8 -0.3 0.1 -0.6 0.1 0.6 0
Upr 9 -0.5 -0.8 -0.6 0 0.2 0

Upr 10 0.1 -0.1 -0.1 -0.6 -0.6 0
Upr 11 0.2 0 0.4 0.6 0.3 0
Upr 12 0.2 0 0.5 0.5 0.1 0
Upr 13 -0.2 -0.9 -0.5 0.3 -0.2 0
Upr 14 0 -0.1 -0.1 0.5 -0.6 0
Upr 15 -0.2 0.7 -0.4 0.3 0.4 0
Upr 16 0 0.1 0.8 0 0.3 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Upper Dental Arches (second observer) 

 
Table 3.4.11 Values of the quantitative measurements of symmetry recorded, by 
the second observer, for the upper dental arches (Figures in mm). 
 

 

HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

Lwr 1 -0.2 -1.1 0.1 -0.7 0.7 0
Lwe 2 0 0 -0.3 0 0.5 0
Lwr 3 0.1 -0.3 -0.2 0.5 -0.2 0
Lwr 4 0 0.1 0.3 -0.7 0.1 0
Lwr 5 0 -0.4 0.9 -0.4 0.2 0
Lwr 6 0 0.1 0.2 0.2 -0.3 0
Lwr 7 0 0.3 -0.6 0.1 0.9 0
Lwr 8 0.1 0.3 0.4 0.4 1.1 0
Lwr 9 0 -0.1 -0.4 0.1 0.3 0

Lwr 10 0.2 0.2 -0.2 -0.3 0 0
Lwr 11 -0.4 -0.8 0.3 0.8 0 0
Lwr 12 -0.1 -0.6 0.4 0 -0.6 0
Lwr 13 0 -0.3 0.3 0.9 -0.4 0
Lwr 14 0.2 0 -0.2 -0.1 0.8 0
Lwr 15 0 0.3 0.4 0 0.4 0
Lwr 16 -0.1 0.4 0.1 0 0.1 0

Dental Models
Quantitative Measurements of Symmetry Recorded         

for the Lower Dental Arches (second observer)

 

Table 3.4.12 Values of the quantitative measurements of symmetry recorded, by 
the second observer, for the lower dental arches (Figures in mm). 
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Appendix 4 : Tables of Chapter 4 
 

UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 1 4.3 4.5 11.8 12 16.2 16.6 6.9 7.2 5.6 5.6 0 0
Upr 2 4 4.1 11.4 12.2 17.6 18 9 9.5 6.1 6.4 0 0
Upr 3 4.9 4.9 12.4 12.9 19.4 19.2 8.7 8.7 4.6 4.8 0 0
Upr 4 4.3 4.6 13 13.2 18.4 17.9 8.3 8.3 6.1 5.9 0 0
Upr 5 4.3 4.3 11.5 12.2 16.5 17.3 9.8 9.1 6.5 5.6 0 0
Upr 6 4 4 10.8 11.5 16.3 17.1 8.7 9 5.3 4.9 0 0
Upr 7 3.9 4 11.2 11.5 18 17.4 4.9 4.9 3.9 3.9 0 0
Upr 8 4.7 4.4 12.7 12.2 16.5 16.1 11.4 10.5 7.6 6.9 0 0
Upr 9 4.4 4.3 12 11.4 16.6 18.4 8.1 8.1 4.2 4.3 0 0

Upr 10 4.6 4.5 11.9 11.4 17.1 16.5 9.8 9.3 4.1 3.4 0 0
Upr 11 3.4 3.3 9.3 10.8 16.3 16.2 9.7 8.3 4.3 3.7 0 0
Upr 12 4.3 4.1 11.5 11.7 19.3 18.5 6.9 6.9 4.2 3.5 0 0
Upr 13 4.5 5.4 11.7 11.4 18.1 17.4 4 4 2.3 2.5 0 0
Upr 14 3.9 3.9 11.6 11.4 14.9 15.2 8.7 8.7 6.7 6.7 0 0
Upr 15 4.1 4.3 11.2 12.4 17.8 19.6 9.4 10.1 5.7 5.7 0 0
Upr 16 4.7 4.9 12.9 13.7 19.5 20.1 9.1 10 3.9 6.6 0 0
Upr 17 4.3 4.1 11.7 11.6 17.4 17.1 7.2 8.3 4.4 5.3 0 0
Upr 18 4.9 4.6 11.5 11.5 16.8 16.7 8.3 8.3 6.4 5.6 0 0
Upr 19 4.3 4.2 11.5 12 16.3 16.4 6.8 7.1 4.4 6.3 0 0
Upr 20 4.7 4.7 11.4 12.4 18.3 17.8 11 10.4 6.3 6.7 0 0
Upr 21 4.1 4 11.5 10.7 17.3 17.7 2.7 2.5 4.4 3.5 0 0
Upr 22 4.4 4.1 11 12.4 16.3 18.9 7.4 7.8 5 5.6 0 0
Upr 23 4.2 3.5 12.2 10.5 16.8 15.5 7.3 7.6 5.6 5.8 0 0
Upr 24 3.9 4.7 12.3 11.6 17.5 18.5 8.5 8.8 6 4.8 0 0
Upr 25 4.2 4.1 11.8 11.5 17.7 16.6 9.3 8.1 5.5 5.5 0 0
Upr 26 4.2 4.2 11.4 11.4 17.5 17.5 6.2 6.2 4.1 3.7 0 0
Upr 27 4.4 4.4 12 11.1 17.5 17.3 6.9 6.6 6.3 5.7 0 0
Upr 28 4.3 4.3 11.9 11.4 17 17 8.2 8.2 5.6 4.9 0 0
Upr 29 4.4 4.3 10.7 10.7 18.1 17.7 6.2 6.9 4 3.5 0 0
Upr 30 4.4 4.3 10.4 12 18.6 18.1 9.8 8.5 5.1 5.4 0 0
Upr 31 4.1 4 8.7 10.9 16.9 16.7 8 7.8 4 4 0 0
Upr 32 4.2 4.2 12.4 11.6 18 17.1 6.6 6.6 6.8 4.3 0 0
Upr 33 4.7 4.7 12.6 12.8 18.1 18.4 7.1 7.7 4.6 5.8 0 0
Upr 34 4.5 4.6 12 12 17.5 17.5 7.7 8.6 5.1 5.6 0 0
Upr 35 4.5 4.8 13.1 12.5 18.7 18.5 9.8 9.8 4.6 5.3 0 0
Upr 36 4.8 4.6 12.6 13.2 18.2 18.9 10 10.4 6.5 6.2 0 0
Upr 37 4.3 4.3 11.5 11.9 18.2 18.3 6.6 6.6 3.8 4.7 0 0
Upr 38 3.9 4.3 10.1 10.6 15.6 16.8 5.8 6.5 3.4 3.5 0 0
Upr 39 3.5 3.8 11 12.7 17.7 17.7 9.2 7.1 4.5 5.4 0 0
Upr 40 4.5 4.4 12.3 12.4 17.3 18.3 5.8 5.8 5.1 4.5 0 0
Upr 41 4.2 4.3 9.1 9.2 14.4 15.5 9.7 8.3 4.1 4.1 0 0
Upr 42 3.8 4.1 11.9 11.4 16.4 17.3 5.8 5.8 5.5 4.9 0 0
Upr 43 3.4 3.6 8.9 8.5 14.6 13.8 5.3 5.3 2.8 1.9 0 0
Upr 44 4.2 4.3 12.4 13.6 18.3 19.1 9.4 9.4 5.6 5.4 0 0
Upr 45 4.6 4.9 11.8 11 17.1 16.8 8.5 8.8 5.4 5.4 0 0
Upr 46 4.4 4.6 12.4 12.4 17.9 17.9 8.9 8.6 5.3 5 0 0
Upr 47 4.5 4.4 11.8 11.8 16.9 17.5 8.1 7.3 5.1 4.8 0 0
Upr 48 4.3 4.1 11.3 11.1 16.5 16.5 8.4 8.6 5.5 5.1 0 0
Upr 49 4.5 4.5 12.3 11.9 17.7 17.7 6.9 7.1 5.4 4.6 0 0
Upr 50 5.8 5.6 14.7 14.2 21.1 21 11.9 11.7 7 6.6 0 0
Upr 51 4.1 4.1 11.2 11.1 16.2 16.6 6.9 6.7 4.4 4.2 0 0
Upr 52 4.4 4.4 10.9 8.9 17.5 16.9 7.9 8.3 4.8 4.4 0 0
Upr 53 4.2 4.2 11.9 11.6 16.9 16.9 7.4 7.4 6.3 4.9 0 0
Upr 54 5.3 5.1 13.4 13.6 17.5 17.8 8 8.4 5.5 6.4 0 0
Upr 55 4.4 4.4 11.2 11.2 16.9 17.1 7.7 7.4 5.3 4.9 0 0

Dental 
Models 
of Male 
Subjects

Primary Measurements of Symmetry Recorded for the Upper Dental Arches of the               
Male Subjects
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upper dental arches of the male subjects (No of subjects = 115, Figures in mm). 
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 56 4.6 4.6 12.1 11.7 18.1 18.1 9 8.8 5.4 4.2 0 0
Upr 57 4.1 4.3 12.3 11.5 19.7 17.3 8.8 9.4 5.6 5.2 0 0
Upr 58 4.2 3.8 10.9 10.4 17 16.6 8.7 9.4 4.9 5 0 0
Upr 59 4.7 4.8 12 12.3 18.4 17.7 9.7 9.4 6.3 6 0 0
Upr 60 4.5 4.5 12.1 12.4 17.7 17.3 8.7 8.4 5.9 5.4 0 0
Upr 61 4.4 4.4 11.6 11.6 16.5 16.5 9.4 9.4 5.3 5.3 0 0
Upr 62 4.4 4.2 11.6 11.6 16.3 16.5 6.9 6.9 4.5 5.1 0 0
Upr 63 4.1 4.4 12.6 11.8 17.4 16.7 9.8 9.8 5.6 5.2 0 0
Upr 64 4.9 4.7 12 11.3 17.8 16.7 7.4 7.4 4 4.9 0 0
Upr 65 4.5 4.8 12.2 11.8 15.8 16.5 8.7 8.5 5.3 5.1 0 0
Upr 66 3.9 3.8 10.2 10.6 16.4 17.2 7.2 7.2 4.7 4 0 0
Upr 67 4.2 4.3 11.9 12.1 18.2 18.2 8.5 8.5 5 4.7 0 0
Upr 68 4.3 4.1 11.5 11.2 17.9 16.6 7.6 7.6 4.3 5.6 0 0
Upr 69 4.2 4.3 12 10.3 16.9 15.9 8.8 9.4 6.4 5.9 0 0
Upr 70 4.6 4.9 12.9 13.3 19.9 19.6 9.3 9 5.5 5.2 0 0
Upr 71 4.1 4.5 11.4 11.5 16.9 16.9 8.2 8.5 4.2 4.7 0 0
Upr 72 4.1 4.4 11.1 11 17.3 16.6 8.8 8.5 4.8 4.8 0 0
Upr 73 4.2 4.3 12.2 12 18.4 18.2 6.7 7.5 5.5 4.9 0 0
Upr 74 4.1 4.2 12.5 11.1 18.8 18.1 9.1 8.7 4.2 4.9 0 0
Upr 75 4.2 4 10.1 9.6 16.6 16 9.6 10 5.4 5.4 0 0
Upr 76 4.6 4.4 11.8 11.9 15.7 16.4 10.8 10.8 6.4 6.4 0 0
Upr 77 4.6 4.7 12.7 12.2 18.6 17.9 7.6 8.4 5 5 0 0
Upr 78 4.9 4.8 12.3 12.4 17.4 16.6 8.7 8.7 5 5.4 0 0
Upr 79 3.7 3.6 10.9 9.9 17.6 17.1 6.3 6.3 4.7 3.9 0 0
Upr 80 4.3 4.1 11.7 11.8 18.2 17.4 7.9 7.9 4.5 5.3 0 0
Upr 81 4.5 4.3 9.8 8.7 16.3 15.4 10.9 10.9 4.6 4.6 0 0
Upr 82 4.1 4.1 12.3 11.3 19.4 18 8.6 9.1 5.3 4.9 0 0
Upr 83 4 4.3 11.1 11.8 17.9 18.3 7.7 7.7 4.3 4.9 0 0
Upr 84 4.2 4.6 12.1 12.5 18 18.8 9 9 6.3 5.9 0 0
Upr 85 4.6 4.8 11.8 11.6 17.5 16.9 9.5 9.5 6.1 5.7 0 0
Upr 86 5.5 4.7 12 12.2 18.1 17.7 6.7 7 4.4 3.5 0 0
Upr 87 4.5 4.3 11.8 11.8 17.4 17.9 8.7 9.1 6 6 0 0
Upr 88 4.4 4.4 12.1 11.9 17 17.6 8.6 8.6 5.4 4.9 0 0
Upr 89 5.1 4.9 13.8 13.5 19.5 18.5 11 11 7.5 7.4 0 0
Upr 90 3.9 4.1 10.5 11 16.7 17.3 6 6 3.4 3.7 0 0
Upr 91 4.6 4.7 11.9 12 17.9 17.4 9.2 9.2 5.7 5.7 0 0
Upr 92 4.4 4.4 11.5 12.3 17.1 17.7 9.1 8.4 5.4 5.4 0 0
Upr 93 4.7 4.7 13.1 13.4 18.5 17.8 8.5 8.1 6 5.5 0 0
Upr 94 4 4.1 9.9 11.4 15.1 15.6 8.3 8.1 5.6 5.2 0 0
Upr 95 4.4 4.3 12.4 11.6 18.8 17.8 8.3 8.7 4.8 5.6 0 0
Upr 96 4.2 4.2 11.7 11.8 17.5 17.3 9.1 9.1 5.5 5.7 0 0
Upr 97 4.5 4.6 12.2 12.2 14.9 16.5 10.3 9.9 6.2 5.9 0 0
Upr 98 3.5 3.8 10.7 11.6 15.7 16.5 8.8 8.2 5.3 5.5 0 0
Upr 99 4.3 4.5 11.5 12.3 17.6 17.9 8.9 8.2 5.4 5.4 0 0

Upr 100 4.4 4.4 12.2 12.5 17 17.3 9.9 9.9 7.2 7.2 0 0
Upr 101 4 4 11.4 11.6 16.5 16.5 6.6 6.6 4.1 4.1 0 0
Upr 102 4.5 4.5 11.9 12.2 18 19.3 9.2 8.8 4.9 5.7 0 0
Upr 103 4.3 4.5 12.3 11.4 18.6 18.3 8.2 8.2 4.4 4.7 0 0
Upr 104 4.5 4.5 11.9 12.4 18.2 20.2 6.6 8.5 3.8 5.3 0 0
Upr 105 4.6 4.5 11.5 11.1 18.3 17.7 7.3 7.3 4.5 3.1 0 0
Upr 106 4.8 4.7 13 13 18.3 18.2 8.5 8.2 6 5.6 0 0
Upr 107 4.4 4 12.3 12 17.4 16.9 11 8.5 7 6.2 0 0
Upr 108 4.1 4.2 11.3 11.4 19 17.8 7.5 7.3 3.7 4.2 0 0
Upr 109 4.3 4.7 11.3 12.8 17.9 19.9 10 10.7 6.2 6.2 0 0
Upr 110 4.3 4.1 12 11.4 17.5 16.9 7.5 8.1 5 5.4 0 0
Upr 111 4.3 4.5 11.4 11.7 16.1 16.9 8.3 8.3 6.2 5.5 0 0
Upr 112 4.1 3.9 11.9 10.9 17.4 15.7 7 7.8 5.1 5.8 0 0
Upr 113 4.3 3.9 9 11 15.9 16.7 7.9 7.2 4.3 4.3 0 0
Upr 114 4.3 4.4 11.6 11.7 18 18.3 6.6 6.6 3.6 4.1 0 0
Upr 115 3.8 3.9 11.1 12.4 17.2 17.9 9.6 7.3 5.2 4.3 0 0

Dental 
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of Male 
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Primary Measurements of Symmetry Recorded for the Upper Dental Arches of the               
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LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 1 2.9 2.9 8 8.5 12.8 12.2 4.2 4.8 4.9 5.5 0 0
Lwr 2 2.5 2.5 7.9 8 13.3 13.2 5.1 4.9 3.5 4 0 0
Lwr 3 2.8 2.8 9 8.4 11.9 14.1 6 6 5 4.8 0 0
Lwr 4 2.2 2.7 7.6 7.8 12.6 12.4 6.9 7.1 5.1 5.3 0 0
Lwr 5 2.7 2.6 8 7.6 13.3 12.6 5.5 4.8 3.5 2.1 0 0
Lwr 6 2.5 2.6 7 7 11.9 11.1 6.8 7.2 4.4 4.9 0 0
Lwr 7 2.6 2.6 7.9 7.6 12 12 4 4 3.5 4 0 0
Lwr 8 2.8 2.7 8.9 8.3 13.7 13.9 6.3 6.3 4.6 4.9 0 0
Lwr 9 2.6 2.6 7.5 8.2 13.4 12.5 5.3 6 5.8 3.6 0 0

Lwr 10 2.7 2.6 7.4 7.7 12.6 13.5 6.1 5.7 5.6 5.7 0 0
Lwr 11 2.6 2.7 7.8 7.6 12.2 12.2 6.1 6.5 5.6 5.4 0 0
Lwr 12 2.8 2.7 8.3 7.6 13.4 12.6 6 6.4 4.2 4 0 0
Lwr 13 2.7 2.6 8.1 8 13.5 13.5 3.8 3.5 2.5 2.2 0 0
Lwr 14 2.6 2.5 8.4 7.9 13.3 13 4.8 4.4 3.6 3.6 0 0
Lwr 15 2.6 2.5 8.1 8 12.3 11.9 4.6 5.4 4.6 3.8 0 0
Lwr 16 2.7 2.8 8.6 8.2 14.7 14 6 6 4.3 3.8 0 0
Lwr 17 2.7 2.9 8.4 8.6 11.1 11.7 5.1 5.1 3 3 0 0
Lwr 18 2.5 2.5 8.4 8.3 12.3 12.2 5.8 6.3 4.9 4.9 0 0
Lwr 19 2.7 2.8 8.3 8 12.1 13.2 3.2 2.7 3 2.7 0 0
Lwr 20 2.6 2.6 7.3 7.4 13.3 13 5.7 5.4 1.6 2.5 0 0
Lwr 21 2.4 2.3 8.3 8.2 13.6 14 2.8 4.8 3.4 3 0 0
Lwr 22 2.1 2.9 7 7.7 11.1 12.2 2.9 2.9 2.6 2.4 0 0
Lwr 23 2.6 2.8 8.2 8.3 14.6 13.4 3.4 2.9 3.6 4 0 0
Lwr 24 2.9 2.7 8.7 8.3 14.3 13.3 5.7 6.5 3.7 4.9 0 0
Lwr 25 2.3 2.2 7.2 7.3 11.9 12.1 4.6 3.5 2.2 1.2 0 0
Lwr 26 2.6 2.7 8.4 8.4 13.6 13.9 5.3 5.5 3.9 4.4 0 0
Lwr 27 2.3 2.5 7.8 8 14.8 14.5 1.7 1.8 0.6 1.1 0 0
Lwr 28 2.6 2.5 7.9 7.3 13.4 11.1 5.3 5.3 3.3 3.6 0 0
Lwr 29 2.7 2.7 8.1 8.3 13.4 13.7 1.8 2.3 2.9 0 0 0
Lwr 30 2.3 2.3 7.5 7.5 12.1 12.2 5.8 5.8 4.5 4.7 0 0
Lwr 31 2.5 2.2 8.3 7.6 13 13 4.9 4.9 4.1 3.1 0 0
Lwr 32 2.8 2.8 8.8 8.9 12.5 15.2 7.1 7.8 5.9 6.4 0 0
Lwr 33 2.6 2.7 6.9 7.4 12.9 12.1 5.1 6.3 2.3 3.4 0 0
Lwr 34 2.5 2.6 8 7.1 12.5 12.2 7.2 7.6 5.3 4.6 0 0
Lwr 35 2.7 2.8 8.5 8.5 13.1 12.5 5.5 6.1 4.1 4.9 0 0
Lwr 36 2.6 2.6 9.1 7.9 14.9 12.8 5.5 6.5 4.5 3.4 0 0
Lwr 37 1.9 1.7 6.7 6.6 12.1 12.3 4.8 3.2 2.9 2.7 0 0
Lwr 38 2.6 2.2 8 7.3 12.1 11.4 6.2 6.2 4.3 4.1 0 0
Lwr 39 2.3 2.2 7.4 7.5 12.1 12.5 7.6 6.1 4.7 4.4 0 0
Lwr 40 2.7 1.7 8.9 7.3 13.6 13.2 2.2 1.2 1.6 1.2 0 0
Lwr 41 2.3 2.2 7.6 7 11.9 11.2 5.2 6.2 3.4 3.4 0 0
Lwr 42 2.6 2.6 8 8.2 13.6 13.2 3.8 4.5 2.2 4 0 0
Lwr 43 2.6 2.5 7.4 7.3 12.9 11.1 4.7 4.7 3.4 2.8 0 0
Lwr 44 2.6 2.6 7.9 7.8 12.3 12.6 6.8 6.9 4.2 4.2 0 0
Lwr 45 2.5 2.5 7.5 8 12.7 13.1 6.2 5 2.2 2.7 0 0
Lwr 46 2.8 2.9 8.5 8.7 13.1 13.1 6 5.6 4.1 4.3 0 0
Lwr 47 2.8 2.9 8.6 9 13.7 13.4 6.4 6 4.2 4.9 0 0
Lwr 48 2.5 2.4 7.7 8 12.3 12.7 5.9 5.9 3.8 3.8 0 0
Lwr 49 2.5 2.6 8.4 8.7 13 12.9 5.2 5 4.2 4.5 0 0
Lwr 50 3.4 3.2 10.7 11 16.6 16.6 6.7 7.1 5.2 5.5 0 0
Lwr 51 2.5 2.5 7.4 7.6 11.3 12.8 6.2 5.9 3.8 3.6 0 0
Lwr 52 3 3 7.2 7.6 12.9 12.7 5.8 5.8 4.2 4.2 0 0
Lwr 53 2.6 2.6 8.2 7.7 12.9 12.6 4.6 4.9 3.1 3.1 0 0
Lwr 54 3 3.2 8.5 8.8 14.2 14.4 5.3 5.3 3.9 3.7 0 0
Lwr 55 2.3 2.2 7.2 7.3 11.9 11.5 4 4.9 3.8 4.4 0 0

Dental 
Models 
of Male 
subjects

Primary Measurements of Symmetry Recorded for the Lower Dental Arches of the               
Male Subjects

 
Table 4.3   Values of the primary measurements of symmetry recorded for the 
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LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 56 2.8 2.9 7.9 7.4 13.6 13.1 6.5 6.2 3.9 2.7 0 0
Lwr 57 2.7 2.8 8.5 8.8 13.9 13.9 6.2 6.2 4.3 4.6 0 0
Lwr 58 2.8 2.6 7.1 7.9 12.3 12.9 6.3 5.6 2.8 4.1 0 0
Lwr 59 2.6 2.6 8.7 8.3 12.8 13 4.8 4.4 3.7 3.4 0 0
Lwr 60 2.6 2.8 8.3 9 13.6 13.6 5.5 5 4.3 4.3 0 0
Lwr 61 2.8 2.7 8.4 8.1 12.7 12.8 5.6 5.8 3.8 4.1 0 0
Lwr 62 2.6 2.6 7.1 7.7 11.8 12.7 5.3 5.1 3.4 3.4 0 0
Lwr 63 2.9 3 8.8 9.2 12.8 12.8 6.8 7.2 4.5 5.3 0 0
Lwr 64 2.5 2.7 7.7 8.3 13.3 13.7 4.8 4.8 3.1 3.4 0 0
Lwr 65 2.5 2.6 7.9 8 12.3 13 5.6 5.2 4.3 4 0 0
Lwr 66 2.8 2.7 8.6 8.9 13.6 13.6 3.9 3.9 3.1 3.3 0 0
Lwr 67 2.4 2.3 8 8.3 13.8 13.8 4.1 3 2.8 3 0 0
Lwr 68 2.7 2.6 8.1 8.4 12.6 13.2 5.9 5.9 4 4.5 0 0
Lwr 69 2.4 2.5 8.6 8.1 11.7 12.4 5.5 7.1 4.8 5.5 0 0
Lwr 70 2.9 3 9 9.3 14.6 14.8 6.2 6.2 4.1 4.3 0 0
Lwr 71 3.2 3 9.4 9.5 15 15.4 6.2 6.2 4.9 4.9 0 0
Lwr 72 2.9 2.8 8.9 8.5 13.3 14.1 5.6 5.6 4 3.8 0 0
Lwr 73 2.7 2.6 8.5 8.6 13.5 13.5 7.6 7.3 4.6 5.3 0 0
Lwr 74 2.3 2.1 8 8 12.5 12.7 6.4 5 4.6 3.9 0 0
Lwr 75 2.5 2.6 8 8.3 13.5 13.6 4.8 4.5 3.2 3.7 0 0
Lwr 76 2.9 3 8.6 9 13.5 13.9 7.1 6.9 4.4 4.4 0 0
Lwr 77 2.7 2.7 8.5 8.1 12.9 12.2 6.1 5.4 4.3 4.6 0 0
Lwr 78 2.3 2.3 7.4 7.8 11.9 12.3 4 4 2.8 3.2 0 0
Lwr 79 2.4 2.5 7.5 7.7 11.7 12.5 5.1 5.3 4.2 4.2 0 0
Lwr 80 2.7 2.7 8.6 8.2 14.8 14.1 3.8 3.8 2.8 2.8 0 0
Lwr 81 3 2.9 8.9 8.8 14.7 14.2 6.2 6.7 3.8 4.3 0 0
Lwr 82 2.6 2.6 8.4 8.6 14 14.1 6.6 6.6 4.3 4.8 0 0
Lwr 83 2.5 2.5 7.9 8 13 13 6.3 5.6 4.4 4.4 0 0
Lwr 84 2.9 2.8 8.9 8.5 13.8 13.2 6.5 6.5 4.2 4.4 0 0
Lwr 85 2.6 2.5 8 7.7 12.6 12.4 6.4 6.4 5.1 4.7 0 0
Lwr 86 2.6 2.9 8.4 8.2 12.8 12 8.7 9.1 6.6 5.4 0 0
Lwr 87 2.8 2.8 8.7 9 13.7 13.2 5.1 5.4 4.3 4.3 0 0
Lwr 88 2.8 2.8 8.9 8.6 13 12.6 7.7 7.7 5.8 5.5 0 0
Lwr 89 2.6 2.8 8 8.8 13 13.8 3.8 3.2 1.3 4.1 0 0
Lwr 90 2.7 2.9 8.6 8.3 13.4 12.4 6.4 6 4.4 4.7 0 0
Lwr 91 2.7 2.7 8.2 7.6 13.3 12.6 6.4 4.3 4.3 3.1 0 0
Lwr 92 2.5 2.4 8.4 8.1 13.8 13 7.1 6.4 4.4 5.1 0 0
Lwr 93 3.2 3.4 8.5 9.2 13.9 13.7 6.1 5.7 4.7 4.1 0 0
Lwr 94 2.5 2.5 7.4 7.6 11.6 11.5 5.8 5.8 4.5 3.9 0 0
Lwr 95 2.8 2.8 8.7 8.7 14.2 14.5 5.7 5.7 4 4 0 0
Lwr 96 2.3 2.1 6.9 7.3 12.4 12.6 5.7 5 2.8 3.5 0 0
Lwr 97 2.6 2.1 8.4 7.8 13.9 13.5 4.7 4 3.6 3.6 0 0
Lwr 98 2.6 2.5 7.3 7 12.2 12.2 6.4 6.4 3.9 3.7 0 0
Lwr 99 2.3 2.5 8.4 8.1 13.9 13 6.8 5.9 4.4 4.7 0 0

Lwr 100 3 3 8.9 8.9 15.1 15.1 5.7 5.7 3.8 3.8 0 0
Lwr 101 2.5 2.6 7.5 7.9 13 13.2 5.3 5.3 3.8 4.5 0 0
Lwr 102 2.9 2.3 8.2 7.6 13.4 12.8 3.3 2.7 1.5 3 0 0
Lwr 103 2.4 2.4 6.5 7 10.8 12 6.4 5.7 3.2 3.8 0 0
Lwr 104 2.4 2.2 8.2 7.9 13.2 13.4 3.9 5.3 3.2 5.3 0 0
Lwr 105 2.7 2.6 8 7.6 13.5 13.4 4.5 4.7 3.7 2.5 0 0
Lwr 106 3.3 3.3 8.5 9.2 14.2 14.3 5.8 5.6 4.6 3.9 0 0
Lwr 107 3 2.9 7.1 8.9 11.8 13.5 5.4 5.5 3.7 1.5 0 0
Lwr 108 2.8 2.7 8.3 8 13.4 13.1 5.6 6.6 3.7 4.6 0 0
Lwr 109 2.5 2.7 8.1 8.2 13.7 12.9 5.1 5.6 4.4 4.2 0 0
Lwr 110 2.8 3 8.2 8.6 11.2 11.4 5 4.8 2.9 3.5 0 0
Lwr 111 2.6 2.6 8 8.1 13.2 12.1 5.7 6.3 4.1 4.1 0 0
Lwr 112 2.7 2.8 8.6 8.8 13.8 13.3 5 4.6 4.4 4.8 0 0
Lwr 113 2.9 2.7 8.6 8 13.6 13.3 5.2 4.9 4.6 3.7 0 0
Lwr 114 2 2 6.5 7 12.3 12.2 5.1 3.6 3 3 0 0
Lwr 115 2.6 2.7 8.3 8.2 13.9 13.5 4 4.7 2.6 4.3 0 0

Dental 
Models of 
Male 
subjects

Primary Measurements of Symmetry Recorded for the Lower Dental Arches of the               
Male Subjects
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 1 4 4 11 10.8 15.9 16.2 6.9 7.9 4.3 4.9 0 0
Upr 2 4.3 4.5 12.1 12.8 16.5 17.8 8.2 7.3 5.7 5.1 0 0
Upr 3 4.8 4.4 11.1 11.1 15.8 15.5 8 8 5.5 5.5 0 0
Upr 4 4.6 4.7 13.2 13.2 17.5 18.3 11.4 11 7.1 6.9 0 0
Upr 5 4.5 4.5 11.3 10.9 15.5 14.8 9.1 8.9 6.1 5.6 0 0
Upr 6 4.7 4.8 14 13.5 19.4 19.6 5.1 5.7 5.2 5.2 0 0
Upr 7 4.3 4.3 11.2 11.5 17.4 17.9 7.7 7.7 4.8 5.3 0 0
Upr 8 3.9 4 10.7 10.9 15.7 16.5 5.3 4.9 4 4.7 0 0
Upr 9 4.1 3.8 11.1 10.7 15.9 15.6 10.9 10.3 6.8 6.4 0 0

Upr 10 4.2 4.4 12.8 12.6 18.8 18.1 7.1 7.1 5 4.7 0 0
Upr 11 4.1 3.8 11.7 9.7 16.8 15.9 7.9 7 4.8 2.2 0 0
Upr 12 3.8 3.9 10.8 11.1 16.5 16.8 8.4 8.4 5.6 5.6 0 0
Upr 13 4.3 4.2 11.3 11.3 17.1 16.9 8.7 8.7 4.4 5.1 0 0

Upr 14 4.1 4.1 10.5 10.5 15.6 15.8 7.9 6 4.8 4.6 0 0
Upr 15 4.3 4.2 11.7 11 18.9 18.4 3.9 3.5 1.8 1.6 0 0
Upr 16 4 4.1 9.3 10.2 14.6 16.9 10.7 9.2 5.3 5 0 0
Upr 17 4 4 11.7 11.5 15.9 15.6 7.7 7.7 5.3 5.3 0 0
Upr 18 3.7 4 11.3 10.8 16 16 6 5.8 3.7 3.9 0 0
Upr 19 3.8 3.9 10.3 10 16.7 15.7 7.6 7.6 3.2 2.4 0 0
Upr 20 4.3 4.4 10.3 10.9 15.7 15.9 9.6 9 4.8 4.3 0 0
Upr 21 4.4 4.4 12.4 12.6 16.3 16.6 8 8 2.9 3.8 0 0
Upr 22 4.7 4.8 13 12.7 18.3 18.4 8 8.5 3.5 3.1 0 0
Upr 23 4.7 4.9 10.4 11.2 16.9 16.7 9.2 9.1 3.5 3.5 0 0
Upr 24 4 4.3 9.8 9.1 14.9 14 10 10 6.4 5.6 0 0
Upr 25 4.4 4.4 10.9 11.5 16.5 16.3 8.9 9.2 5.8 5.8 0 0
Upr 26 4 4.1 10.4 10.8 15.6 16.3 7 7 4.1 4.4 0 0
Upr 27 4.1 4.3 10.4 10.9 15 15.8 9.2 9.2 5.4 5.3 0 0
Upr 28 4.3 4.5 11 11.3 17.2 16.2 9.2 8.8 4.4 4.4 0 0
Upr 29 4.1 4.1 10.3 11.1 14.8 14.7 8.8 8.8 5.3 5.9 0 0
Upr 30 4.3 4.1 9.8 11.7 17.8 17.8 8.1 7.6 4.8 4.3 0 0
Upr 31 4 4 10.9 10.8 16 15.9 8.7 8.7 5.6 4.7 0 0
Upr 32 4.2 4 11.6 11.1 15.6 16.6 5.3 4.7 4.3 3.4 0 0
Upr 33 4.5 4.6 12.2 12.6 16.5 18 8.4 8.1 6.1 5.4 0 0
Upr 34 5.5 5.3 13.4 12.4 18.2 17.7 10.8 10.8 6.2 6.4 0 0
Upr 35 4.7 4.6 10.9 10.9 16.9 16 8.3 7.8 5.2 4.5 0 0
Upr 36 3.9 4 11.2 11.2 16.5 17.1 6.4 6.7 4.8 4.4 0 0
Upr 37 3.9 3.6 10.5 10.7 17.9 17.4 4.6 4.3 3.4 2.8 0 0
Upr 38 3.7 3.4 11 10.1 16.2 15 5.6 6.5 4.3 4.8 0 0
Upr 39 4.7 4.5 11.2 11.6 17.9 17.1 6.7 6.3 3.7 5.2 0 0
Upr 40 4.7 4.5 11.9 10.9 16.8 15.8 8.1 8.1 4.2 4.8 0 0
Upr 41 5.3 4.9 12.4 11.7 16.3 17.7 9.1 9.5 4.9 4.9 0 0
Upr 42 4.8 4.9 12.5 12.8 18 19 9.6 10 5.5 5.7 0 0
Upr 43 4.1 3.8 12.2 11.5 17.7 17.3 9 9 4.7 4.5 0 0
Upr 44 4.4 4.1 12.1 11.5 18 16.8 9.5 9.5 6.1 5.8 0 0
Upr 45 4.7 4.6 11.5 11.8 18.5 18.2 7.6 7.6 4.8 4.5 0 0
Upr 46 4.5 4.3 10.7 8.7 18.4 15.9 6.4 6.4 2.6 4.4 0 0
Upr 47 3.7 3.7 11 11.1 15.5 15.5 5.2 4.9 4.3 3.7 0 0
Upr 48 4.3 4.3 12.1 12.6 17.8 18.1 7.1 7.1 5.1 4.9 0 0
Upr 49 4.2 4.2 11.8 12.2 14.8 15.6 9.1 8.7 6.6 6.6 0 0
Upr 50 4.9 4.9 13 12.4 18.9 18.8 10 10 4.6 5.2 0 0
Upr 51 4.2 4.3 12.4 13.6 18.3 19.1 9.4 9.4 5.6 5.4 0 0
Upr 52 4.6 4.8 13.2 12.7 18.2 17.6 10.5 10.5 5.8 5.8 0 0
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UM-RCI UM-LCI UM-RLI UM-LLI UM-RC UM-LC UH-RCI UH-LCI UH-RLI UH-LLI UH-RC UH-LC

Upr 53 4.7 5 12.5 13 17.5 17.8 11.2 10.8 6.5 6.8 0 0
Upr 54 3.4 3 10.2 8.3 14.7 14 8.3 7.7 6.6 4.9 0 0
Upr 55 5 4.8 13.2 13.8 18.4 18.7 10 10.4 6.4 5.7 0 0
Upr 56 4.2 4.3 11.8 11.6 15.6 15.4 9.6 10.2 6.4 6.2 0 0
Upr 57 4.3 4.2 11.3 11.7 16.7 17.7 8.1 8.3 4.7 4.7 0 0
Upr 58 4 3.9 10.6 11 16.3 16.1 7.4 7.4 4.5 4.2 0 0
Upr 59 4.9 4.9 10.6 12.2 18.4 18.7 8.6 8.6 5.4 3.6 0 0
Upr 60 4.9 4.8 12.4 12.8 17.5 18.4 8.6 9.6 5.6 6.2 0 0
Upr 61 4.8 4.8 11.7 11.8 16.5 16.8 9.5 9.5 4.9 4.9 0 0
Upr 62 4.3 4.4 11.1 11.1 15.5 15.8 8.8 8.8 5.3 4.9 0 0
Upr 63 3.8 3.7 9.9 9.9 15.1 15.1 7.8 8.1 4.6 5.1 0 0
Upr 64 4.3 4.1 11.5 11.1 16.2 16 7.6 7.4 4.1 4.4 0 0
Upr 65 5 4.7 11.8 11.6 16.8 16.9 8.7 8.5 5.2 5 0 0
Upr 66 4.1 4.3 10.4 11 15.8 16.9 9.5 9.5 5.6 6.2 0 0
Upr 67 4.5 4.8 12.2 12.9 15.8 16.2 8.9 8.9 6 5.8 0 0
Upr 68 4.2 4.1 10.8 11 14.7 15.1 10.1 10.1 5.9 5.6 0 0
Upr 69 4.3 4 11.4 11.5 16.2 16.5 8.7 8.4 5.8 5.8 0 0
Upr 70 4.1 4.2 11.7 11.7 16.3 16.3 9.5 10 5.8 6.2 0 0
Upr 71 4.8 4.6 12.8 12.1 18.1 18.2 7.5 6.9 4.6 3.8 0 0
Upr 72 4 4.2 10.5 11.1 15.1 16.3 8 8 5.3 5.6 0 0
Upr 73 4.4 4.4 11.6 12.1 18.8 18.4 7 6.6 4.4 4.2 0 0
Upr 74 4.5 4.5 11.9 11.6 18 17.5 8 8.4 5.4 6.1 0 0
Upr 75 3.2 3.4 10.2 9.3 15.6 15.5 7.7 8.2 4.8 4.8 0 0
Upr 76 4.7 4.7 11.9 12.6 17.8 18.5 9.3 10.1 4.9 5.7 0 0
Upr 77 4.7 4.6 13.3 13.7 18.6 19 11.5 11.4 7.2 7.1 0 0
Upr 78 3.9 3.9 10.9 10.6 16.7 16.3 8.5 7.9 5.4 4.6 0 0
Upr 79 4 3.9 10.9 11 16.8 17.4 8 8 5.4 5.4 0 0
Upr 80 4.4 4.2 12.1 11.7 18 17.4 7.1 7.5 5 4.7 0 0
Upr 81 5 4.9 11.3 12.1 17 17.8 2.3 2.2 6.3 6.7 0 0
Upr 82 4.7 4.5 12.2 11.7 18.3 18.3 10.3 10.1 6 5.8 0 0
Upr 83 4.5 4.3 11.7 10.9 16.3 16.3 9.3 9.3 5.3 5.2 0 0
Upr 84 4.1 4.2 12.2 11.9 17.2 17.4 6.7 6.7 5.2 4.8 0 0
Upr 85 4.2 4.2 11.5 11.2 17.1 17.1 9.7 9.7 5.9 5.6 0 0
Upr 86 4.5 4.4 11.9 12.2 18.5 18.5 7.2 6.6 4.3 4 0 0
Upr 87 4.4 4.5 11.9 10.7 17.7 16.2 7.1 8.5 5.2 5.4 0 0
Upr 88 4.3 4.5 10.4 10.2 15.4 15.8 8.2 7.4 4.7 4.5 0 0
Upr 89 4.1 4.1 10.5 10.7 16 16.3 8.7 8.7 5 4.8 0 0
Upr 90 4.5 4.5 10.5 10.3 15 14.6 10.7 10.7 6.6 5.7 0 0
Upr 91 4 4.3 10 10.7 14.9 15.5 9.3 9.4 5.3 5.3 0 0
Upr 92 4.1 4.1 10.8 11.1 15.9 15.9 8 8.6 4.6 5.2 0 0
Upr 93 3.9 4.1 9.8 11.3 14.9 15.3 8.1 8.9 3.6 5.7 0 0
Upr 94 5.3 5.1 13.2 12.5 18.4 17.3 10 10 6 6 0 0
Upr 95 3.4 3.3 10.9 10.2 15.9 15.1 6.1 7.9 4.6 5.1 0 0
Upr 96 4.7 4.8 12 12.2 18.2 17 8.7 9 5.1 4.8 0 0
Upr 97 4.8 4.9 12.2 12.6 15.7 16.1 11.1 10.8 7.3 6.9 0 0
Upr 98 4.8 4.6 12.2 12.3 15.3 17 9.4 9.8 4.8 5.3 0 0
Upr 99 4.8 4 11.7 10.6 17.2 17 7.4 8.1 5.5 4.5 0 0

Upr 100 4.5 4.5 12.3 11.3 16.3 16.9 8.4 9 5.6 5.6 0 0
Upr 101 4.3 4.1 9.8 10 14 15.2 9.9 9.9 5.1 5.1 0 0
Upr 102 3.7 4.1 9.9 9.9 14.8 14.6 8.8 9.2 5 5 0 0
Upr 103 3.5 3.6 9.5 10.3 14.5 16 8 8 5.5 5.1 0 0
Upr 104 3.3 4 8.9 10.7 15.3 16.3 6 6 4.1 4.7 0 0
Upr 105 3.6 3.9 8.4 10.5 14.3 14.5 10.1 9.3 4.4 4.9 0 0
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LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 1 2.4 2.6 7.3 6.8 11.1 11 4.7 6.6 2.56 3.4 0 0
Lwr 2 2.7 2.5 8.3 8 12.1 13.8 4.5 3.6 3.1 2.3 0 0
Lwr 3 2.2 2.5 7.1 7.4 12.3 12.3 3.6 4.3 2.8 2 0 0
Lwr 4 3 3 9 9 13.6 13.9 5.6 5.6 3.9 3.5 0 0
Lwr 5 2.5 2.5 6.9 6.8 11.3 11 5.6 5.2 3.7 3.5 0 0
Lwr 6 2.9 2.7 8.9 8.7 13.8 13.3 4.3 5 4 3.7 0 0
Lwr 7 2.7 2.7 8.3 7.9 12.7 13.2 5.6 5.6 4.4 3.3 0 0
Lwr 8 2.6 2.4 8.3 7.9 11.9 11.6 4.7 4.4 5.6 4.8 0 0
Lwr 9 2.3 2.4 7.6 6.5 12 11.3 5.7 3.8 4.1 3.8 0 0

Lwr 10 2.7 2.7 7.9 8.1 12.6 13.1 4.3 3.7 1.8 4.3 0 0
Lwr 11 2.7 2.6 8.1 7.5 13.1 12.5 3.3 2.8 2.8 2.6 0 0
Lwr 12 2.6 2.6 8 7.8 13.5 12.9 5 4.5 3.4 3 0 0
Lwr 13 2.6 2.6 8.3 8.1 13 12.9 5.1 5.1 4.3 3.3 0 0
Lwr 14 2.7 2.5 8.1 7.5 11.9 13.2 4.2 3.9 2.5 2.8 0 0
Lwr 15 2.5 2.7 8 8.2 13.5 13.7 3.8 3.5 2.7 2 0 0
Lwr 16 2.6 2.5 7.9 7.7 12.5 12 6.4 6.4 4.6 4.6 0 0
Lwr 17 2.6 2.6 8.1 7.9 12.5 12.2 5.3 4.9 3.7 3.7 0 0
Lwr 18 2.6 2.4 7.8 6.1 10.9 11 4.5 3.8 4.9 4.3 0 0
Lwr 19 2.6 2.5 8 7.8 12.6 12.4 6.1 6.1 3.5 3.8 0 0
Lwr 20 2.6 2.6 7.6 7.6 11.4 11.8 4.6 4.6 5.7 5.5 0 0
Lwr 21 2.5 2.5 7.8 7.8 12.6 12.6 5.3 5.2 5.5 5 0 0
Lwr 22 2.8 2.8 8.4 8.5 14 13.8 5.4 5.4 6 6 0 0
Lwr 23 2.4 2.5 8 6.8 11.9 11.6 6.5 6.6 5.1 5 0 0
Lwr 24 2.8 2.9 8.2 8.1 10.8 11.3 7.8 8.4 5.3 5.3 0 0
Lwr 25 2.8 2.6 8.8 7.3 12.9 11.9 4.8 5.5 3.8 3.8 0 0
Lwr 26 2.3 2.2 7.1 6.9 11.9 11.3 5 5 3.9 3.5 0 0
Lwr 27 2.1 2.2 6.9 6.4 11.3 10.4 6.6 7 4 4.3 0 0
Lwr 28 2.1 2.1 7.2 7.4 12.4 11.8 4.2 5.7 3.5 3.9 0 0
Lwr 29 2.1 2.3 6.6 7.8 10 10 6.9 5.4 4.7 5.1 0 0
Lwr 30 2.6 2.5 7 6.6 11.9 11.7 5.6 5.4 3.4 2.7 0 0
Lwr 31 2.6 2.5 8.1 7.2 12.7 11.9 5.4 5.6 4.1 3.6 0 0
Lwr 32 2.4 2.3 7 7.5 12.8 12.3 5.2 4.3 2.7 2.7 0 0
Lwr 33 3.3 3.2 10 8.8 14.5 12 8.5 7.9 7.4 5.1 0 0
Lwr 34 3.2 3.1 9.1 9 14 13.7 6.8 6.8 5 4.7 0 0
Lwr 35 2.6 2.7 8.4 8.1 11.8 11.8 6.3 6.3 5.2 5.2 0 0
Lwr 36 2 2.3 6.1 7.4 10.5 11.4 3.9 4.2 1.7 3.6 0 0
Lwr 37 2.4 2.6 7.3 7.3 12.4 12.4 4 4 3.1 3.6 0 0
Lwr 38 2.7 2.8 8.4 8 13.3 12.4 5.6 5.2 3.7 3.7 0 0
Lwr 39 3 2.9 8.6 8.8 13 13.2 6.6 5.9 5.2 4.9 0 0
Lwr 40 2.3 2.2 7.3 6.6 11.7 11.8 4.7 5.2 3.1 3.1 0 0
Lwr 41 2.9 3.1 8 9.4 12.1 14.5 5.7 6.7 1.8 4.2 0 0
Lwr 42 2.9 2.8 9.3 8.7 15.8 15.1 4.6 5.6 3.5 3.3 0 0
Lwr 43 3 2.9 9.3 8.4 13.6 13.9 7.3 7.3 5.3 5.7 0 0
Lwr 44 2.4 2.3 8 7.7 12.4 12.6 4.3 5.2 3.4 3 0 0
Lwr 45 2.3 2.3 7.9 7.3 12.2 12.2 5.3 4.8 4.1 3.8 0 0
Lwr 46 2.3 2.2 7.1 7 12.3 11.4 5.7 6.2 3.5 3.9 0 0
Lwr 47 2.6 2.5 7.7 7.6 12 12 2.5 2.5 1.8 2.5 0 0
Lwr 48 2.7 2.7 8 8.2 12.9 12.6 3.7 3.7 2.6 3.7 0 0
Lwr 49 2.5 2.3 7.9 7.6 12.9 13.2 4.9 4.9 3.2 3.5 0 0
Lwr 50 2.8 2.9 8.8 8.1 14 14 6.2 6.2 5.8 4.8 0 0
Lwr 51 2.6 2.6 7.9 7.8 12.6 12.3 6.8 6.9 4.2 4.2 0 0
Lwr 52 2.8 2.8 8.5 8 13.4 13 5.8 5.8 3.7 3.5 0 0
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LM-RCI LM-LCI LM-RLI LM-LLI LM-RC LM-LC LH-RCI LH-LCI LH-RLI LH-LLI LH-RC LH-LC

Lwr 53 2.8 2.9 8.6 9.1 12.4 12.9 4.7 3.9 2.2 2.3 0 0
Lwr 54 2.5 2.5 7.6 7.6 12.7 12.9 3.6 4.2 3.4 3.4 0 0
Lwr 55 2.6 2.7 9.1 7.8 14.3 12.9 5.6 6.5 4.6 3.8 0 0
Lwr 56 3 2.7 8.9 8.5 12.1 11.1 7.7 8.2 5.5 6.2 0 0
Lwr 57 2.6 2.6 6.9 8.2 12.1 12.6 5.9 5.9 2.1 4.8 0 0
Lwr 58 2.4 2.5 7.4 7.9 12.6 13.3 5.3 4.1 3.5 2.7 0 0
Lwr 59 3.1 2.8 9.6 9.3 14.4 14.5 6.2 5.6 4.6 4.1 0 0
Lwr 60 2.9 2.7 9 8.6 13.5 14.3 5.1 5.7 4.4 4.7 0 0
Lwr 61 2.6 2.6 8.5 8.6 13.3 13.3 5.4 5.7 3.1 4.6 0 0
Lwr 62 2.7 2.7 8.1 8.1 12.9 12.9 5.3 5.2 4 3.9 0 0
Lwr 63 2.3 2.2 7.2 7.3 10.8 10.8 5.8 5.9 4.3 4.3 0 0
Lwr 64 2.7 2.8 8.4 8.2 12.6 12.6 5.2 4.8 3.8 3.8 0 0
Lwr 65 2.5 2.6 8.1 8 12.8 13.2 4.6 5.6 3.1 3.3 0 0
Lwr 66 2.9 2.8 8.4 8.5 12.9 12.7 5.8 5.6 4.1 3.8 0 0
Lwr 67 2.7 3 7.7 8.6 13.2 13.3 5.1 5.1 3.1 3.6 0 0
Lwr 68 2.6 2.9 7.8 8.1 11.9 12.2 4.2 4.6 0.9 2 0 0
Lwr 69 2.3 2.2 7.6 7.8 12.5 12.4 4.8 3.4 3.7 3.4 0 0
Lwr 70 2.5 2.4 7.4 7.2 12.9 13.3 5.4 4.9 2.4 2 0 0
Lwr 71 2.8 2.8 8.1 8.3 12.8 12.9 7.3 7.3 4.7 4.7 0 0
Lwr 72 2.6 2 7.9 7.3 11.8 10.8 5.6 5.1 4.3 3.9 0 0
Lwr 73 3 3.2 8.8 9.3 15.1 15.1 4.6 4.6 3.5 4.2 0 0
Lwr 74 2.6 2.5 8.5 8 13.3 13.3 5.3 4.6 3.8 3.3 0 0
Lwr 75 2.7 2.6 8 8 12.5 12.8 6.6 6.7 4.2 4.4 0 0
Lwr 76 2.9 2.9 8.7 8.4 13.6 13 7.6 7.6 5.2 5.2 0 0
Lwr 77 2.7 2.6 8.6 8.3 13.7 14.1 5.6 6.4 4.3 4 0 0
Lwr 78 2.6 2.5 7.9 7.5 12.4 12.1 6.1 6.7 4.1 4.6 0 0
Lwr 79 3 3 8.8 8.6 14.5 14.9 5.9 5.9 4.4 4.4 0 0
Lwr 80 2.8 2.9 8.9 8.8 13.5 13.5 6.8 6.8 5.1 4.9 0 0
Lwr 81 2.8 2.8 9.1 8.4 14.5 13.8 5.8 6.2 4.2 4.2 0 0
Lwr 82 2.7 2.8 7.2 8.1 12.2 13.3 5.7 6 4 3.6 0 0
Lwr 83 2.6 2.6 8.3 8.6 14.1 14 5 5.4 3.6 3.9 0 0
Lwr 84 2.7 2.6 8.1 7.8 13.3 13 5.3 5.4 3.8 3.6 0 0
Lwr 85 2.6 2.7 8.2 8.4 12.9 12.7 6.2 6.2 5.3 5.3 0 0
Lwr 86 2.9 3.1 8.7 9.5 15.1 14.7 4.4 4.4 3.5 4.1 0 0
Lwr 87 2.7 3.4 7.4 9 11.8 13.1 7.5 7.1 5.1 5.4 0 0
Lwr 88 2.7 2.7 8.1 7.5 12.3 13.1 4.2 4 2.5 2.7 0 0
Lwr 89 2.7 2.7 8.1 7.4 13 12.2 5.6 5.6 4.2 3.7 0 0
Lwr 90 2.9 2.8 8.4 7.8 11.7 12 7.9 8.4 5.5 5.5 0 0
Lwr 91 2.4 2.4 6.7 6.7 10.9 10.7 6.3 6.8 3.9 4.1 0 0
Lwr 92 2.2 2.1 7.4 7.4 12.5 11.8 4.2 5.7 3.5 4 0 0
Lwr 93 2.2 2.3 6.9 7.7 10.7 10.8 6.7 5.3 4.1 4.8 0 0
Lwr 94 3.2 2.9 9.5 8.8 14.1 13.4 6.8 6.4 4.6 4.6 0 0
Lwr 95 2.6 2.6 8.2 7.7 13.3 11.9 6 6 4.6 4.3 0 0
Lwr 96 3 2.8 8.2 8 13.2 13.2 6 6 3.8 3.6 0 0
Lwr 97 2.7 2.9 7.9 8.5 13.8 14 6 6 4.6 4.2 0 0
Lwr 98 2.6 2.7 7.6 8.5 12.1 13.1 1.5 1.3 0.4 0.4 0 0
Lwr 99 2.8 2.6 8.3 8.2 12.4 12.9 7.2 7.2 4.3 5.1 0 0

Lwr 100 2.5 2.3 7.3 6.5 12 11.2 4.5 5.8 2.9 3.1 0 0
Lwr 101 2.7 2.8 7.8 8.2 12 12.8 6.7 6.7 4.2 4.2 0 0
Lwr 102 1.7 1.5 6.1 6.3 11.1 11.4 2 0 1.6 0 0 0
Lwr 103 2 1.7 7.6 7 12.5 9.7 5.5 3.3 4.6 4.6 0 0
Lwr 104 2.4 2.3 6.9 7.8 12 12.1 4.5 4.8 3.2 3.2 0 0
Lwr 105 2.7 2.9 7.7 7.9 12 13 3.5 2.7 2 2.5 0 0
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

   

Upr 1 -0.2 -0.2 -0.4 -0.3 0 0
Upr 2 -0.1 -0.8 -0.4 -0.5 -0.3 0
Upr 3 0 -0.5 0.2 0 -0.2 0
Upr 4 -0.3 -0.2 0.5 0 0.2 0
Upr 5 0 -0.7 -0.8 0.7 0.9 0
Upr 6 0 -0.7 -0.8 -0.3 0.4 0
Upr 7 -0.1 -0.3 0.6 0 0 0
Upr 8 0.3 0.5 0.4 0.9 0.7 0
Upr 9 0.1 0.6 -1.8 0 -0.1 0

Upr 10 0.1 0.5 0.6 0.5 0.7 0
Upr 11 0.1 -1.5 0.1 1.4 0.6 0
Upr 12 0.2 -0.2 0.8 0 0.7 0
Upr 13 -0.9 0.3 0.7 0 -0.2 0
Upr 14 0 0.2 -0.3 0 0 0
Upr 15 -0.2 -1.2 -1.8 -0.7 0 0
Upr 16 -0.2 -0.8 -0.6 -0.9 -2.7 0
Upr 17 0.2 0.1 0.3 -1.1 -0.9 0
Upr 18 0.3 0 0.1 0 0.8 0
Upr 19 0.1 -0.5 -0.1 -0.3 -1.9 0
Upr 20 0 -1 0.5 0.6 -0.4 0
Upr 21 0.1 0.8 -0.4 0.2 0.9 0
Upr 22 0.3 -1.4 -2.6 -0.4 -0.6 0
Upr 23 0.7 1.7 1.3 -0.3 -0.2 0
Upr 24 -0.8 0.7 -1 -0.3 1.2 0
Upr 25 0.1 0.3 1.1 1.2 0 0
Upr 26 0 0 0 0 0.4 0
Upr 27 0 0.9 0.2 0.3 0.6 0
Upr 28 0 0.5 0 0 0.7 0
Upr 29 0.1 0 0.4 -0.7 0.5 0
Upr 30 0.1 -1.6 0.5 1.3 -0.3 0
Upr 31 0.1 -2.2 0.2 0.2 0 0
Upr 32 0 0.8 0.9 0 2.5 0
Upr 33 0 -0.2 -0.3 -0.6 -1.2 0
Upr 34 -0.1 0 0 -0.9 -0.5 0
Upr 35 -0.3 0.6 0.2 0 -0.7 0
Upr 36 0.2 -0.6 -0.7 -0.4 0.3 0
Upr 37 0 -0.4 -0.1 0 -0.9 0
Upr 38 -0.4 -0.5 -1.2 -0.7 -0.1 0
Upr 39 -0.3 -1.7 0 2.1 -0.9 0
Upr 40 0.1 -0.1 -1 0 0.6 0
Upr 41 -0.1 -0.1 -1.1 1.4 0 0
Upr 42 -0.3 0.5 -0.9 0 0.6 0
Upr 43 -0.2 0.4 0.8 0 0.9 0
Upr 44 -0.1 -1.2 -0.8 0 0.2 0
Upr 45 -0.3 0.8 0.3 -0.3 0 0
Upr 46 -0.2 0 0 0.3 0.3 0
Upr 47 0.1 0 -0.6 0.8 0.3 0
Upr 48 0.2 0.2 0 -0.2 0.4 0
Upr 49 0 0.4 0 -0.2 0.8 0
Upr 50 0.2 0.5 0.1 0.2 0.4 0
Upr 51 0 0.1 -0.4 0.2 0.2 0
Upr 52 0 2 0.6 -0.4 0.4 0
Upr 53 0 0.3 0 0 1.4 0
Upr 54 0.2 -0.2 -0.3 -0.4 -0.9 0
Upr 55 0 0 -0.2 0.3 0.4 0
Upr 56 0 0.4 0 0.2 1.2 0
Upr 57 -0.2 0.8 2.4 -0.6 0.4 0

Upper Dental 
Models of Male 

Subjects

Quantitative Measurements of Symmetry Recorded for the Upper 
Dental Arches of the Male Subjects

 
Table 4.6.1   Values of the quantitative measurements of symmetry recorded for  
the upper dental arches of the male subjects (No of subjects = 115, Figures in mm). 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

   

Upr 58 0.4 0.5 0.4 -0.7 -0.1 0
Upr 59 -0.1 -0.3 0.7 0.3 0.3 0
Upr 60 0 -0.3 0.4 0.3 0.5 0
Upr 61 0 0 0 0 0 0
Upr 62 0.2 0 -0.2 0 -0.6 0
Upr 63 -0.3 0.8 0.7 0 0.4 0
Upr 64 0.2 0.7 1.1 0 -0.9 0
Upr 65 -0.3 0.4 -0.7 0.2 0.2 0
Upr 66 0.1 -0.4 -0.8 0 0.7 0
Upr 67 -0.1 -0.2 0 0 0.3 0
Upr 68 0.2 0.3 1.3 0 -1.3 0
Upr 69 -0.1 1.7 1 -0.6 0.5 0
Upr 70 -0.3 -0.4 0.3 0.3 0.3 0
Upr 71 -0.4 -0.1 0 -0.3 -0.5 0
Upr 72 -0.3 0.1 0.7 0.3 0 0
Upr 73 -0.1 0.2 0.2 -0.8 0.6 0
Upr 74 -0.1 1.4 0.7 0.4 -0.7 0
Upr 75 0.2 0.5 0.6 -0.4 0 0
Upr 76 0.2 -0.1 -0.7 0 0 0
Upr 77 -0.1 0.5 0.7 -0.8 0 0
Upr 78 0.1 -0.1 0.8 0 -0.4 0
Upr 79 0.1 1 0.5 0 0.8 0
Upr 80 0.2 -0.1 0.8 0 -0.8 0
Upr 81 0.2 1.1 0.9 0 0 0
Upr 82 0 1 1.4 -0.5 0.4 0
Upr 83 -0.3 -0.7 -0.4 0 -0.6 0
Upr 84 -0.4 -0.4 -0.8 0 0.4 0
Upr 85 -0.2 0.2 0.6 0 0.4 0
Upr 86 0.8 -0.2 0.4 -0.3 0.9 0
Upr 87 0.2 0 -0.5 -0.4 0 0
Upr 88 0 0.2 -0.6 0 0.5 0
Upr 89 0.2 0.3 1 0 0.1 0
Upr 90 -0.2 -0.5 -0.6 0 -0.3 0
Upr 91 -0.1 -0.1 0.5 0 0 0
Upr 92 0 -0.8 -0.6 0.7 0 0
Upr 93 0 -0.3 0.7 0.4 0.5 0
Upr 94 -0.1 -1.5 -0.5 0.2 0.4 0
Upr 95 0.1 0.8 1 -0.4 -0.8 0
Upr 96 0 -0.1 0.2 0 -0.2 0
Upr 97 -0.1 0 -1.6 0.4 0.3 0
Upr 98 -0.3 -0.9 -0.8 0.6 -0.2 0
Upr 99 -0.2 -0.8 -0.3 0.7 0 0

Upr 100 0 -0.3 -0.3 0 0 0
Upr 101 0 -0.2 0 0 0 0
Upr 102 0 -0.3 -1.3 0.4 -0.8 0
Upr 103 -0.2 0.9 0.3 0 -0.3 0
Upr 104 0 -0.5 -2 -1.9 -1.5 0
Upr 105 0.1 0.4 0.6 0 1.4 0
Upr 106 0.1 0 0.1 0.3 0.4 0
Upr 107 0.4 0.3 0.5 2.5 0.8 0
Upr 108 -0.1 -0.1 1.2 0.2 -0.5 0
Upr 109 -0.4 -1.5 -2 -0.7 0 0
Upr 110 0.2 0.6 0.6 -0.6 -0.4 0
Upr 111 -0.2 -0.3 -0.8 0 0.7 0
Upr 112 0.2 1 1.7 -0.8 -0.7 0
Upr 113 0.4 -2 -0.8 0.7 0 0
Upr 114 -0.1 -0.1 -0.3 0 -0.5 0
Upr 115 -0.1 -1.3 -0.7 2.3 0.9 0

Upper Dental 
Models of Male 

Subjects

Quantitative Measurements of Symmetry Recorded for the Upper 
Dental Arches of the Male Subjects

 
 
    Continued Table 4.6.1 
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HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

   

Lwr 1 0 -0.5 0.6 -0.6 -0.6 0
Lwr 2 0 -0.1 0.1 0.2 -0.5 0
Lwr 3 0 0.6 -2.2 0 0.2 0
Lwr 4 -0.5 -0.2 0.2 -0.2 -0.2 0
Lwr 5 0.1 0.4 0.7 0.7 1.4 0
Lwr 6 -0.1 0 0.8 -0.4 -0.5 0
Lwr 7 0 0.3 0 0 -0.5 0
Lwr 8 0.1 0.6 -0.2 0 -0.3 0
Lwr 9 0 -0.7 0.9 -0.7 2.2 0

Lwr 10 0.1 -0.3 -0.9 0.4 -0.1 0
Lwr 11 -0.1 0.2 0 -0.4 0.2 0
Lwr 12 0.1 0.7 0.8 -0.4 0.2 0
Lwr 13 0.1 0.1 0 0.3 0.3 0
Lwr 14 0.1 0.5 0.3 0.4 0 0
Lwr 15 0.1 0.1 0.4 -0.8 0.8 0
Lwr 16 -0.1 0.4 0.7 0 0.5 0
Lwr 17 -0.2 -0.2 -0.6 0 0 0
Lwr 18 0 0.1 0.1 -0.5 0 0
Lwr 19 -0.1 0.3 -1.1 0.5 0.3 0
Lwr 20 0 -0.1 0.3 0.3 -0.9 0
Lwr 21 0.1 0.1 -0.4 -2 0.4 0
Lwr 22 -0.8 -0.7 -1.1 0 0.2 0
Lwr 23 -0.2 -0.1 1.2 0.5 -0.4 0
Lwr 24 0.2 0.4 1 -0.8 -1.2 0
Lwr 25 0.1 -0.1 -0.2 1.1 1 0
Lwr 26 -0.1 0 -0.3 -0.2 -0.5 0
Lwr 27 -0.2 -0.2 0.3 -0.1 -0.5 0
Lwr 28 0.1 0.6 2.3 0 -0.3 0
Lwr 29 0 -0.2 -0.3 -0.5 2.9 0
Lwr 30 0 0 -0.1 0 -0.2 0
Lwr 31 0.3 0.7 0 0 1 0
Lwr 32 0 -0.1 -2.7 -0.7 -0.5 0
Lwr 33 -0.1 -0.5 0.8 -1.2 -1.1 0
Lwr 34 -0.1 0.9 0.3 -0.4 0.7 0
Lwr 35 -0.1 0 0.6 -0.6 -0.8 0
Lwr 36 0 1.2 2.1 -1 1.1 0
Lwr 37 0.2 0.1 -0.2 1.6 0.2 0
Lwr 38 0.4 0.7 0.7 0 0.2 0
Lwr 39 0.1 -0.1 -0.4 1.5 0.3 0
Lwr 40 1 1.6 0.4 1 0.4 0
Lwr 41 0.1 0.6 0.7 -1 0 0
Lwr 42 0 -0.2 0.4 -0.7 -1.8 0
Lwr 43 0.1 0.1 1.3 0 0.6 0
Lwr 44 0 0.1 -0.3 -0.1 0 0
Lwr 45 0 -0.5 -0.4 1.2 -0.5 0
Lwr 46 -0.1 -0.2 0 0.4 -0.2 0
Lwr 47 -0.1 -0.4 0.3 0.4 -0.7 0
Lwr 48 0.1 -0.3 -0.4 0 0 0
Lwr 49 -0.1 -0.3 0.1 0.2 -0.3 0
Lwr 50 0.2 -0.3 0 -0.4 -0.3 0
Lwr 51 0 -0.2 -1.5 0.3 0.2 0
Lwr 52 0 -0.4 0.2 0 0 0
Lwr 53 0 0.5 0.3 -0.3 0 0
Lwr 54 -0.2 -0.3 -0.2 0 0.2 0
Lwr 55 0.1 -0.1 0.4 -0.9 -0.6 0
Lwr 56 -0.1 0.5 0.5 0.3 1.2 0
Lwr 57 -0.1 -0.3 0 0 -0.3 0

Lower Dental 
Models Of the 
Male Subjects

Quantitative Measurements of Symmetry Recorded for the 
Lower Dental Arches of the Male Subjects

 
Table 4.6.2   Values of the quantitative measurements of symmetry recorded for  
the lower dental arches of the male subjects (No of subjects = 115, Figures in mm). 
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HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

   

Lwr 58 0.2 -0.8 -0.6 0.7 -1.3 0
Lwr 59 0 0.4 -0.2 0.4 0.3 0
Lwr 60 -0.2 -0.7 0 0.5 0 0
Lwr 61 0.1 0.3 -0.1 -0.2 -0.3 0
Lwr 62 0 -0.6 -0.9 0.2 0 0
Lwr 63 -0.1 -0.4 0 -0.4 -0.8 0
Lwr 64 -0.2 -0.6 -0.4 0 -0.3 0
Lwr 65 -0.1 -0.1 -0.7 0.4 0.3 0
Lwr 66 0.1 -0.3 0 0 -0.2 0
Lwr 67 0.1 -0.3 0 1.1 -0.2 0
Lwr 68 0.1 -0.3 -0.6 0 -0.5 0
Lwr 69 -0.1 0.5 -0.7 -1.6 -0.7 0
Lwr 70 -0.1 -0.3 -0.2 0 -0.2 0
Lwr 71 0.2 -0.1 -0.4 0 0 0
Lwr 72 0.1 0.4 -0.8 0 0.2 0
Lwr 73 0.1 -0.1 0 0.3 -0.7 0
Lwr 74 0.2 0 -0.2 1.4 0.7 0
Lwr 75 -0.1 -0.3 -0.1 0.3 -0.5 0
Lwr 76 -0.1 -0.4 -0.4 0.2 0 0
Lwr 77 0 0.4 0.7 0.7 -0.3 0
Lwr 78 0 -0.4 -0.4 0 -0.4 0
Lwr 79 -0.1 -0.2 -0.8 -0.2 0 0
Lwr 80 0 0.4 0.7 0 0 0
Lwr 81 0.1 0.1 0.5 -0.5 -0.5 0
Lwr 82 0 -0.2 -0.1 0 -0.5 0
Lwr 83 0 -0.1 0 0.7 0 0
Lwr 84 0.1 0.4 0.6 0 -0.2 0
Lwr 85 0.1 0.3 0.2 0 0.4 0
Lwr 86 -0.3 0.2 0.8 -0.4 1.2 0
Lwr 87 0 -0.3 0.5 -0.3 0 0
Lwr 88 0 0.3 0.4 0 0.3 0
Lwr 89 -0.2 -0.8 -0.8 0.6 -2.8 0
Lwr 90 -0.2 0.3 1 0.4 -0.3 0
Lwr 91 0 0.6 0.7 2.1 1.2 0
Lwr 92 0.1 0.3 0.8 0.7 -0.7 0
Lwr 93 -0.2 -0.7 0.2 0.4 0.6 0
Lwr 94 0 -0.2 0.1 0 0.6 0
Lwr 95 0 0 -0.3 0 0 0
Lwr 96 0.2 -0.4 -0.2 0.7 -0.7 0
Lwr 97 0.5 0.6 0.4 0.7 0 0
Lwr 98 0.1 0.3 0 0 0.2 0
Lwr 99 -0.2 0.3 0.9 0.9 -0.3 0

Lwr 100 0 0 0 0 0 0
Lwr 101 -0.1 -0.4 -0.2 0 -0.7 0
Lwr 102 0.6 0.6 0.6 0.6 -1.5 0
Lwr 103 0 -0.5 -1.2 0.7 -0.6 0
Lwr 104 0.2 0.3 -0.2 -1.4 -2.1 0
Lwr 105 0.1 0.4 0.1 -0.2 1.2 0
Lwr 106 0 -0.7 -0.1 0.2 0.7 0
Lwr 107 0.1 -1.8 -1.7 -0.1 2.2 0
Lwr 108 0.1 0.3 0.3 -1 -0.9 0
Lwr 109 -0.2 -0.1 0.8 -0.5 0.2 0
Lwr 110 -0.2 -0.4 -0.2 0.2 -0.6 0
Lwr 111 0 -0.1 1.1 -0.6 0 0
Lwr 112 -0.1 -0.2 0.5 0.4 -0.4 0
Lwr 113 0.2 0.6 0.3 0.3 0.9 0
Lwr 114 0 -0.5 0.1 1.5 0 0
Lwr 115 -0.1 0.1 0.4 -0.7 -1.7 0

Lower Dental 
Models Of the 
Male Subjects

Quantitative Measurements of Symmetry Recorded for the 
Lower Dental Arches of the Male Subjects

 
 
    Continued Table 4.6.2 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

   

Upr 1 0 0.2 -0.3 -1 -0.6 0
Upr 2 -0.2 -0.7 -1.3 0.9 0.6 0
Upr 3 0.4 0 0.3 0 0 0
Upr 4 -0.1 0 -0.8 0.4 0.2 0
Upr 5 0 0.4 0.7 0.2 0.5 0
Upr 6 -0.1 0.5 -0.2 -0.6 0 0
Upr 7 0 -0.3 -0.5 0 -0.5 0
Upr 8 -0.1 -0.2 -0.8 0.4 -0.7 0
Upr 9 0.3 0.4 0.3 0.6 0.4 0

Upr 10 -0.2 0.2 0.7 0 0.3 0
Upr 11 0.3 2 0.9 0.9 2.6 0
Upr 12 -0.1 -0.3 -0.3 0 0 0
Upr 13 0.1 0 0.2 0 -0.7 0
Upr 14 0 0 -0.2 1.9 0.2 0
Upr 15 0.1 0.7 0.5 0.4 -0.4 0
Upr 16 -0.1 -0.9 -2.3 1.5 0.3 0
Upr 17 0 0.2 0.3 0 0 0
Upr 18 -0.3 0.5 0 0.2 -0.2 0
Upr 19 -0.1 0.3 1 0 0.8 0
Upr 20 -0.1 -0.6 -0.2 0.6 0.5 0
Upr 21 0 -0.2 -0.3 0 -0.9 0
Upr 22 -0.1 0.3 -0.1 -0.5 0.4 0
Upr 23 -0.2 -0.8 0.2 0.1 0 0
Upr 24 -0.3 0.7 0.9 0 0.8 0
Upr 25 0 -0.6 0.2 -0.3 0 0
Upr 26 -0.1 -0.4 -0.7 0 -0.3 0
Upr 27 -0.2 -0.5 -0.8 0 0.1 0
Upr 28 -0.2 -0.3 1 0.4 0 0
Upr 29 0 -0.8 0.1 0 -0.6 0
Upr 30 0.2 -1.9 0 0.5 0.5 0
Upr 31 0 0.1 0.1 0 0.9 0
Upr 32 0.2 0.5 -1 0.6 0.9 0
Upr 33 -0.1 -0.4 -1.5 0.3 0.7 0
Upr 34 0.2 1 0.5 0 -0.2 0
Upr 35 0.1 0 0.9 0.5 0.7 0
Upr 36 -0.1 0 -0.6 -0.3 0.4 0
Upr 37 0.3 -0.2 0.5 0.3 0.6 0
Upr 38 0.3 0.9 1.2 -0.9 -0.5 0
Upr 39 0.2 -0.4 0.8 0.4 -1.5 0
Upr 40 0.2 1 1 0 -0.6 0
Upr 41 0.4 0.7 -1.4 -0.4 0 0
Upr 42 -0.1 -0.3 -1 -0.4 -0.2 0
Upr 43 0.3 0.7 0.4 0 0.2 0
Upr 44 0.3 0.6 1.2 0 0.3 0
Upr 45 0.1 -0.3 0.3 0 0.3 0
Upr 46 0.2 2 2.5 0 -1.8 0
Upr 47 0 -0.1 0 0.3 0.6 0
Upr 48 0 -0.5 -0.3 0 0.2 0
Upr 49 0 -0.4 -0.8 0.4 0 0
Upr 50 0 0.6 0.1 0 -0.6 0
Upr 51 -0.1 -1.2 -0.8 0 0.2 0
Upr 52 -0.2 0.5 0.6 0 0 0
Upr 53 -0.3 -0.5 -0.3 0.4 -0.3 0

Upper Dental 
Models of the 

Female Subjects

Quantitative Measurements of Symmetry Recorded for the Upper 
Dental Arches of the Female Subjects

 
 
Table 4.6.5  Values of the quantitative measurements of symmetry recorded for the 
upper dental arches of the female subjects (No of subjects = 105, Figures in mm). 
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HR-UCI HR-ULI HR-UC VR-UCI VR-ULI VR-UC

   

Upr 54 0.4 1.9 0.7 0.6 1.7 0
Upr 55 0.2 -0.6 -0.3 -0.4 0.7 0
Upr 56 -0.1 0.2 0.2 -0.6 0.2 0
Upr 57 0.1 -0.4 -1 -0.2 0 0
Upr 58 0.1 -0.4 0.2 0 0.3 0
Upr 59 0 -1.6 -0.3 0 1.8 0
Upr 60 0.1 -0.4 -0.9 -1 -0.6 0
Upr 61 0 -0.1 -0.3 0 0 0
Upr 62 -0.1 0 -0.3 0 0.4 0
Upr 63 0.1 0 0 -0.3 -0.5 0
Upr 64 0.2 0.4 0.2 0.2 -0.3 0
Upr 65 0.3 0.2 -0.1 0.2 0.2 0
Upr 66 -0.2 -0.6 -1.1 0 -0.6 0
Upr 67 -0.3 -0.7 -0.4 0 0.2 0
Upr 68 0.1 -0.2 -0.4 0 0.3 0
Upr 69 0.3 -0.1 -0.3 0.3 0 0
Upr 70 -0.1 0 0 -0.5 -0.4 0
Upr 71 0.2 0.7 -0.1 0.6 0.8 0
Upr 72 -0.2 -0.6 -1.2 0 -0.3 0
Upr 73 0 -0.5 0.4 0.4 0.2 0
Upr 74 0 0.3 0.5 -0.4 -0.7 0
Upr 75 -0.2 0.9 0.1 -0.5 0 0
Upr 76 0 -0.7 -0.7 -0.8 -0.8 0
Upr 77 0.1 -0.4 -0.4 0.1 0.1 0
Upr 78 0 0.3 0.4 0.6 0.8 0
Upr 79 0.1 -0.1 -0.6 0 0 0
Upr 80 0.2 0.4 0.6 -0.4 0.3 0
Upr 81 0.1 -0.8 -0.8 0 -0.4 0
Upr 82 0.2 0.5 0 0.2 0.2 0
Upr 83 0.2 0.8 0 0 0.1 0
Upr 84 -0.1 0.3 -0.2 0 0.4 0
Upr 85 0 0.3 0 0 0.3 0
Upr 86 0.1 -0.3 0 0.6 0.3 0
Upr 87 -0.1 1.2 1.5 -1.4 -0.2 0
Upr 88 -0.2 0.2 -0.4 0.8 0.2 0
Upr 89 0 -0.2 -0.3 0 0.2 0
Upr 90 0 0.2 0.4 0 0.9 0
Upr 91 -0.3 -0.7 -0.6 -0.1 0 0
Upr 92 0 -0.3 0 -0.6 -0.6 0
Upr 93 -0.2 -1.5 -0.4 -0.8 -1.9 0
Upr 94 0.2 0.7 1.1 0 0 0
Upr 95 0.1 0.7 0.8 -1.8 -0.5 0
Upr 96 -0.1 -0.2 1.2 -0.3 0.3 0
Upr 97 -0.1 -0.4 -0.4 0.3 0.4 0
Upr 98 0.2 -0.1 -1.7 -0.4 -0.5 0
Upr 99 0.8 1.1 0.2 -0.7 1 0

Upr 100 0 1 -0.6 -0.6 0 0
Upr 101 0.2 -0.2 -1.2 0 0 0
Upr 102 -0.4 0 0.2 -0.4 0 0
Upr 103 -0.1 -0.8 -1.5 0 0.4 0
Upr 104 -0.7 -1.8 -1 0 -0.6 0
Upr 105 -0.3 -2.1 -0.2 0.8 -0.5 0

Upper Dental 
Models of the 

Female Subjects

Quantitative Measurements of Symmetry Recorded for the Upper 
Dental Arches of the Female Subjects

 
 
    Continued Table 4.6.5 
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HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

   

Lwr 1 -0.2 0.5 0.1 -1.9 -0.8 0
Lwr 2 0.2 0.3 -1.7 0.9 0.8 0
Lwr 3 -0.3 -0.3 0 -0.7 0.8 0
Lwr 4 0 0 -0.3 0 0.4 0
Lwr 5 0 0.1 0.3 0.4 0.2 0
Lwr 6 0.2 0.2 0.5 -0.7 0.3 0
Lwr 7 0 0.4 -0.5 0 1.1 0
Lwr 8 0.2 0.4 0.3 0.3 1.8 0
Lwr 9 -0.1 1.1 0.7 1.9 0.3 0

Lwr 10 0 -0.2 -0.5 0.6 -2.5 0
Lwr 11 0.1 0.6 0.6 0.5 0.2 0
Lwr 12 0 0.2 0.6 0.5 0.4 0
Lwr 13 0 0.2 0.1 0 1 0
Lwr 14 0.2 0.6 -1.3 0.3 -0.3 0
Lwr 15 -0.2 -0.2 -0.2 0.3 0.7 0
Lwr 16 0.1 0.2 0.5 0 0 0
Lwr 17 0 0.2 0.3 0.4 0 0
Lwr 18 0.2 1.7 -0.1 0.7 0.6 0
Lwr 19 0.1 0.2 0.2 0 -0.3 0
Lwr 20 0 0 -0.4 0 0.2 0
Lwr 21 0 0 0 0.1 0.5 0
Lwr 22 0 -0.1 0.2 0 0 0
Lwr 23 -0.1 1.2 0.3 -0.1 0.1 0
Lwr 24 -0.1 0.1 -0.5 -0.6 0 0
Lwr 25 0.2 1.5 1 -0.7 0 0
Lwr 26 0.1 0.2 0.6 0 0.4 0
Lwr 27 -0.1 0.5 0.9 -0.4 -0.3 0
Lwr 28 0 -0.2 0.6 -1.5 -0.4 0
Lwr 29 -0.2 -1.2 0 1.5 -0.4 0
Lwr 30 0.1 0.4 0.2 0.2 0.7 0
Lwr 31 0.1 0.9 0.8 -0.2 0.5 0
Lwr 32 0.1 -0.5 0.5 0.9 0 0
Lwr 33 0.1 1.2 2.5 0.6 2.3 0
Lwr 34 0.1 0.1 0.3 0 0.3 0
Lwr 35 -0.1 0.3 0 0 0 0
Lwr 36 -0.3 -1.3 -0.9 -0.3 -1.9 0
Lwr 37 -0.2 0 0 0 -0.5 0
Lwr 38 -0.1 0.4 0.9 0.4 0 0
Lwr 39 0.1 -0.2 -0.2 0.7 0.3 0
Lwr 40 0.1 0.7 -0.1 -0.5 0 0
Lwr 41 -0.2 -1.4 -2.4 -1 -2.4 0
Lwr 42 0.1 0.6 0.7 -1 0.2 0
Lwr 43 0.1 0.9 -0.3 0 -0.4 0
Lwr 44 0.1 0.3 -0.2 -0.9 0.4 0
Lwr 45 0 0.6 0 0.5 0.3 0
Lwr 46 0.1 0.1 0.9 -0.5 -0.4 0
Lwr 47 0.1 0.1 0 0 -0.7 0
Lwr 48 0 -0.2 0.3 0 -1.1 0
Lwr 49 0.2 0.3 -0.3 0 -0.3 0
Lwr 50 -0.1 0.7 0 0 1 0
Lwr 51 0 0.1 0.3 -0.1 0 0
Lwr 52 0 0.5 0.4 0 0.2 0
Lwr 53 -0.1 -0.5 -0.5 0.8 -0.1 0

Lower Dental 
Models of the 

Female Subjects

Quantitative Measurements of Symmetry Recorded for the 
Lower Dental Arches of the Female Subjects

 
 
Table 4.6.6  Values of the quantitative measurements of symmetry recorded for the 
lower dental arches of the female subjects (No of subjects = 105, Figures in mm). 
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HR-LCI HR-LLI HR-LC VR-LCI VR-LLI VR-LC

   

Lwr 54 0 0 -0.2 -0.6 0 0
Lwr 55 -0.1 1.3 1.4 -0.9 0.8 0
Lwr 56 0.3 0.4 1 -0.5 -0.7 0
Lwr 57 0 -1.3 -0.5 0 -2.7 0
Lwr 58 -0.1 -0.5 -0.7 1.2 0.8 0
Lwr 59 0.3 0.3 -0.1 0.6 0.5 0
Lwr 60 0.2 0.4 -0.8 -0.6 -0.3 0
Lwr 61 0 -0.1 0 -0.3 -1.5 0
Lwr 62 0 0 0 0.1 0.1 0
Lwr 63 0.1 -0.1 0 -0.1 0 0
Lwr 64 -0.1 0.2 0 0.4 0 0
Lwr 65 -0.1 0.1 -0.4 -1 -0.2 0
Lwr 66 0.1 -0.1 0.2 0.2 0.3 0
Lwr 67 -0.3 -0.9 -0.1 0 -0.5 0
Lwr 68 -0.3 -0.3 -0.3 -0.4 -1.1 0
Lwr 69 0.1 -0.2 0.1 1.4 0.3 0
Lwr 70 0.1 0.2 -0.4 0.5 0.4 0
Lwr 71 0 -0.2 -0.1 0 0 0
Lwr 72 0.6 0.6 1 0.5 0.4 0
Lwr 73 -0.2 -0.5 0 0 -0.7 0
Lwr 74 0.1 0.5 0 0.7 0.5 0
Lwr 75 0.1 0 -0.3 -0.1 -0.2 0
Lwr 76 0 0.3 0.6 0 0 0
Lwr 77 0.1 0.3 -0.4 -0.8 0.3 0
Lwr 78 0.1 0.4 0.3 -0.6 -0.5 0
Lwr 79 0 0.2 -0.4 0 0 0
Lwr 80 -0.1 0.1 0 0 0.2 0
Lwr 81 0 0.7 0.7 -0.4 0 0
Lwr 82 -0.1 -0.9 -1.1 -0.3 0.4 0
Lwr 83 0 -0.3 0.1 -0.4 -0.3 0
Lwr 84 0.1 0.3 0.3 -0.1 0.2 0
Lwr 85 -0.1 -0.2 0.2 0 0 0
Lwr 86 -0.2 -0.8 0.4 0 -0.6 0
Lwr 87 -0.7 -1.6 -1.3 0.4 -0.3 0
Lwr 88 0 0.6 -0.8 0.2 -0.2 0
Lwr 89 0 0.7 0.8 0 0.5 0
Lwr 90 0.1 0.6 -0.3 -0.5 0 0
Lwr 91 0 0 0.2 -0.5 -0.2 0
Lwr 92 0.1 0 0.7 -1.5 -0.5 0
Lwr 93 -0.1 -0.8 -0.1 1.4 -0.7 0
Lwr 94 0.3 0.7 0.7 0.4 0 0
Lwr 95 0 0.5 1.4 0 0.3 0
Lwr 96 0.2 0.2 0 0 0.2 0
Lwr 97 -0.2 -0.6 -0.2 0 0.4 0
Lwr 98 -0.1 -0.9 -1 0.2 0 0
Lwr 99 0.2 0.1 -0.5 0 -0.8 0

Lwr 100 0.2 0.8 0.8 -1.3 -0.2 0
Lwr 101 -0.1 -0.4 -0.8 0 0 0
Lwr 102 0.2 -0.2 -0.3 2 1.6 0
Lwr 103 0.3 0.6 2.8 2.2 0 0
Lwr 104 0.1 -0.9 -0.1 -0.3 0 0
Lwr 105 -0.2 -0.2 -1 0.8 -0.5 0

Lower Dental 
Models of the 

Female Subjects

Quantitative Measurements of Symmetry Recorded for the 
Lower Dental Arches of the Female Subjects

 
 
    Continued Table 4.6.6 
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