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Abstract

‘Non-carious cervical lesion” (NCCL) is a term used to describe loss of hard
tissue in the cervical one-third of teeth. NCCLs are commonly encountered
in dental practice and frequently require clinical intervention. There are few
reports of high quality mapping and monitoring of NCCLs, and dental
practitioners currently have no reliable method for measuring and
monitoring their progress. Improved understanding of the underlying
causes and progression of NCCLs will rely on reliable and practical methods

of mapping their topography and monitoring their progress.

NCCLs on the facial surfaces of teeth can be easily imaged, either directly or
on cast replicas, and therefore may be well suited to mapping using a
photogrammetric approach. A preliminary investigation led to the
development of a casting material that incorporated optical texture so that

photogrammetric image-matching techniques could be utilized.

Three-dimensional coordinate data for tooth replicas was successfully
generated using the casting material, convergent stereoscopic photography
and commercial digital photogrammetric software. Imaging was performed
initially using a semi-metric 35 mm film camera, then a high-resolution
digital SLR camera, and finally a fixed-base digital SLR stereo camera. The
quality of the surface data and the capacity to align tooth surfaces was
investigated. Two specific examples of NCCLs were mapped and monitored

at baseline, 12 month and 24 month time periods.

For the film camera and the single digital camera, the photogrammetric
solutions were not highly stable, with systematic height errors of up to 80 um
attributed to unstable exterior orientation. However, for the fixed-base
stereo camera, model precision was shown to be in the order of 13 um and
the accuracy of surfaces derived from automatic measurement was
approximately 3 um. The error associated with aligning independent

measurements of tooth surfaces was approximately 17 um. Change detection
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of the two NCCL surfaces was sensitive to 30 um, with change ranging from
30 to 320 um per annum for one surface and 30 to 70 um per annum for the
second surface. Different rates of change were clearly evident in different
areas of the same surfaces. The replication, stereoimagery, photogrammetric
processing, and detection of changes to the surfaces were shown to be

reliable and convenient.

The results of this investigation show that stereo-photogrammetric
techniques can be applied to the mapping of NCCLs, and that the surfaces
can be mapped at sufficient accuracy to enable change to be monitored. The
two examples suggest that annual change detection studies will provide a
clearer picture of the rate of progression and the geometry of progression
and, in combination with other analytical techniques, a more detailed

explanation of the natural history of non carious cervical lesions.
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Chapter 1

Introduction

A variety of physical effects is visible on teeth with the passage of time. In
addition to dental caries, hairline cracks, tooth fracture and therapeutic
interventions, loss of surface material results from attrition, abrasion and
dental erosion (Harris and Gorgas, 1899). The non-carious cervical lesion
(NCCL) is a generic term used to describe loss of hard tissue in the cervical
one-third of teeth. In a review of cervical lesions, Levitch et al. (1994)
concluded that the initiation and progression of these lesions was likely to be
multifactorial, hence the generic term, and criteria were suggested to help
distinguish between lesions of different aetiology based on the location,
shape, the margins and the enamel surface. NCCLs have a wide variety of
size, shape, symmetry and location and are commonly encountered in
clinical practice, with prevalence ranging from 5 to 85% (Levitch et al., 1994).
Such a wide prevalence range suggests that there are deficiencies in the
classification and recording of lesions. Lesions may occupy anywhere from a
few percent of the surface of a tooth up to complete loss of the surface of a

tooth. A clinical case illustrating a wide range of NCCLs appears in Figure

2.1 (pp.7).

Recent studies have focused on a snapshot characterisation of lesions such as
height, depth, location, patient age and gender information (Aw et al., 2002).
Findings have demonstrated strong correlations with age, dietary acids and
toothbrushing (Lussi and Schaffner, 2000), and the presence of lesions in
association with occlusal attrition and erosion (Khan et al., 1999). Work is
presently being carried out in many centres to further understand the
biomechanical factors which are presumed to cause NCCLs. Tooth flexion
has been demonstrated (Grippo and Masi, 1991) and strain patterns in

cervical enamel of teeth subjected to occlusal loading have been reported
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(Palamara et al., 2000). Enamel dissolution has been shown to significantly
increase in sites subject to cyclic tensile stress (Palamara et al., 2001). One
view is that NCCLs are predominantly caused by acid dissolution with stress
distribution within teeth acting as a modifying or amplifying factor (Khan et

al., 1999).

However there are few studies that investigate the progression of the
destructive process over time. The only recent study followed one case, at
four time intervals, over a 14-year period (Pintado et al., 2000). Other studies
have monitored erosion on palatal surfaces of teeth (Bartlett et al., 1997) and
occlusal wear in young adults (Pintado et al., 1997). In a review of techniques
for the measurement of tooth wear and erosion, Azzopardi et al. (2000)
concluded that the current methods of quantifying tooth substance loss
involving impressions, pouring of models, mechanical or laser digitization
and analysis were slow and cumbersome and confined to the laboratory. As
a result most investigations have small numbers of subjects, analysis is
limited, and there is scarce information about the geometry of progression

and rate of progression of NCCLs.

The review by Azzopardi et al. (2000) did not include a consideration of
photogrammetric techniques. There have been no relevant research reports
in the dental literature for over 15 years and the last review of
photogrammetry as a dental research tool was conducted by Chadwick
(1992). Photogrammetric techniques have been applied to a variety of
biomedical measurement problems, with teeth and dental subjects being a
common research application (Chadwick et al., 1991; Clarke et al., 1974;
Gruner et al., 1967; Lamb et al., 1987; Mitchell et al., 1989). Precision of 10 um
has been reported (Mitchell et al., 1989). Work conducted at the University
of Tasmania has shown the feasibility of mapping the human cornea, which
is in the same size range as human teeth (Osborn and Wise, 1996). More
recently the use of commercial digital photogrammetric software has been

reported for the measurement of small objects photographed through an
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optical microscope (Mitchell et al., 1999), although this latter approach was
not successful when applied to a human tooth replica due to a lack of targets

or optical texture on the surface of the tooth replicas.

There appears, therefore, potential to utilize modern digital photogrammetry
to map tooth surfaces and monitor the progression of NCCLs, provided a
suitable optical texture is present on the imaged tooth surface. The
application of varnishes and curable resins is an everyday occurrence in
clinical dental practice, however the inclusion of optical texture into a
varnish or curable resin in a clinical environment is an untried concept. The
addition of a varnish to the surface of a tooth will change the surface
geometry of the tooth with an uncertain impact on the accuracy and
precision of surface measurements and may also interfere with the surface
being monitored. The application of optical texture onto or into a dental
casting material has not been reported and may offer an alternative path to
development of a practical technique. Appropriate stereo imaging
equipment for macrophotography is not available as an off-the-shelf item, so
there is also a need to develop and prototype appropriate imaging
equipment and to investigate capacity of a photogrammetric system to meet

clincal accuracy requirements.

The studies reported in the following thesis are, therefore, intended to
develop a photogrammetric approach to generate surface models of tooth
replicas incorporating optical texture of sufficient precision to enable

monitoring of the progression of NCCLs.
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Chapter 2

Literature Review

The objective of this chapter is to review:
i) the description, aetiology and progression of NCCLs,
ii) the mapping of human teeth and small objects of similar size, and

iii)  the replication of teeth.

A condensed review of methods of mapping teeth appears in the
introduction to Chapter 5. Concise reviews of very close range
photogrammetric applications, photogrammetric calibration methods, tooth
surface data alignment, and tooth surface change detection appear in the

introductions to Chapters 6, 7, 8 and 9.
2.1 Non-carious Cervical Lesions

2.1.1 Description

‘Non-carious cervical lesion” (NCCL) is a generic term used to describe loss
of hard tissue at the cemento-enamel junction (CE]) in the cervical one-third
of teeth. NCCLs have been defined as any non-carious loss of hard tissue at
the cervix of the tooth, identified visually or tactilely. For smaller lesions, the
classification challenge is differentiation of a detected change in contour due
to disease, from change in contour due to normal cemento-enamel junction
morphology. In these instances, differentiation is based on comparison with
the morphology of the same area on adjacent and contralateral teeth (Bader
et al.,, 1996). NCCLs have a wide variety of size, shape, symmetry and
location. They occur predominantly on the buccal surfaces of teeth, but may
also occur on the lingual and/or approximal surfaces (Levitch et al., 1994).

NCCLs on the buccal surfaces of teeth can be imaged directly. Premolars
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from both arches are the commonly affected teeth (Borcic et al., 2004; Xhonga
and Valdmanis, 1983). It has been proposed that the shape of lesions may be
related to aetiology (Levitch et al., 1994; Sognnaes et al., 1972), however this
has not been confirmed experimentally or clinically (Bartlett and Shah, 2006).

The initial stage of the lesion may be characterized by a wave-like or
corrugated pattern in the disruption of the cervical surface enamel. Lesions
may contain two separate individual wedge shape defects (Braem et al.,
1992). Figure 2.1 shows the lower left quadrant of a female patient, aged 81
years, with NCCLs of varying sizes affecting all teeth (black arrows); attrition
and erosion is also apparent affecting the occlusal/incisal surfaces of all

teeth.

Figure 2.1. Lower left quadrant of a female patient aged 81 years with

NCCLs affecting all teeth (black arrows); 33 lesion extending into pulp
chamber now filled with reparative dentine; 34 shows bulk loss of
buccal enamel and dentine. Erosion affecting occlusal/incisal surfaces

with dentine ‘cupping’ affecting all teeth.

Mapping the progression of non-carious cervical lesions 7
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2.1.2 Terminology

The term NCCL arose in the early 1990s with recognition that the origin of
these lesions is multifactorial and that the existing terms used to describe
them were based on individual aetiological factors (Bader et al., 1993; Levitch
et al., 1994). The aetiological factors are reported as dental erosion (the non-
bacterial chemical dissolution of tooth structure) and abrasion (pathological
wear as a result of abnormal processes, habits, or use of abrasive substances).
A third type of surface loss, the stress-induced cervical lesion (also known as
abfraction), has been attributed to stress originating at the occlusal surface
and results in micro-cracking and subsequent loss of tooth material in the
cervical region (Lee and Eakle, 1984). Grippo and Masi (1991) considered the
factors operating at the tooth surface and extended the concept of erosion by
classifying acid dissolution of tooth substance in the presence of static loads
as ‘stress corrosion’, and dissolution in the presence of cyclic tensile loads as
‘tatigue corrosion’. Dental erosion was originally described as ‘an affectation
of the teeth characterised by a loss of substance occurring without an
apparent cause’ (Harris and Gorgas, 1899). By the 1950s, the cause of erosion
was well known as a chemical process without action of bacteria (Thoma and
Robinson, 1955). Thus erosion was differentiated from dental caries, which is

now described as a bacterial infection moderated by diet.

2.1.3 Prevalence

These lesions are commonly encountered in clinical practice, with prevalence
ranging from 5 to 85% (Levitch et al., 1994). A lack of clear diagnostic criteria
makes comparison of prevalence data difficult and may account for the wide
range of rates reported. More recent prevalence studies have examined
cervical lesions alone and found that enamel loss is common and that
dentine loss ranges from 2 to 6% (Bartlett et al., 1998; Smith and Robb, 1996).
However, in a sample of 1002 patients with 18,555 teeth, the prevalence and
severity increased with age from 4 % up to 26 years of age, to 33.3 % over 65

years of age; the number of restorations and other anomalies in the cervical
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region also increased with age (Borcic et al., 2004). Clearly, the maximum
number of teeth in this sample could have been over 30,000, therefore a large
number of teeth was missing or lost during the patient life, affecting the

prevalence data in this study (Table 2.1).

Age range % teeth with lesions % teeth restored
Up to 26 years 4.0 1
26 - 35 years 11.2 13.8
36 - 45 years 18.7 11
46 - 55 years 25.6 12.7
56 - 65 years 25.6 9.1
Over 65 years 33.3 14.6

Table 2.1. Distribution of total number of lesions as a percentage of the
total number of teeth (18,555 teeth), in the six age groups
(Borcic et al., 2004).

Several clinical studies have been conducted to record the presence of
NCCLs in association with other dental conditions such as occlusal wear
facets (Pegoraro et al., 2005), occlusal erosion and attrition (Khan et al., 1999),
occlusal parameters such as jaw relationship, occlusal guidance, wear facets
and mobility (Aw et al., 2002), dietary factors and toothbrushing (Lussi and
Schaffner, 2000) and the thickness of salivary pellicle (film) on various tooth
surfaces (Amaechi et al., 1999c).

2.1.4 Structure of teeth

The major part of a tooth surface is covered with enamel, which is composed
of about 96% mineral in the form of calcium hydroxyapatite crystals
arranged as rods or prisms. Crystal diameters in sound enamel are typically
50-100 nm (Frazier, 1968). At the edges of enamel prisms, crystal diameters
can grow to 120-150 nm, presumed to be as a result of remineralisation and
crystal growth. Water is present in enamel as a hydration shell surrounding
the crystallites (Gwinnett, 1992), enabling permeation of water and ions and

ionic exchange, either demineralisation or remineralisation. The pathways of
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fluid penetration are through defects and around the borders of enamel rods
(Charbeneau et al., 1981). Reduced mineral content leads to reduced
hardness and increased susceptibility to abrasion. Reduced mineral content
also leads to greater fluid content available for ionic exchange. Saliva present
in the mouth has a physiological pH of 7.4 and is supersaturated with
calcium and phosphate ions, which are the main natural source of ions able
to remineralise dental hard tissues, provided a residual crystalline
framework is present. The solubility product (the pH above or below which
remineralisation or demineralisation respectively occur) for hydroxyapatite
is 5.5; the solubility product for fluor-hyroxyapatite (where fluoride ions
have replaced some of the hydroxide ions in the crystalline structure) is 4.5.
At eruption, the enamel may be up to 2.3 mm thick over the cusps of human
teeth, reducing to 1 to 1.3 mm thick over the facial and lingual surface

(Boyde, 1989).

The white colour of human enamel in recently erupted teeth is only relative
and depends on its light-scattering properties, which reduces translucency.
Translucency increases with age as the mineral content of the enamel
increases (known as maturation). At the macroscopic level, teeth may exhibit
imbrication lines (known as perikymata) on the smooth surfaces, becoming
more common towards the cervical region. Some perikymata may be deep
enough to form grooves and pits. The cervical margin of the enamel is
generally a smoothly curved line with only minor excrescencies. Close
examination through the enamel surface reveals bands at approximately

100 um intervals known as Hunter-Schreger bands. Other features which
may appear at the surface of mature teeth are fissures, brochs, surface
overlapping projections and isolated deep pits. At the light microscopic level,
the fundamental visible unit, the enamel prism, is of the order of 6 to 7 um.
Much of the contrast originating from ordinary illumination of transmitted
light is dependent upon reflection, or scattering, of light at interfaces of
prism boundaries. Under dark field illuminating conditions, all features seen

are essentially self luminous but lie within the entire thickness range of the

10
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enamel (Boyde, 1989). During clinical adhesive restorative procedures
enamel is etched by the application of acid. Acid etching removes mineral
predominantly from prism boundaries to a depth of approximately

5 to 25 um (Gwinnett, 1971). The etching of enamel renders the surface dull

as the surface becomes less translucent and reflective to light (Boyde, 1989).

Where enamel is not present in the cervical part of the tooth, exposed
dentine, a less heavily mineralised tissue, is more susceptible to an increased
rate of surface loss. Dentine consists of 20% w/w organic matter, 10% w/w
water and 70% w/w inorganic material. The organic substrate mainly
consists of collagen fibrils (35 - 120 nm diameter), arranged in a random
network, and a ground substrate of mucopolysaccharides. The inorganic
component consists of hydroxyapatite crystals, which are plate shaped and
much smaller than the hydroxyapatite crystals in enamel (36 nm mean length
and 10 nm mean thickness), and are deposited on the collagen fibres (Frank
and Nalbandian, 1989). Fluid filled dentinal tubules traverse the dentine
from the pulp to the dentino-enamel junction (DE]J), with a diameter from

1 to 5 um and a density of tubules varying from 15,000 to 65,000
tubules/mm? (Garberoglio and Brannstrom, 1976). The dentine immediately
around the tubules, known as peritubular dentine, is more highly
mineralised than the intertubular dentine. Whereas dentine may be
demineralised due to exposure to acids, the collagen component may be
degraded by exposure to acids and lost due to abrasion. The organic content
of dentine also allows elastic flexion, while the overlying enamel provides

some resistance to this flexion (Frank and Nalbandian, 1989).

Dentine is typically opaque and featureless at the macroscopic level.
Microscopically several features are described. Mantle dentine is the first
layer of dentine formed adjacent to the dentine-enamel junction and has
larger collagen fibrils of 100 to 200 nm diameter (Avery, 1992). Mantle
dentine is approximately 150 um thick and would be the first type of dentine

exposed in the cervical region. Below this, areas of globular dentine (also
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known as interglobular dentine) are present. Globular dentine is less heavily
mineralised. There are age related changes in dentine such as reparative
dentine, dead tracts and sclerotic dentine (Bhaskar, 1990). Sclerotic dentine is
translucent and results from obliteration of the tubules by calcified material
which has a similar refractive index to that of the rest of the dentine. Dentine
sclerosis commences at the root tip and extends teeth linearly with age

towards the crown tip (Frank and Nalbandian, 1989).

Where enamel and dentine meet, at the dentino-enamel junction (DEJ),
consolidation of collagen in the dentine gives rise to micro-scallops between
neighboring coarse collagen fibrils, which has the effect of increasing the
effective surface area between the two main contiguous tissues (Lin et al.
1993). There is less scalloping in the cervical region of teeth and the enamel
rods are irregular and lack definition around the cemento-enamel junction
(CEJ) (Fernandes and Chevitarese, 1991). Therefore the DE] in the cervical
region of teeth is not as strong as in other areas, such as the occlusal surface,

and may be at increased risk of bulk loss of enamel.

2.1.5 Mechanisms of tooth surface loss

Many elements come together to form the micro environment at the tooth

surface. These include:

i) the tooth ultrastructure (observed by electron microscopy),

ii) the presence of internal stresses associated with functional
(mastication, swallowing and speech) and parafunctional (bruxism
and clenching) tooth contacts,

iii)  the gingival tissues from which the tooth emerges and the crevicular
fluid which emanates from the gingival crevice,

iv)  the mucosal surfaces of the cheeks, lips and tongue which come into
contact with teeth and influence and control the movement of material

within the oral cavity,
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V) the saliva which arises from several sources around the mouth and the
salivary pellicle (film) that accumulates on a tooth surface shortly after
cleaning,

vi)  the oral microflora which populates the saliva, the salivary pellicle to
form dental plaque, and mucosal surfaces,

vii)  ingested foods and fluids and their breakdown products,

viii)  gastric juices which may reflux into the oral cavity,

ix)  factors associated with human habits and behaviours such as
toothbrushing and nail biting, and

X) environmental exposures to noxious agents that find their way into

the oral cavity.

The weakening effect of cavity preparation, via the mechanism of increased
tooth flexion, may also contribute to the development of NCCLs (Rees, 1998).
Stress distribution and concentration, as a result of occlusal function,

throughout a tooth has the potential to affect the ultra structure of the tooth.

However it has been noted that occlusal functional relationships change over
time and the presence of wear facets might only provide historical
information of uncertain currency (Bader et al., 1996). Chemical dissolution
(erosion) of the mineral content of enamel and dentine occurs as a result of
the presence of intrinsic and extrinsic acids which exceed the immediate
buffering, diluting and clearing effects of saliva, and proteolytic degradation
of the organic component of dentine. Mechanical breakdown of enamel and
dentine occur as a result of fracture, scratching and/or rubbing with abrasive
agents (abrasion). Surface loss due to erosion and abrasion is permanent as
there are no physiologic mechanisms to ‘regrow’ lost tooth surface.
Subsurface loss of mineral due to erosion is reversable provided sufficient
matrix remains for remineralsation. These mechanisms may act separately or
together, influenced by the micro-environment at the tooth surface. The
concept that wear associated with abrasion was accelerated with acid

softening of tooth surfaces arose around 1980 (Davis and Winter, 1980).
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2.1.6 Experimental methods

A number of methods is currently used for the study of NCCLs. These

include:

i)

ii)

ii)

iv)

Vi)

vii)

viii)

ix)

qualitative characterization of shape and distribution of lesions within
the dentition (e.g. Aw et al., 2002; Bader et al., 1996; Borcic et al., 2004),
ultrastructural characterization of tooth surfaces using scanning
electron microscopy to identify the presence of demineralization and
hard tissue defects such as enamel cracking and collagen degradation
in dentine (e.g. Bell et al., 1998; Khan et al., 1998),

microradiography of sections of enamel and dentine to determine
volume loss and partial mineral loss (Amaechi et al., 2003; Amaechi et
al., 1999c),

confocal microscope measurement of curable film and salivary pellicle
thickness (Azzopardi et al., 2004),

profilometry measurement of curable film and surface loss in the
laboratory and in situ (Attin et al., 2004; Azzopardi et al., 2004; Hooper
et al., 2003; Vanuspong et al., 2002),

finite element analysis (FEA) modelling (computer simulation) to
study patterns of stress distribution within teeth (Borcic et al., 2005;
Palamara et al., 2000; Palamara et al., 2006),

cyclic occlusal loading of teeth in association with acid exposure
(Palamara et al., 2001), and cyclic loading of teeth in association with
toothbrushing (Litonjua et al., 2004),

identifying the presence of lesions in association with other occlusal
factors on the same tooth such as wear facets, occlusal attrition and
erosion (Khan et al., 1999; Pegoraro et al., 2005; Piotrowski et al., 2001),
identifying the presence of extrinsic and intrinsic acid exposure and
saliva quality, quantity and distribution (Amaechi et al., 1999b), and
identifying the presence of patient behavioral factors such as diet,
other occupational exposures and toothbrushing habits (Lussi et al.,

1991).
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2.1.7 Experimental models

Three experimental models are available to recreate intra-oral (clinical)

conditions. These are laboratory, in situ, and computer simulation.

2.1.7.1 Laboratory studies

Numerous laboratory studies have been conducted to establish the causal
links between the aetiological factors and the development of lesions. There
was a large number of studies in the 1960s and 1970s examining effects
associated with tooth brushing, such as force of brushing, orientation of
brushing, prolonged contact time, bristle hardness and toothpaste
abrasiveness. These have been recently reviewed, with the conclusion that
there is little evidence to suggest that cervical wear lesions are solely caused

by tooth brush abrasion (Bartlett and Shah, 2006).

Numerous laboratory studies have reproduced erosion of tooth enamel using
acidic beverages and other solutions (Amaechi et al., 1999a; Bartlett and
Coward, 2001; Kaidonis et al., 2003; Phelan and Rees, 2003; White et al.,
2001). Salivary pellicle has been shown to provide some protection from acid
exposure (Nekrashevych and Stosser, 2003), and the protective capacity of a

curable film to tooth surfaces has been demonstrated (Azzopardi et al., 2001).

A smaller number of laboratory investigations of erosion of dentine has been
conducted. These have shown that dentine is susceptible to erosion at higher
pH (> 6) than enamel and has little propensity to remineralise (Vanuspong et
al., 2002). For studies involving artificial saliva and salivary pellicle,
differences in results have been noted between laboratory and clinical

studies (Hannig et al., 2005).

Laboratory studies have demonstrated tooth flexion and increased erosion
under static loading (stress corrosion) (Grippo and Masi, 1991). Strain
patterns in cervical enamel of natural teeth, when subjected to occlusal
loading, have been measured. The magnitude, direction and character of

strains are highly dependent on patterns of loading (Palamara et al., 2000;
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Palamara et al., 2006). Cyclic occlusal loading of teeth has been found to
increase acid dissolution in the gingival third of teeth (fatigue corrosion),
with a complex pattern of dissolution in teeth subject to load (Palamara et
al., 2001). However occlusal stress did not increase the rate of toothbrush

abrasion (Litonjua et al., 2004).

2.1.7.2 In situ studies

In recent in situ investigations, small pieces of enamel or dentine have been
tixed to natural tooth surfaces to investigate site specificity of saliva pellicle
thickness (Amaechi et al., 1999¢), or fixed to removable appliances to
investigate tooth surface loss as a result of toothpaste abrasivity (Hannig and
Balz, 2001; Hooper et al., 2003), the protective effect of curable films
(Azzopardi et al., 2004), and tooth surface loss as result of abrasion from the
tongue and cheeks (Amaechi et al., 1999c¢). Erosion increased the
susceptibility of enamel to toothbrush abrasion (Hooper et al., 2003). An

in situ experimental model for the investigation of occlusal parameters ,
related to stresses within teeth and their association with progression of

NCCLs, has yet to be devised.

Dentine is considerably more susceptible than enamel to erosion and
abrasion alone or combined (Hooper et al., 2003). A 30-minute period of
remineralisation of dentine intra-orally, following an acid challenge and
prior to toothbrushing resulted in no significant wear compared to

unbrushed controls (Attin et al., 2004).
2.1.7.3 Computer simulation

Computer simulation using finite element analysis (FEA) modelling has been
used to study patterns of stress distribution within teeth presumed to have
an association with NCCLs (Borcic et al., 2005; Palamara et al., 2000;
Palamara et al., 2006). FEA has also been used to model stress distribution

within jaws (Vollmer et al., 2000), and as a result of loading teeth (Korionth

16



Chapter 2: Literature Review

and Hannan, 1994) and loading endosseous dental implants (Benzing et al.,

1995).
2.1.7.4 Clinical studies

There are no true clinical studies that study the effect of variables on the
initiation and progression of cervical lesions. At the present time, the closest
examples are those that have monitored NCCLs clinically by taking
impressions and/or pouring casts, and a small number of similar studies has

been applied to palatal erosion. These are reviewed below.

2.1.8 Lesion initiation and progression

There may be more than one type of lesion, each possibly associated with a
different aetiology. Further, factors associated with the initiation of lesions
may be different from factors associated with their progression (Bader et al.,

1996).

As noted above, tooth surface loss may simply be a consequence of acid
erosion and mechanical abrasion, with different rates of loss in enamel and
dentine. However, in a review of the biomechanics of abfraction, Rees (2000)
noted that one theory suggests that tooth loss is initiated in the cervical
enamel as a result of micro-cracking associated with concentration of stresses
originating at the occlusal surface; another theory is that erosion
preferentially removes cervical dentine, undermining the enamel, leaving it

unsupported and more prone to failure.

In prevalence studies, the significant factors for the progression of wedge-
shaped defects were identified to be frequency of tooth brushing and age,
explaining 21% of the variability of the progression of wedge-shaped defects
(Lussi and Schaffner, 2000). In a study to correlate the presence of NCCLs
with occlusal erosion and occlusal attrition, Khan et al. (1999) found that
occlusal erosion was the more significant factor suggesting that acid erosion

was the more significant causative factor in the development of NCCLs and
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that occlusal strains may be have an amplifying effect on their progression.
Mayhew et al. (1998) concluded that the multifactorial concept continued to
be the most useful model and that, ultimately, longitudinal clinical trials will
be necessary to determine the effectiveness and desirability of treatment

interventions, such as alteration of occlusion or restoration of lesions.

2.1.9 Monitoring the progression of non-carious cervical lesions

There are few quantitative studies on the progression of NCCLs. Xhonga et
al. (1972) selected 14 patients with 113 cervical “erosion-like” lesions and
monitored them for 5 months (measurement method below). The average
progress of lesions was 1 um per day, 31 um per month and (155 = 19) um
over 5 months. Some individuals showed a wide range of progression, from
undetectable progress to a maximum of 150 um a month for the same person.
Pintado et al. (2000) measured NCCL size and occlusal wear in one patient
over a 14-year period and found that there was a direct correlation between
occlusal wear and enlargement of NCCLs. They measured volume loss and
mean depth of three lesions in the lower first and second premolars and the
lower first molar. From the data given, it can be calculated that mean annual
increase in depth was in the order of 30 um/y for the premolar lesions and

was in the order of 55 um/y for the molar lesion.

Qualitative studies utilizing a tooth wear index (Smith and Knight, 1984)
have been devised and used to measure occlusal wear and NCCLs at the
individual and community levels (Table 2.2). This index has been used intra-
orally (Poynter and Wright, 1990), and on study casts (Bartlett, 2003). Bartlett
(2003) concluded that tooth wear indices remain the only reliable method of
assessing wear over long periods, but the Smith and Knight (1984) index did
not discriminate wear particularly well once dentine was exposed. In a more
recent report, the use of study casts remained the most convenient method to
assess progression of lesions, however compliance of patients and dentists in

taking and keeping casts was poor (Bartlett et al., 2005).
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TWI Score Criterion

0 No change in contour

1 Minimal loss of contour

2 Defect <1 mm deep

3 Defect 1-2 mm deep

4 Defect >2 mm, or pulp exposure or exposure of

secondary dentine

Table 2.2 Tooth wear index (TWI) for cervical lesions

(Smith and Knight, 1984).

In studies of erosion on other surfaces Bartlett et al., (1997) measured the
amount of erosion on the palatal surfaces of central incisor teeth and
reported mean wear of 36.5 um in the 6 months of the study period
(measurement method below) and Chadwick et al. (2005) reported
measurement of palatal erosion of central incisor teeth and use an index
modified from Ryge and Snyder (1973). In this latter study, quantitative
surface loss was reported as a percentage of the surface area of the tooth that
had undergone change. Pintado et al. (1997) investigated occlusal tooth wear
in a group of young adults and measured a steady wear rate of 0.04 mm?3 per
year by volume and 10.7 um per year by depth, averaged over all teeth, over

two consecutive years.

2.1.10 Discussion

NCCLs have a multifactorial aetiology. There are very few clinical studies
characterising and monitoring lesions, their risk to patients, and the
effectiveness of treatments. There is a lack of quantitative studies that
elucidate the natural history of NCCLs. NCCLs on the facial surfaces of teeth

can be easily imaged directly or on study casts.
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2.2 Mapping human teeth and objects of similar size

The review of mapping methods in chapter 4 is largely limited to teeth. In
the life sciences there is a variety of measurement applications that require
accurate mapping of biological surfaces. This section focuses upon
measurement and modelling of teeth and objects of a similar size, the
resolution and accuracy of applicable measurement systems, and some of the

design parameters.

Quantitative measurement systems have traditionally been classified
according to the principle by which data are collected, such as contact or

non-contact, surface topography or silhouette tracing. The methods reviewed

below are:
i) profile/silhouette tracing,
ii) measuring microscopy,

iii)  contact stylus,

iv)  photogrammetry

V) structured light,

Vi) laser scanning,

vii)  confocal microscopy, and

viii) computed tomography and magnetic resonance imaging.

2.2.1 Profile / Silhouette tracing

Profile tracing methods have been applied to a wide variety of dental
research topics. These include the 3D reconstruction of tooth replicas (Han et
al., 1998), root canal morpholgy (Gale et al., 1994), and the tracing of
magnetic resonance images of the temporo-mandibular joint (Chu et al.,
1995). The object or replica is sectioned at regular intervals, typically 1 mm,
then hand traced, photographed or video recorded. In the case of video
recording the outline may be enhanced to aid the sampling process. The
profile is then sampled for 2D coordinates. Serial profiles can be stacked to

build 3D volumetric models. High accuracy is generally not achieved due to

20



Chapter 2: Literature Review

the thickness of the sections. This method may require destruction of the

object or replica being measured.

The progression of NCCLs has been monitored using this method by
obtaining profile tracings of silicone (Dow Corning, Alhambra, CA) replicas
of teeth (Xhonga et al., 1972). Subsequent replicas were orientated manually
to the initial replica, and three slices, 1 mm thick, were cut through the
lesions, parallel to the long axis of the tooth. Profile tracings and
measurements of the replicas were obtained at 20x magnification; the slices
procured between time intervals were superimposed using the average of
three measurements of the lesions of each tooth replica. No accuracy
information was reported. In a subsequent study, the above technique was
modified by taking the profile tracings at 40x magnification, then trimming
lead foil to the shape of the surface change. The lead foils were weighed
individually, and the amount of tooth destruction was determined by the

weight of each slice of lead foil (Xhonga and Sognnaes, 1973).

2.2.2 Measuring Microscopy

Measuring microscopes consist of a stereo microscope with an internal mark,
cross-hair or graticule to view an object mounted on an x, y stage. The
internal mark is used to locate the x and y coordinates of a point or feature
visualised through the microscope. The plane of focus can be used to
determine the z coordinate where an appropriate recording mechanism is
included in the instrument. Height accuracy is increased with increasing
magnification, which also narrows the depth of field. A measuring
microscope has been used to measure selected points on tooth replicas to a
reported accuracy of 1 um at a magnification of 250x (Lambrechts et al.,
1984). Replicas and master casts have been compared with linear
measurements taken with measuring microscopes (Hung et al., 1992; Price et
al., 1991). Elastomeric impression materials have been measured directly

with a measuring microscope (Clancy et al., 1983).
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A similar instrument, the Standard Reflex Microscope is a stereo microscope
with a floating mark, introduced into the field of view via a split mirror,
focussed onto the surface of the object to obtain the z (height) coordinate
(Scott, 1981). The observer views the object through an ordinary stereoscopic
microscope. The accuracy of the Standard Reflex Microscope in the z axis is
reported as 4 um (Speculand et al., 1988). The Standard Reflex Microscope
has been used for a number of dental research applications: to measure the
dimensions of the glenoid fossa (Owen et al., 1992), to measure areas of
dental caries in teeth (Neilson and Pitt, 1993); to measure the cement
thickness of porcelain crowns (Shearer et al., 1996); to measure tooth
morphology and wear in two small animals (Bezzobs and Sanson, 1997); to
measure tooth movement on sequential casts during orthodontic treatment
(Battagel and Ryan, 1998); and to measure palatal cleft defects (Owman-Moll
et al., 1998).

Both these instruments require individual point recording by an operator.
Typically, 20 points per minute can be recorded when the measurement
routine consists of recording points on an ordered grid and the x-y stage
automatically advances to the next point. This type of instrument is well
suited to objects where the density of points to be recorded is not great and

where the number of objects to be mapped are both small.

A newer type of measurement system, marketed as ‘video measurement’
(e.g. Starlite 250/300; Optical Gaging Products Inc. Rochester, NY, USA), has
been used for measurement of a calibration artefact in Chapter 7 of this
thesis. No reports of this system have appeared in the dental literature. This
system consists of a video camera with calibrated zoom lens and x, y stage.
In common with a measuring microscope, the object is moved within the
tield of view to allow visualisation of a point or feature, alignment with a
measurement mark for determination of X and Y coordinates, and
determination of the Z coordinate by location of the centre of the depth of

tield. Point and feature measurement is enhanced with through-the-lens
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illumination, and image processing capabilities such as edge detection and
sub-pixel centroiding. Varying levels of automation are available and video
measurement equipment can be complimented with contact styli and laser

sensors for autofocus and scanning (Mason, 2001).

2.2.3 Contact stylus

Contact stylus systems have been designed and built in a number of different
centres (Chadwick et al., 1997; DeLong and Douglas, 1983; Roulet et al., 1983;
Stinson and Lawton, 1989). Tooth replicas are typically profiled one at a time

with measurement routines taking several hours.

DeLong and co-workers (DeLong and Douglas, 1983; DeLong et al., 1985)
designed and built a closed-loop servo-hydraulic profilometer to measure
occlusal profiles. Sequential profiles of the same tooth showed
reproducability of +7 um. A large number of profiles may be assembled into
an image of the tooth’s surface (Peters et al., 1999). This profiling system has
been used to evaluate factors affecting the accuracy of impressions (Lee et al.,
1995). In that study the accuracy of the measuring system was determined by
comparing 40 sequential digital images of a master model, on 50 x 100 um
grid, with the mean of the root mean square (rms) of the differences between
measured points being (3.6 £0.5) um. A CAD/CAM method for ceramic
restoration fabrication (Procera; Nobel Biocare AB, Gothenburg, Sweden)
utilizes a mechanical contact stylus to scan prepared tooth replicas, with a

accurcy of 10 um (Persson et al., 1995).

Three methods of determining when the stylus is in contact with the surface
of the object have been used. The probe may be attached to a micro-switch,
which is accuated following a small deflection when touching the surface of
the object, and the 3D location of the probe tip is recorded (Roulet et al., 1983;
Stinson and Lawton, 1989). The second method utilizes a closed-loop system
employing strain gauges (DeLong and Douglas, 1983) and the third method

is suitable for electro-conductive objects such as dental casts poured with an
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electroconductive medium (Chadwick et al., 1997). In this case, the contact
stylus probe forms part of a feedback loop such that on coming into close
proximity with an electrically conductive specimen, the electrical current
passes and the position of the tip is recorded. The positioning and
measurement resolution in the X, Y and Z axes has been reported at 2.5 um

(Chadwick et al., 2002).

In recent years commercial contact stylus measurement systems have
become commonly available and their use is being reported in the dental
literature. Whilst they are typically referred to as ‘profilometers’, they come
under the general classification of coordinate measurement machines (CMM)
and often have nanometre accuracy. Individual product models are designed
to measure objects within a specified size range. Typically, the smaller the
CMM, the greater the accuracy within the limits of the measurement range.
One example used for an in situ study of enamel erosion (Nekrashevych and
Stosser, 2003), has measurement specifications reported by the manufacturer
as range/resolution of = 80/0.01 um, and + 320/0.04 um (Hommel Tester
T1000; Hommelwerke GmbH, Germany). These ranges are not suitable for
mapping entire tooth surfaces. Use of other commercial systems in similar

in situ studies have also been reported (Attin et al., 2004; Vanuspong et al.,

2002).

There are no reports of contact systems being used directly on teeth in the
mouth and few upon elastomeric impressions. One report used a contact
probe system on cadaveric ear impressions using three-part light industrial
silicone, with a setting time of several hours (Stinson and Lawton, 1989).
However, dental elastomeric impressions are subject to deformation during
contact measurement and as such have not been used in this manner.
Contact stylus systems are now fully automatic, and while the measurement
procedure may take several hours, it does not require actual operator time.
However for best results, teeth surfaces need to be mapped individually,

requiring that replicas have to be individually prepared.
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2.2.4 Photogrammetry

At its broadest, photogrammetry is the taking measurements from images to
generate 2D and 3D data. Measurements are taken from natural features
appearing in the images or targets placed into the scene. The mathematical
algorithms and software processing are scale independent, however, like
other approaches, imaging equipment is scale dependent. Traditionally,
photography was the means of non-contact imaging and found its major
application in aerial based land mapping (aerial photogrammetry) utilizing
single, very large format (230 mm x 230 mm) cameras and to a lesser extent
land based mapping of architectural and engineered structures (non-
topographic, terrestial or close range photogrammetry) utilizing single or
stereo large format (e.g. 100 mm x 150 mm) cameras. Between the late 1960s
(Gruner et al., 1967) and late 1980s (Lamb et al., 1987; Mitchell et al., 1989) the
use of small format (35 mm) cameras was explored for very close range
photogrammetry with dental applications being a major research area. Very
close range photgrammetry applications are reviewed in Chapter 6 and

imaging options and calibration methods are reviewed in Chapter 7.

The investigation of the potential of electronic sensors to replace film
photography for photogrammetry commenced in the 1980s. The calibration
of a charge injection device (CID) array camera, 128 x 128 pixels, was
reported for dental use (Curry et al., 1986), however there were no follow-up
clinical reports. The low resolution of the early sensor arrays was a severe

limitation when applied to traditional photogrammetric methods.

The advent of desktop computers in the 1980s aided the development of
digital photogrammetry. Digital photogrammetric systems (DPS) follow a
sequential process in which either hard-copy photographs are digitised or
the images are directly acquired by digital cameras, then automatic matching
takes place, where images are compared digitally, the small differences
(parallaxes) automatically calculated, and 3D coordinate data generated.

Photogrammetry has the significant advantage over all other methods that
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3D data acquisition can be instantaneous, given simultaneous acquisition of
images from different directions. In recent years there have been numerous
reports on the use of high resolution digital SLR and compact cameras for
close range photogrammetry (e.g. Chandler et al., 2000; Fraser, 1998; Mills et
al., 2003; Shortis et al., 1998). However, the only very close range
photogrammetry report is that of (Mitchell et al., 1999) who applied
automatic digital photogrammetric software to microscope photographs of
several objects. Precision of a small number of measured points of around
10 um was reported, provided a suitably textured object was chosen. A piece
of fractured concrete 10 mm x 20 mm in size was successfully mapped,
however a gypsum replica of a tooth did not contain suitable texture for

successful mapping.

2.2.5 Structured light

An alternative approach, known as structured light or active pattern
projection, employs a light stripe or grid pattern of known geometry
projected onto the object surface and photographed. Methods of pattern
projection have included a light stripe combined with object movement
through the stripe, Moiré fringe projection, grey-coded pattern projection,
laser beam matrix projection and transparent liquid crystal pattern projection
(Ahlers and Lu, 1989). The structured light approach has been used for a
number of biomedical applications (Mitchell and Newton, 2002) including
tace mapping (Fricker, 1985). In recent years complex patterns (unstructured
light) have been used in combination with two or more cameras (D'Apuzza,

2002; Thomas et al., 1996).

A proprietary structured light system for intra-oral mapping of teeth was
developed in 1985 (CEREC; Siemens AG, Bensheim, Germany). It consists of
a 3D tooth-scanning camera, integrated image processing, computer-aided
design software and milling machine. This enables 3D scanning, at a single
visit, of prepared cavities in teeth and the milling of a ceramic or composite

polymer block to the shape of the required restoration, which is then
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cemented into the prepared cavity. The camera consisted of a Charged
Coupled Device (CCD) sensor, 680 x 480 pixels, and pixel size 25 x 29 um. An
infrared, polarised light source (840 nm) projects a striated line pattern onto
the tooth surface. Four images are taken of the tooth surface in 0.133 s. The
3D model is achieved by active triangulation at an angle of 4° over a
measurement volume of 18 x 14 x 12 mm. It has a reported measurement
accuracy of +25 um (Pfeiffer, 1999). However, there is a significant
descrepency between reported accuracy and the accuracy of restorations
machined by the system with the average internal gap of posterior crowns
created with this process being 100 to 200 um (Mou et al., 2002) compared to
the 50 - 100 um gap generally recommended (Leinfelder et al., 1989).

The CEREC system was not developed as a research tool and at present there
is no easy method of recovering raw data from the system. The CEREC
system presents a potential clinical method for mapping NCCLs, however its
reported measurement accuracy of 25 um does not match that of contact
stylus systems. Further, the reported accuracy is diminished by the need to
render the surface of the tooth opaque prior to imaging (see section 2.2.5.1). It
has the advantage of being fully automatic and 3D reconstruction occurs in a

matter of seconds.

A structured light digitizing system utilising Moiré fringe projection (Comet
100; Steinbichler Optical Technologies, Neubeuern, Germany) has been used
to scan vinyl polysiloxone impression materials (DeLong et al., 2001),
evaluate impression accuracy (Brosky et al., 2002), and to scan dental casts
and interocclusal records (DeLong et al., 2002). The XYZ measurement
volume was 85 x 65 x 80 mm, an accuracy of 40 um, and a resolution of 130
um in the X and Y directions and 5 um in the Z direction (parallel to the line

of sight of the beam).
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Chapter 2: Literature Review

2.2.5.1 Tooth surface opaquing

Prior to taking optical impressions with the CEREC camera, the tooth surface
needs to be made opaque for two reaons. Firstly, active triangulation is
always impeded by reflective surfaces, because the camera is then not
imaging a point on the object surface. Secondly, opaquing of the object is
important because the reflected pattern may include components
backscattered from different depths within the tooth. The resulting value
calculated for the surface of the tooth would thus not correspond to its actual
position, but would give a layer somewhere within the tooth, below the
surface. Coating the tooth helps, because this backscatters nearly all radiation

within 20 um and thus clearly defines the surface of the tooth (Pfeiffer, 1999).

Clinically, tooth opaquing is achieved by wetting the tooth surface with an
imaging liquid and blowing titanium dioxide powder (Cerec powder; Vita
Zahnfabrik, Bad Sdckingen, Germany) onto the tooth surface and air drying
(Beuttell, 1998). Powdering techniques are subject to the formation of lumps
and clouds of dust; excessive powder falsifies the surface and powdered
surfaces are sensitive to humidity. The error due to powder application has
been reported as a minimum of 20 um (Pfeiffer, 1999), 20 to 40um (Mou et al.,
2002), and 100 um (DeLong et al., 20