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ABSTRACT

The work presented in this thesis has aimed to address the effect of saliva
on the early enamel lesion using an intra-oral model. Preliminary work on
model validation was undertaken and demonstrated the ability of
stimulated salivary flow, by means of sorbitol gum chewing, in a
fluoridated environment, to increase remineralisation of artificial enamel
lesions to a greater extent than fluoride alone. Additional work
demonstrated the ability of the model to distinguish between fluoridated
and non-fluoridated environments. However, a definitive three phase intra-
oral trial failed to demonstrate any significant difference between
fluoridated and non-fluoridated environments or any significant beneficial
effect of salivary stimulation, by means of sorbitol gum chewing, in a non-
fluoridated environment. Further analysis of this data suggested this was a
result of a small baseline lesion size and that larger lesions would perhaps
have reacted in such a manner as to demonstrate significant differences

between protocols.

Additional work to determine plaque and salivary fluoride levels, the
ability of saliva to clear substrate from the appliance test site and the
reaction of plaque within the appliance trough to various stimuli, yielded

some interesting results.

Plaque and salivary fluoride levels tended to fall, in some cases
significantly, over a 4 week washout period when subjects changed from a
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fluoridated to a non-fluoridated dentifrice. The rate of clearance by saliva of
substrate from the appliance trough was much faster than anticipated. This
work demonstrated the ineffectual protection provided by the appliance
trough against high salivary flow rates in this area of the mouth.
Methodologies were also devised to assess the ability of plaque within the
appliance trough to produce organic acid in response to a sucrose stimulus
and to determine the ability of saliva to buffer the pH of such acid. With
the limited amount of data available, it would appear that a reduced ability
of the appliance trough plaque to produce acid and an increased ability of
saliva to buffer a reduced plaque pH were associated with significant lesion

remineralisation.

This work has demonstrated the versatility of this model and the potential
to demonstrate some of the effects of saliva on artificial lesion
remineralisation given lesions which display an appropriate ability to
respond to a given protocol. Further work is required to determine the
nature of the response of lesions with different characteristics to different

intra-oral protocols, particularly in a non-fluoride environment.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION AND AIMS

Few human diseases have been the subject of as much research as dental
caries. Research undertaken to date has determined many of the aetiological
and modifying factors of the disease process. Cariologists are now able to
discuss at length, many of the biological and chemical mechanisms involved
in the initiation and progression of dental caries. These advances in research
have had clinical application to the extent that dental caries is now an entirely
preventable disease. The effect of fluoride, probably the most intensively
researched preventative methodology in Medicine and Dentistry, has been
largely responsible for reducing the incidence of the disease. Such advances
in the knowledge of prevention of dental caries have been seen within a
period of little more than a generation. In many western societies dental caries
is no longer feared as a harbinger of pain, ending in the inevitable extraction
of the tooth. Dental caries is now seen, in many cases, as an occasional finding
on routine dental examination which can be remedied by the re-establishment
of a vigourous preventative strategy or the timely placement of a small

restoration.

The effect of fluoride on dental caries is one factor in the dynamics of this
disease process. Fluoride is often an extraneous agent, utilised in the fight

against caries. Recent attention has been focused on the effect of endogenous
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factors such as saliva. Whilst early observations have shown the ability of
saliva to heal early dental caries, little work has subsequently been undertaken

to quantify this effect.

Methods of obseryation of the caries process have also changed over the past
30 years. The use of caries models has permitted great advances in the
understanding of the disease process. A new generation of caries models uses
the oral cavity as a laboratory, simulating as closely as possible/ the conditions

under which caries occurs.

The aims of this thesis were to investigate the relative effects of stimulated
salivary flow and fluoride on mineral changes within artificial carious lesions
using an intra-oral model. In addition, the ways in which saliva may bring
about such effects were studied by careful recording of salivary composition,
the rate of salivary flow and the effect of saliva on dental plaque. This work
has been carried out by adapting existing methodologies to observe the effect
of fluoride and saliva on dental caries and instituting new ones to measure

salivary flow and record plaque/saliva interactions.
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1.2 DEFINITION OF DENTAL CARIES

Dental caries may be defined as a dynamic process of mineral transfer| out
of and into dental hard tissues. Dental caries is initially a sub-surface
phenomenon, occurring as a result of the collective effects of an overlying

microbial deposit, a substrate to stimulate acid production, and time.

There are several principle factors involved in the initiation and progression
of the disease process. Such factors may be divided into primary and

secondary factors.

1.3 FACTORS IN DENTAL CARIES INITIATION

AND PROGRESSION

Factors in dental caries initiation _zmd progression are divisible into primary
and secondary types. A prifnary factor is one without which the disease
process cannot occur. Keyes (1960) discusses the three primary factors
responsible for initiation and progression of dental caries. This work has
classically been presented as three overlapping circles representing the tooth,
the oral flora and a bacterial substrate. Caries initiation and progression only
occurs in the presence of all three factors. Secondary factors in caries initiation
and progression are discussed by Nikiforuk (1985). They may be defined as
those factors which modify the primary factors, in relation to the timing of

onset and rate of progression of the disease. Secondary factors include the
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microbiological composition of the dental plaque, the biochemical make up of
the tooth and the type and pattern of substrate use. Other secondary factors
such a salivary physiology and biochemistry are also important. Furthermore,
individual, intraoral physiological characteristics that determine, and control,
the equilibria of calcium, phosphate and/or other species may, in future, prove

to be vital in the understanding of caries aetiology and progression.

1.3.1 The Oral Flora

The work of van Leeuwenhoek (1674, referenced from Mellville & Russell,
1983) was fundamental in determining that the oral cavity, and specifically the
teeth, could support bacterial colonies. Miller (1883) made significant advances
in caries aetiology when he reported that fermentation of starch and sugar
foods by dental plaque could produce organic acids which would cause
dissolution of enamel and dentine. It was not until the study by Orland et al.
(1954) that bacteria were established as an essential factor in the initiation and

progression of dental caries in vivo.

Orland et al. (1954) developed a technique of raising germ free rats, delivered
by Cesarian section and fed with sterile food. Germ free rats were compared
with control rats with a normal oral flora. Both groups of animals were fed the
same diet. At the end of the experimental period, examination of molar teeth
showed carious lesions in the control group but no lesions in the germ free

rats. This study was the first to show that caries could not be initiated in vivo
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in the absence of bacteria.

1.3.2 The Bacterial Substrate

The presence of a bacterial substrate per se constitutes a primary factor in
caries initiation and progression whereas the type and timing of substrate use
constitutes a secondary factor. For the purposes of studying dental caries it is
perhaps important to define a substrate as a substance metabolised by plaque
bacteria to produce organic acids. Studies to illustrate the effect of bacterial
substrate per se on dental caries in vivo are scarce. However, studies of the
children of Hopewood House, Bowral, Australia (1952-1961) do illustrate this

point.

The Hopewood House studies of the 1950's and 1960’s examined a group of
children following a strict dietary regime. Harris (1963) described the diet as,
"Notable for the almost complete absence of refined carbohydrate and the
presence of minimal animal protein”. Both the studies of Sullivan & Harris
(1958) and Harris (1963) compared the dental health of the children of
Hopewood house to data from a survey of State School children by Barnard
in 1956. The children of Hopewood House had significantly less caries than
those children in the State Schools. Whilst the results of these studies may be
due, in part, to the timing of food intake, the major difference between the two
populations was the presence of bacterial substrate metabolised by plaque

bacteria to produce organic acids.



1.3.3 The Tooth

The presence of a tooth is an obvious primary factor in the initiation and
progression of dental caries as it is the medium in which caries occurs. The
physical and biochemical composition of the tooth constitute a secondary

factor and will be discussed later.

1.3.4 Microbial Composition Of Dental Plaque

Orland et al. (1955) inoculated germ free rats at 31 days with enterococcus
bacteria and demonstrated that dental caries could be produced by a single
strain of bacteria. This initiated a whole series of experiments where different
bacteria were examined for their ability to induce dental caries. The
physiological properties of caries inducing species of bacteria were identified.
These properties included an ability to adhere to the tooth surface, the
production of organic acid, toleration of an acidic environment and the
production of extracelluar polysaccharides. To date, Streptococcus mutans has
been found consistently to produce more carious lesions than any other

bacterial species (Marsh & Martin, 1984) .

1.3.5 Physical and Biochemical Characteristics Of The

Tooth

Studies have shown a relationship between tooth morphology, enamel
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composition, and caries susceptibility. These are now discussed.

The pattern of caries development around the mouth varies from tooth to
tooth; molar teeth having the highest incidence of caries (Carlos & Gittleschon,
1965). These findings are supported by data from the United Kingdom Dental
Health Survey of 1988 (Todd & Lander, 1991). Caries incidence in the oral
cavity may also be classified according to site. Backer Dirks (1965 and 1966)
concluded that free, smooth surfaces of the teeth were the most caries resistant,
interproximal surfaces were of intermediate resistance and pits and fissures

were the least resistant to dental caries.

Variation in caries incidence between different teeth has been shown to be
related to tooth morphology. Bossert (1933 and 1937) was able to correlate the
cuspal incline with the presence or absence of caries in the fissure. The steeper
the cuspal incline the greater the likelihood of caries in the fissure. No details
were given of how caries was diagnosed and it is possible that caries may
have increased fissure depth due to loss of hard tissue which would artificially
increase the cuspal gradient. These findings are supported by the studies of

Malherbe & Ockerse (1944) and Schiller & Wolcott (1961).

The biochemical composition of the tooth in relation to caries susceptibility has
been the subject of much research. The surface layer of dental enamel is more
highly mineralised than the underlying enamel (Glas, 1962; Angmar et al,

1963). The concentration of calcium and phosphate also tends to decrease
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from the surface towards the amelodentinal junction (Robinson et al., 1971).
Fluoride levels are highest at the enamel surface and decrease towards the
amelodentinal junction (Robinson et al., 1982). Different teeth contain variable
levels of fluoride and it has been difficult to determine if this has any effect on
enamel caries susceptibility (Chow, 1990). The effect of fluoride in dental

enamel is discussed at length later in this chapter.

The carbonate content of enamel mineral has been proposed as a determining
factor for enamel caries susceptibility (Little & Brudevold, 1958). Gron et al.
(1963) showed that synthetic apatite was more soluble in a solution with a
high carbonate content and suggested that apatites which contain carbonate
may be more soluble than those which do not. Hallsworth et al. (1973) used a
microdissection technique to show that the "primary translucent zone" of white
spot lesions contained less carbonate than adjacent normal enamel. They
concluded that carbonate is preferentially lost at the initial stages of enamel
caries. The increase in carbonate towards the amelodentinal junction has been
proposed as one reason for the penetration of enamel lesions (Robinson et

al.,1982).
1.3.6 Type And Pattern Of Substrate Use

The Vipeholm study (Gustafsson et al., 1954) was designed to determine the
effect of variable carbohydrate levels on the incidence of dental caries in 436

individuals over a five year period. The authors studied patients at the
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Vipeholm Hospital for the mentally deficient outside Lund in Sweden. All
participants were placed on a basic diet, judged to be adequate in all respects
except caloric content. Caloric content was increased by the addition of either
fat or sugar in various forms at various times. Such additions to the basic diet
formed the different protocols throughout the course of the study. Four
different protocols were tested. These were:-
1 Basic diet with fat (Control group)
2 Basic diet with sugar (300g) in solution at meals
3 Basic diet with sugar (50g) in bread (345g) with afternoon coffee
only, for first two years, then four times per day, with all meals,
for the second two years
4 Basic diet with sugar, in the form of sweets, consumed between
meals. This group included subjects eating chocolate, caramel

and 8-toffee and 24-toffee groups.

The results of this study have been summarised by Nikiforuk (1985), who
concluded that caries levels increased with raised dietary sugar intake.
Moreover, levels were increased further when sugar was consumed between
meals and when sugar was retained at the tooth surface or had a reduced rate
of clearance. Withdrawal of such foodstuffs from the diet reduced caries
activity. However, caries still occurred in subjects maintaining a low refined

sugar and carbohydrate diet.

Bibby (1990) suggested that the case for the dominant role of sucrose is
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incomplete. He argued that the use of sucrose by primitive people was often
accompanied by the use of wheat flour, that rationing of sugar during wartime
was also accompanied by rationing of flour and that the amount of sugar
consumed by the subjects in the Vipeholm study did not parallel the caries
incidence observed. Woodward & Walker (1994) analyzed data for sugar
consumption and dental caries prevalence in 90 countries and were unable to
find any evidence of a sugar-caries relationship in the data from the 29
industrialised countries. Furthermore, they suggested that the other aspects,
such as exposure to fluoride, should also be taken into account when making
recommendations for caries control at the population level. Whilst these
arguments are pertinent, there is still a case to be made for the greater

influence of sucrose on dental caries than other dietary factors.

1.3.7 Salivary Physiology

Saliva has a crucial role to play through its interactions with plaque, its role
in substrate clearance from the oral cavity and its buffering capacity against
pH reduction. The effects of saliva on enamel caries will be discussed in

greater detail later in this chapter.

1.3.8 Other Host Factors

Host systemic pathology can affect dental caries in a variety of ways. Certain

specific pathological conditions may bring about changes within the oral
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environment that alter patient susceptibility to dental caries. Such conditions
include Cystic Fibrosis where mean salivary pH and buffering capacity are
elevated and dental caries experience is low (Kinirons, 1985). Children with
Chronic Renal Failure also exhibit low caries susceptibility. Analysis of a group
of patients with Chronic Renal Failure by Obry et al. (1987) demonstrated
much higher salivary levels of urea compared to a control group. An increase
in urea levels would tend to counteract the effects of organic acid production
by the action of bacteria on fermentable carbohydrate. Any illness that requires
pharmacological agents prepared with a sugar-containing formula to increase
palatability, will increase the patient susceptibility to dental caries (Roberts &

Roberts, 1981).

1.3.9 Interaction Between Primary And Secondary Factors

No one factor in the caries process can act alone. Plaque composition is
determined by the nature of the surface it colonises. The morphology of the
tooth surface (fissure or smooth surface) will determine the amount of plaque
accumulation. The amount, type and frequency of substrate will determine the
nature of plaque metabolism. The presence of saliva will determine substrate
clearance and buffering capacity within the oral cavity. Finally, host immunity
or pathology may influence caries susceptibility through plaque modifications,

salivary interactions or by increasing plaque substrate.



1.4 PATHOGENESIS OF ENAMEL CARIES.

The pathogenesis of enamel caries involves several distinct processes. Acid
production must first occur within dental plaque. The acid must diffuse
through plaque to gain access to the enamel via interprismatic channels. Once
within the enamel, protonation occurs at specific sites on the apatite lattice.
Acid/mineral interactions result in the establishment of variable concentration
gradients between the interior of the enamel and the enamel surface. Changes
in concentration gradients and alterations in saturation conditions with respect
to different species are responsible for the subsurface demineralisation seen in

early enamel caries.

1.4.1 Acid Production By Plaque

The production of acid by dental plaque creates local undersaturated
conditions with respect to calcium phosphates in the fluid at the enamel
surface (Lagerlof, 1983) resulting in mineral dissolution. Miller (1883) showed
that organic acids could be produced by plaque microorganisms, when
exposed to either sugar or starch. Furthermore, he showed that such acid

could decalcify dental enamel.

To determine which organic acids were being produced, sophisticated
analytical techniques were required. Gilmour & Poole (1967) used gas liquid

chromatography and were able to identify the production of lactic acetic and
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propionic acids from “membrane plaque" undergoing glucose fermentation in
vitro. Geddes (1975) used a combination of enzyme techniques and gas liquid
Ichromatography to analyze plaque before and after in vivo exposure to sucrose
and glucose. She identified lactic acid and several other organic acids and
concluded that higher levels of organic acid were found in plaque after sugar
fermentation. The types of organic acid identified were the same for both
resting plaque and that analyzed after a sucrose challenge. However, the levels
of lactic acid were much higher in plaque challenged with sucrose. The
amount of sucrose given as a challenge did not affect the amount of acid

produced immediately by the plaque. Levels of acid after thirty minutes,

however, were found to be much higher when substrate levels were increased.

1.4.2 Plaque Permeability To Organic Acid

The production of acid within dental plaque is often remote from its site of
action at the plaque /enamel interface. Acid is required, therefore, to diffuse
through plaque to reach the enamel surface. Plaque permeability to various
organic acids has been addressed by Dibdin (1981) who suggested that acid
diffusion through plaque will be affected by variation in acid molecular
weight. Furthermore, there is a possible reduction in rate of diffusion due to
monovalent negative charge. The model used by Dibdin applies only to young
plaque in vitro. Stagnation sites such as fissures and approximal areas will
have greater plaque thickness, greater plaque maturity and density, and

possibly more pronounced permselectivity due to extracelluar polysaccharide.
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Each of these factors is likely to reduce the rate of acid diffusion to the

plaque/enamel interface.

1.4.3 Diffusion Of Acid Into Enamel

The detection of raised levels of lactic acid in plaque after carbohydrate
consumption caused investigators to conclude that lactic acid was primarily
responsible for the initiation and progression of the carious lesion. This
assumption was challenged by two advances in research. Firstly, Featherstone
et al., (1979) demonstrated that the non-ionised form of an organic acid was the
predominant diffusing species into dental enamel. This was contrary to the
previously held belief that an acid diffused into enamel in its ionised form.
Secondly, the work of Geddes (1975) and Geddes & Weetman (1983) has
shown that levels of acetate diminish at about the pH minimum of the Stephan
curve. This has been ascribed to uptake of acetic acid by enamel, indicating a

potential role for this acid in caries initiation and progression.

Featherstone & Rodgers (1981) assessed the effect of acetic, lactic and other
organic acids on the formation of the artificial carious lesion. They showed that
lesion progression was a function of the unionised acid concentration and the
acid dissociation constant. Acetic acid was thought to be as important as lactic
acid in its contribution to lesion progression. The authors explained their
findings as follows. The difference in pK values between acetic and lactic acid

indicates more acetic acid will be present in its unionised form than lactic acid
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at any given pH. As a result, acetic acid will diffuse into enamel faster than
lactic acid. As acid diffuses into enamel, it will dissociate into H* ions and acid
anions which will attack the enamel crystailites. Acid dissociation is
determined by the strength of the acid. Lactic acid will dissociate more readily
than acetic acid, although it will not diffuse into enamel as fast. Diffusion of
ionic calcium and phosphate out of enamel, and hence the rate of lesion
formation, will be the direct result of acid dissociation. These findings are in

agreement with those of Edgar (1982).

1.4.4 Initial Mineral Loss In Enamel Caries

It is apparent from several studies that initial mineral loss results in a
morphological change in the enamel surface. Arends et al, (1982) have
suggested tentatively that the initial site of attack can be at existing defects on
the enamel surface, especially the perikymata or defects due to the Tomes
process of the ameloblast. These effects have been described variously as:-
i enlargement of the interprismatic spaces (Thylstrup et al., 1982).
i the development of micro-fissures due to mineral loss and
subsequent merging of Tomes process defects on the enamel
surface (Haikel, 1982).
iii ~ the formation of microchannels with no apparent prismatic
relationship (Goldberg et al., 1981).
The overall effect of this morphological change in the enamel surface is to

produce a surface softening (Arends & ten Bosch, 1986), which has been
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described on lesions produced in vitro (Arends & ten Cate, 1981) and in vivo

(Dijkman, 1986a; Ogaard, 1986).

The initial change in the surface morphological and physical characteristics of
enamel has been associated with well documented chemical changes.
Hallsworth (1973) and Robinson et al. (1982) have demonstrated the
preferential removal of magnesium and carbonate with the inception of the
caries process. Magnesium and carbonate ions accumulate in the fluid within
the intercrystalline spaces before migrating down a concentration gradient
towards the enamel surface. Further mineral loss is due to the protonation of
phosphate groups within the apatite lattice (Weatherell et al. , 1982). The
degree of protonation will eventually render the lattice structure unstable.
Such instability is overcome by lattice dissolution or conversion to a more
stable lattice structure. Whilst phosphate group protonation is taking place,
there will be a resultant charge imbalance within both the apatite lattice and
any fluid in the intercrystalline spaces. Such charge imbalances are resolved
by loss of calcium from the lattice and also by the loss of some protonated

phosphate groups that are less strongly bound (Weatherell et al., 1982).

Subsequent mineral loss with lesion progression is a sub-surface phenomenon
resulting in the formation of a surface zone overlying an area of subsurface
demineralisation (Arends & Christofferson, 1986). The surface zone was
described as a porous, but mineral rich, zone which forms after initial surface

softening and, once formed, changes thickness slowly in comparison with the
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demineralisation period. In addition the fluoride level in saliva appeared to be
the main reason for the development of the surface zone rather than fluoride

in the surface layers of the enamel (Arends & Christoffersen, 1986).

Arends & Christoffersen (1986) have discussed four possible explanations for

the formation of the surface zone. These are summarised in Table 1.1, taken

from the text of their paper.
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1.4.5 Later Mineral Loss

Robinson et al., (1982) suggested the mechanism of later tissue destruction in
enamel is not simple dissolution, rather it reflects both the composite nature
and the chemical composition of the tissue. The composite nature of the tissue
is such that dissolution of ions from the crystallite surface initially involves a
relatively large crystallite surface area in relation to the intercrystalline space.
Ions from the crystallite surface in solution in the intercrystalline fluid will,
therefore, be at very high concentrations, creating a steep concentration
gradient between the intercrystalline fluid at the advancing front of the lesion
and the fluid at the enamel surface. As crystallite dissolution proceeds,
crystallite surface area will decrease and intercrystalline fluid volume will
increase, reducing the concentration of ions in the intercrystalline fluid and
hence the concentration gradient between lesion fluid and the enamel surface.
This creates a situation where migration of ions from the lesion front is more
rapid than migration from the body of the lesion, thus promoting lesion
penetration. The increase in magnesium and carbonate concentrations towards
the amelodentinal junction (Weatherell et al., 1968; Robinson et al., 1981) will

accelerate lesion progression in this direction.

1.4.6 Summary

Caries initiation within enamel is dependent on preferential dissolution of the

magnesium and carbonate rich areas of the crystal lattice followed by
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protonation of phosphate groups with subsequent calcium release and
disturbance of apatite structure. Differential degrees of lesion fluid saturation
with calcium and phosphate will result in mineral removal via the enamel
surface along concentration gradients, or mineral re-deposition within other
areas of the developing lesion. The kinetics of ion movement within carious
enamel are responsible for the development of the various histological zones

seen on imbibed ground sections of carious lesions.

It is very important to appreciate that the events described do not occur in
isolation. Moreover, they are not a series of finite steps to an inevitable
conclusion. Dental caries is a dynamic process and mechanisms exist where,
in some cases, demineralisation can be reversed. This will be discussed in the

next part of the chapter.

1.5 REMINERALISATION

1.5.1 Definition Of Remineralisation

Remineralisation has been described by Arends & Gelhard (1982) as, "the
deposition of mineral in enamel defects". Such mineral should be similar to
sound human enamel and defects include subsurface lesions, etched enamel

and surface softened enamel.



1.5.2 Early Observations Of Remineralisation

Remineralisation is not a new phenomenon. It was described by Head (1910)
who demineralised dental enamel by leaving it in a segment of orange for two
days. This produced, "a smooth white, translucent area of decalcification.”
Subsequently, the tooth was placed in a sample of the author’s saliva for two
weeks. After this time, Head observed, "the white spot of decalcification had
almost, if not entirely, disappeared”. Furthermore, Head went on to suggest

that this may be due to, " a sort of recrystallization within the enamel

substance”.

1.5.3 Remineralisation In Vivo

In vivo studies of remineralisation of enamel caries are much less common than
in vivo studies of demineralisation. Generally, the studies that do exist can be
divided into two types. These are observations of naturally occurring caries
and observations of artificially created caries. Studies of naturally occurring
caries are less common than studies of artificially created caries. One study of
naturally occurring caries is particularly noteworthy. Baker Dirks (1966)
monitored the dental health of 90 children from the age of 7 through to 15
years. During this time he observed proximal lesions on standardised bitewing
radiographs with variable rates of progression. This observation led him to
conclude that the caries process may become arrested. Furthermore, he

observed the resolution of white spot lesions on 37 out of 72 buccal surfaces
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of teeth that could not be accounted for by a change in diagnostic criteria.
From this observation, he concluded that remineralisation must have taken
place. Other studies of this type have not been as comprehensive and have
been reported to highlight the benefit of diagnostic and monitoring techniques
(Pitts, 1986). Studies designed to show the feasibility of creating caries at
specific sites in the mouth (Bunting et al., 1926; Nygard-Ostby et al., 1957; Hals
& Simonsen, 1972) spawned several studies of remineralising factors for
artificially created enamel caries. Of note is the study by von der Fehr et al.
(1970b) who created white spot lesions in vivo in 6 dental students who
refrained from oral hygiene procedures for 23 days and rinsed with a sucrose
solution nine times daily. Subsequent daily rinsing with a 0.2% NaF solution
in conjunction with restitution of oral hygiene procedures resulted in apparent
resolution of the lesions after about two months. A similar result was
described by Loe et al. (1972) using the same fluoride rinse regime. Other
studies have demonstrated remineralisation in the absence of fluoride and
include those of Holmen & Thylstrup (1986), Artun & Thylstrup (1986) and
Holmen et al. (1987). In each of these studies remineralisation was
demonstrated upon restitution of tooth brushing to previously protected sites.
The authors commented that the clinical observation of lesion regression was
primarily a result of surface abrasion and some redeposition of mineral and

supported this conclusion by scanning electron microscope studies.

48



1.5.4 Remineralisation In Vitro

Remineralisation of dental caries in vitro has been shown by many workers.
Such work has provided a significant insight into the process of
remineralisation but does not necessarily reflect the in vivo situation. Some
studies of note include those of Silverstone & Poole (1968} who used saliva
and calcifying fluids to remineralise naturally occurring and artificially created
enamel lesions and ten Cate & Arends (1977) who used an in vitro model to
determine the kinetics of enamel remineralisation, the nature of the mineral
deposited and its site of deposition. The advantages and disadvantages of in
vitro models were discussed by White (1992). They are applicable to in vitro

studies of remineralisation and are summarised in Table 1.2.
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Table 1.2

Advantages and disadvantages of in vitro models to study remineralisation

Advantages

1 Generally inexpensive
2 Not time consuming
3 Permit careful control of conditions to enable:-
- modifications to model sensitivity
- repeat measurements and standardization of testing
- measurement of effect of a single variable with others held constant
4 Potential to study effects on variable materials (Eg bovine or human enamel, dentine etc)

Disadvantages

1 Cannot simulate the real 'caries event’, only general thermodynamic and kinetic effects occurring during lesion formation
and remineralisation.

Cannot adequately simulate microbiological or specific salivary effects on caries.

Often require highly polished or flattened surfaces for analysis

May use non-human enamel

Difficulty in studying 'active systems’ which rely on interactions between plaque, saliva and mineral.

Difficult to simulate intra-oral conditions such as topical application and salivary clearance.
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1.5.5 Remineralisation In Situ

In vivo observations of remineralisation require either prolonged observation
of a population (Baker Dirks, 1966) or the creation of lesions on vital teeth and
the subsequent evaluation of a remineralisation protocol (von der Fehr, 1970a).
These methods are either time-consuming or invasive. In addition, the
potential disadvantages of in vitro models may also make them unsuitable to
study remineralisation for the reasons stated in Table 1.2. In an effort to
overcome these difficulties, researchers have attempted to combine attributes
of each of these models to form an in situ model. Intra-oral in situ models use
a medium in which caries can be easily observed within the oral cavity.
Artificial lesions may be created in human enamel and placed in the oral
cavity whilst the subject follows a remineralisation protocol. The advantages
and disadvantages of in situ models to study dental caries are discussed in
more detail later in this Chapter. Notable work using in situ models to
demonstrate remineralisation includes that of Koulourides et al. (1974) who
were able to show that fluoride could be preferentiaily taken up by pre-
softened enamel which could result in enamel rehardening. Several workers
have shown fluoridated dentifrices to be capable of remineralisation of
artificially created lesions (Creanor et al., 1986b; Wefel et al., 1986; Gelhard et
al., 1979) and further work has been undertaken to show a fluoride dose
response (Stephen et al., 1992; Mellberg et al., 1994). The remineralising effect
of saliva on artificial enamel lesions in situ has been described in a pilot study

by Leach et al. (1986).
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1.5.6 Methods For Detection Of Remineralisation

Various methods exist for the assessment of the remineralisation process.
These methods are discussed in Chapter 2 but are mentioned briefly here for

continuity.

Visual examination of the tooth surface has been undertaken by von der Fehr
et al. (1970) where resolution of white spot lesions was observed in vivo. This
method does not enable quantification of remineralisation. Silverstone & Poole
(1968) used polarised light microscopy with sections imbibed in various media.
Such methods of analysis are destructive, requiring the creation of sections but
are not quantitative in terms of mineral determination (Arends & ten Bosch,
1992). Koulourides (1980) and others have used the Knoop hardness test on
various areas of the carious lesion. Once again, this tends to be a destructive
method of analysis. Quantitative microradiography is also destructive as
sections are required for analysis. However, the advent of the single section
technique within an in situ appliance (Creanor et al., 1986a) permits pre- and
post-treatment of the same lesion. Microradiographic techniques also exist
which permit examination of blocks of material or even whole teeth (Arends
& ten Bosch, 1992). Other methods such as light scattering, iodine
absorbtiometry, iodide penetration and ion probe analysis have also been

described and are reviewed by Arends & ten Bosch (1992).
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1.5.7 Summary

The events occurring during remineralisation are complex and are dependent
upon local conditions prevailing at the time. Local conditions include the
presence of a supersaturated solution of calcium and phosphate at the enamel
/ plaque interface. Concentration gradients may then be established between
fluid within the lesion and the oral cavity. The additional presence of fluoride
will continue to ensure such concentration gradients remain in favour of
remineralisation. A further pre-requisite for enamel lesion remineralisation is
the presence of partially demineralised crystallites to act as nuclei for mineral
deposition (ten Cate, 1990). Such mineral deposition may be complicated by
the presence of organic material (Featherstone, 1984) and limited by
concentration gradients between lesion fluid and the oral cavity resulting in
preferential deposition of mineral within the surface layer (ten Cate, 1990). A
knowledge of the effects of diet, salivary flow and fluoride on remineralisation
should permit dentists to advise patients on better preventative strategies.

Many of these factors are discussed further later in this Chapter.

1.6 FLUORIDE AND ENAMEL CARIES

1.6.1 Historical Account

The effects of fluoride on enamel were first noted by Eager (1902) who

reported an acquired condition affecting the enamel of teeth in Naples, Italy.
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He suggested this may be connected with the water supply as the incidence
decreased when the supply was changed. Independently, McKay & Black
(1916) reported a condition of enamel with an "opaque, paper-white
appearance, mottled with normal spots and clouded areas". The condition only
affected people who had been raised in the area of prevalence or who had
spent time there during the period of enamel formation. The population
studied was noted to have fewer carious cavities than elsewhere. Further
studies by McKay & Black (1925) described other well defined geographical
locations where such mottled enamel was endemic. Several initial theories
were put forward but were shown to be unfounded. A connection between
mottling and water was established in the town of Bauxite where the water
supply had been changed some years previously. Churchill (1931) found high
levels of fluoride here and suggested that this was the cause of enamel
mottling. In the UK, Ainsworth (1933) described a similar condition affecting
the town of Maldon in Essex. Once again he noted a reduced incidence of
caries and found the water supply to contain between 4.5 and 5.5 ppm
fluoride. The commissioning of Dean’s studies (1933, 1934 and 1936) by the US
Public Health Department established those areas with a water supply
containing 1.0ppm fluoride had minimal mottling and a significantly lower

caries prevalence.

1.6.2 Effect Of Fluoride On Caries In Vivo

Early in vivo research took place with the introduction of fluoride into the
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water supply at a level of 1.0 ppm in the town of Grand Rapids, Michigan.
Arnold et al. (1953) observed a 50 per cent reduction in caries incidence after
six years. There followed a large amount of research on water fluoridation
which showed a reduction in dental caries at 1.0 ppmF. Other methods of
fluoride delivery were proposed and there is now voluminous literature on in
vivo trials involving fluoride. There follows a brief overview of the recent

literature on various fluoride delivery systems.

The effect of water fluoridation at an optimal 1.0 ppm fluoride has been
discussed by Murray (1993) in a review of 113 studies in 23 countries. The
modal caries reduction is quoted as 40-49% in primary teeth and 50-59% in
permanent teeth. Differences in design of studies and diagnostic criteria may
have affected the results obtained. The data presented confirmed the
importance of continuous residence within a fluoridated area to achieve
maximal benefit and demonstrated the important pre-eruptive effect of
fluoride. Several studies were presented where water fluoridation had been
terminated. In all cases, a subsequent increase in caries increment was noted

(Stephen et al., 1987a; Attwood & Blinkhorn, 1988).

The majority of fluoride in the Western World is consumed in the form of
fluoridated dentifrices. Kénig (1993) has suggested that water fluoridation can
no longer be primarily responsible for the reduction in caries seen in the West.
He argues the advent of increasing personal compliance as a result of

increasing social desirability of a healthy mouth means more people are using
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a fluoridated dentifrice. There has been no reduction in the cariogenic
challenge in the West, yet caries prevalence is still decreasing, a fact that Konig
ascribes as, "nearly entirely due to fluoride contained in toothpastes".
Concentrations of fluoride in dentifrices are generally in the range 1000-1500
ppm fluoride. Stookey et al. (1993) discussed the difficulty of quantitating the
effects of fluoridated toothpastes given the large number of fluoride sources
affecting populations. However, mean data from 23 clinical trials using 1000-
1200 ppm fluoride toothpastes show a reduction of between 24 and 44%
compared with placebo dentifrices. Trials to determine the clinical
effectiveness of different levels of fluoride in dentifrices have proved difficuit
to interpret due to differences in protocol (Konig, 1993). Research has been
directed recently at the relative efficacy of different fluoride systems in
dentifrices, specifically the sodium fluoride and sodium monofluorophosphate
systems. Stookey et al (1993) compared the relative effects of 20 sodium
fluoride versus sodium monofluorophosphate head-to-head dlinical trials.
Meta-analysis of the results showed superior efficacy of the sodium fluoride
systems in the region of 5 - 10% DMFS compared to monofluorophosphate
systems. However, the consensus position statement from an international
scientific assembly on the comparative anticaries efficacy of sodium fluoride
and sodium monofluorophosphate dentifrices held at Guy’s Hospital, London
(Garcia-Godoy, 1993) stated the work by Stookey et al. (1993) "does not reflect
an accurate view and should be called into question". Furthermore,"the
assembly agreed that the published clinical studies available to date support

the conclusion that sodium fluoride and sodium monofluorophosphate at
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similar concentrations in commercially available dentifrices across the world
provide equivalent anticaries effectiveness”. The large amount of data studied
and the complex nature of the statistical analysis would suggest any difference
between sodium fluoride and sodium monoflurophosphate dentifrices was
relatively difficult to determine. On an individual basis, and with a well
motivated patient, the clinical efficacy of one fluoride formulation over another

is probably not detectable.

Fluoride may also be supplied in the form of tablets, drops, professionally
applied gels and varnishes, or mouthrinses. Stephen (1993) discussed variable
reductions in caries increment from 20 to >80 per cent as a result of the use of
fluoride drops and tablets. It was suggested that such variability in outcome
represented a problem of compliance. Recommendations for use of fluoride
tablets and drops in regions where the water supply contains less than 0.3
ppm fluoride included the use of a non fluoridated dentifrice for the first six
years of life. The question of pre-natal fluoride was discussed and data from
a recent study (Bawden quoting Leverett, 1992) suggest no significant benefit,
in terms of caries reduction. Fluoride drops were of benefit to both primary
and permanent dentitions with maximal benefit being derived if taken pre-

eruptively.

Wei & Yiu (1993) have reviewed the literature on topical fluoride gels. For
professionally applied gels there appears to be a reduction in caries experience

of around 25%. Furthermore, there would appear to be a carry-over protective
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effect from such products after their use. Fluoride-containing gels are also
available for home use and contain lower amounts of fluoride in comparison
with professionally applied gels. Literature is lacking as to the efficacy of such

preparations.

Fluoride varnish and mouthrinses have been reviewed by Petersson (1993).
Fluoride varnish contains high levels of fluoride (approximately 5%) and is
said to supply fluoride more efficiently than other methods (Petersson, 1993).
Varnishes inhibit enamel demineralisation very effectively and have resulted
in a 50-70 per cent reduction in fissure caries with even higher values being
reported for proximal surfaces (Petersson, 1993). The concept of a low potency,
high frequency or a high potency, low frequency mouthwash was considered
ideal (Council on Dental Therapeutics, 1975). The effectiveness of 0.05% and
0.2% NaF mouthwashes, on caries reduction, has been estimated, through
clinical trials, at between 25 and 50 per cent. Other developments have
included the incorporation of chlorhexidine into mouthwashes to reduce

plaque levels (Luoma et al., 1978).

Fluoride may also be used to supplement certain dietary components, notably
salt and milk. Kunzel (1993) reported that fluoridation of sait, with sodium
fluoride, at levels of between 250 and 350 mg/kg resulted in caries inhibition
comparable to that of water fluoridation. Maximal benefit is derived when
fluoridated salt is used from birth. Fluoridated milk, at levels of between 1.0

and 2.5 ppm fluoride, has also reduced caries incidence (Kunzel, 1993).
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Problems with such trials have included the age groups used and inconsistent
consumption. Children involved are often of school age and little pre-eruptive
effect can be derived in such circumstances. Milk is only given on school days

and this has caused problems in interpretation of the results.

Other fluoride strategies have included sugar fluoridation, on the basis that
fluoride is provided at the time of demineralisation, as well as fluoridation of
beverages and mineral water. Results indicate such strategies are difficult to
evaluate because of the individual nature of consumption of such foods

(Kunzel, 1993).

1.6.3 The Effect Of Fluoride On Caries In Vitro

In vivo research is often considered a "Gold Standard" in caries research,
However, it is often easier to determine component parts of an overall effect
seen in vivo with the use of an in vitro system. Many of the mechanisms by
which fluoride exerts such effects have been elucidated with the use of in vitro
systems. The advantages and disadvantages of in vitro models presented in
Table 1.2 are also applicable to in vitro systems to determine the effects of

fluoride on enamel caries.

In vitro research on the effects of fluoride on the caries process is possibly even
more extensive than in vivo research. Any attempt at division of such work

will inevitably prove to be artificial although it is perhaps useful to discuss the
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results of in vitro research and how they have contributed to our
understanding of the effects of fluoride on the caries process at various sites

within the oral cavity. Such sites include:-

1 fluoride within the tooth
2 fluoride in solution including fluoride in lesion fluid, plaque fluid
and saliva.

Fluoride incorporated within the enamel of the tooth has the effect of reducing
enamel solubility in acid. Such an effect has been recognised by Brown et al.
(1977) and ten Cate & Duijsters (1983) and was thought to be a way of
increasing enamel resistance to dental caries. However, studies by Mellberg et
al. (1985) and Reteif et al. (1987) failed to establish a strong link between
enamel fluoride and caries susceptibility. Attempts to increase enamel
resistance to caries through incorporation of fluoride were finally laid to rest
when Jgaard et al. (1988) showed that carious lesions could be created in
shark enamel which has a fluoride content in excess of 30,000 ppm. The lesions
were, however, smaller than those created in human enamel under identical
conditions. Furthermore, inhibition of demineralisation in human enamel on
a similar scale to that found in shark enamel could be achieved using a daily

0.2% NaF rinse.



Recently, it has been suggested that the cariostatic effect of fluoride did not
originate solely from fluoride incorporated into the enamel, rather the effect
of fluoride in solution has an important role. Laboratory studies (Manly &
Harrington, 1959; ten Cate & Duijsters, 1983a, 1983b) had shown that low
concentrations of fluoride in solution could reduce the rate of enamel
demineralisation. Margolis et al. (1986) reported that 0.024 ppm fluoride in an
undersaturated solution could inhibit surface demineralisation in enamel,
whereas a solution containing 1 ppm fluoride would inhibit all mineral loss.
The relative importance of fluoride in solution was demonstrated by Wong et
al., (1987). They showed that surface adsorbed fluoride was more effective at
reducing apatite dissolution than fluoride incorporated into the apatite lattice.
Furthermore, fluoride in solution was more effective at reducing apatite
dissolution than either surface adsorbed fluoride or fluoride incorporated into
the lattice. This work was continued by Featherstone et al. (1990) who reported
that inhibition of demineralisation of a synthetic carbonated apatite in acetate
buffer was related to the logarithmic concentration of fluoride in solution. The
same authors, using a pH cycling model on enamel lesions, showed that
mineral loss from the lesions was a negative logarithmic function of the

fluoride concentration in solution.

Fluoride in solution may be found in lesion fluid, plaque fluid and saliva, and

these are now discussed. Levels of fluoride in each of these media are variable

and may be subject to independent regulatory mechanisms.
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Lesion fluid has been described by Larsen & Pearce (1992) as the solution in
the pores of the body, dark zone and translucent zone of the lesion. It differs
from that of fluid in the surface zone which may have characteristics of both
lesion fluid and plaque fluid. The authors discussed lesion fluid with respect
to movement of hydrogen ions in and out of the lesion and concluded that the
hydrogen ion concentration within the lesion fluid reflects longer term changes
in hydrogen ion concentration in plaque fluid and saliva. It is reasonable to
argue a similar case for fluoride. Baseline levels within lesion fluid represent
fluoride levels within enamel and changes are effected by longer term changes
in fluoride concentration within plaque fluid and saliva rather than transient
intraoral peaks. Fluoride has not been measured in lesion fluid directly, but
work by Robinson et al. (1982) has demonstrated a 30 - 800% increase in the
fluoride content of the body, dark and translucent zones of carious lesions
compared with adjacent, sound enamel. Vogel et al. (1990) used a micro-
drilling procedure on thin enamel sections in conjunction with an adapted
fluoride electrode but failed to demonstrate significantly higher levels of

fluoride within the lesion.

Tatevossian, (1990 and 1991) has reviewed several studies measuring plaque
and salivary fluoride levels and makes some pertinent points in relation to
mechanisms of fluoride action. Plaque and salivary fluoride levels are
indicated in figure 1.1 which has been modified from the text of these papers.
Resting plaque fluid fluoride ranges from 2-5 pmol/l. Such levels have been

elevated to over 500 pmol/1 by Oliveby et al. (1990) by rinsing with a 20%
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sucrose solution containing 0.2% sodium fluoride. However, these high
concentrations persist only for a few minutes. Tatevossian suggested the
release of all plaque fluoride bound within the solid phase could theoretically
yield a concentration of 1-2 mmol/1, although it is uncertain how much of this
fluoride would be released during a fall in pH after fermentation of

carbohydrate by plaque bacteria.

Salivary fluoride levels are somewhat lower than plaque. Resting salivary
levels are about 1 ymol/! (Shannon, 1977; Gron et al., 1968). Baseline salivary
fluoride levels exhibit a dose response to fluoridated dentifrice (Jacobson et al.,
1990, 1992). Elevation of salivary fluoride levels by ingestion of a Smg tablet
of NaF did not raise levels above 5 pmol/1 (Oliveby et al., 1989). The use of a
1100ppm NaF dentifrice produced peak salivary levels of 0.48mmol/l which
fell to 31pmol/1 within 30 minutes. (Zero et al., 1988). Duckworth & Gilbert
(1992) discussed the complex patterns of fluoride clearance from saliva and
concluded that clearance takes the form of a bi-phasic curve with the area

under the curve denoting the measure of fluoride clearance in the mouth.

In summary, fluoride incorporated within the apatite lattice will reduce
solubility but will have little effect on the inhibition of lesion formation in
comparison with similar levels of fluoride in solution (Chow ,1990). The levels
of fluoride in lesion fluid are probably representative of an average level of
fluoride within the tooth and at the enamel/plaque interface, and are

minimally affected by transient intra-oral peaks in fluoride concentration.
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Levels of fluoride in plaque fluid are higher than those of saliva and both
exhibit transient intra-oral peaks (Tatevossian, 1991). There is also an increased
concentration of fluoride in plaque fluid with a fall in pH (Tatevossian, 1991),
although, the extent to which this mechanism is of benefit in the inhibition of

dental caries remains to be determined.
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1.6.4 Mechanism Of Fluoride Action As A Cariostatic Agent

Having discussed some of the effects of fluoride on caries incidence and the
levels of fluoride encountered within the oral cavity, it is relevant to discuss
some of the mechanisms of fluoride action. It should be recognised that some
mechanisms have only been demonstrated at particular concentrations of
fluoride which may only exist as transient peaks rather than baseline levels of
fluoride normally encountered in the oral cavity. This information has been
succinctly imparted by Tatevossian (1991) and is shown in figure 1.1 which has

been adapted from this reference.

Fluoride acts at several sites within the oral cavity. It inhibits demineralisation
and promotes remineralisation by various means. Mechanisms of cariostatic
action can be seen at the ultrastructural level of the enamel, within the liquid

phases in the oral cavity and within dental plaque covering the teeth.

Fluoride can have significant effects on the ultrastructure of enamel at several
levels. Nikiforuk (1985) discussed the stability that fluoride brings to the
apatite lattice through substitution for hydroxyl groups . This promotes
hydrogen bonding between fluoride and other hydroxyl groups as well as
electrostatic interactions between fluoride and calcium (Weatherell & Robinson,
1988). Dispersion of small amounts of fluoride throughout the lattice has a
large overall effect in terms of lattice stability (Moreno et al., 1974) and

crystallinity (Frazier et al., 1967).



Distribution of fluoride within the enamel crystallite is speculative and
information is derived indirectly through information on crystallite dissolution
characteristics. Demineralisation of enamel crystallites begins at the centre of
one end of the crystallite and proceed§ through the crystallite core parallel to
the c-axis (Arends & Jongebloed, 1979a) From this information, one can
speculate higher levels of fluoride at the crystallite surface or higher levels of
apatite impurities at the crystallite core. Some evidence for increased carbonate
levels at the crystallite core is given by Nikiforuk (1985), Daclusi et al., (1979)

and Arends & Jongebloed (1979).

The formation of a fluoride rich layer at the surface of the enamel crystallite
has been suggested by Brown et al. (1977). Arends et al. (1984) discussed
different interactions of fluoride with the enamel crystallite surface. Those
authors described the concept of non-specific adsorption where fluoride is
preferentially concentrated in a hydration layer about the crystallite and does
not exchange with components of the apatite surface. Such fluoride is attached
by hydrogen bonding to hydroxyl groups of HPO,* surface ions. Specifically
adsorbed fluoride replaces -OH and HPO,” groups at the apatite surface. It is
thought that both types of surface adsorption will occur at the same time and
~ that adsorbed fluoride can act as a local reservoir for aqueous fluoride in
demineralisation and remineralisation cycles. It has been suggested by Arends
& Christofferson (1990) that the level of adsorbed fluoride required for strong
inhibition of enamel demineralisation in vitro correlates to a level of

approximately 1ppm in the liquid phase. The authors have shown that areas
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of the crystallite not covered with a fluoride rich layer are susceptible to
demineralisation. However, such inhibition of demineralisation will be

dependent upon the prevailing conditions.

The distribution of fluoride within the enamel prism may be deduced from
crystallite sizes within the structure. Johnson (1967) showed increased size of
enamel crystallites at the prism junction and suggested that this increase in
crystallite size was as a result of remineralisation. This hypothesis has been

confirmed by the work of Silverstone (1982).

Recent work has highlighted the role of CaF, as a source of ionic fluoride.
Arends & Christofferson (1990) have calculated that levels of 10 ppm F in
solution should be adequate to form CaF, in saliva, plaque, on teeth or within
carious lesions. A globular CaF, material has been seen on tooth surfaces
(Nelson et al., 1983) and in carious lesions (Arends et al., 1988). Such material
is probably highly contaminated with phosphates and protein but is very slow
to dissolve and may provide a long lasting source of ionic fluoride. However,
it is not certain if this would be of sufficient magnitude to inhibit

demineralisation.

Fluoride in solution in the oral cavity will promote apatite precipitation from
solutions with reduced levels of saturation as well as inhibiting apatite

dissolution at low pH and mineral saturation (Margolis et al., 1986).



Two possibilities are proposed for the mechanism of fluoride in solution

inhibiting demineralisation and promoting remineralisation:-

i Fluoride interacts with other species such as Ca** and HPO,” ions,
thereby buffering the levels of such ions in both lesion and plaque fluid
and affecting concentration gradients such that net mineral transfer will
be affected.

i Fluoride acts as a buffer mopping up H* ions reducing the cariogenic

challenge.

Margolis & Moreno (1990) have discussed the first proposal in relation to a
caries model arguing that demineralisation is a function of the degree of
saturation of a solution with respect to enamel. Combination of fluoride with
Ca and P ions diffusing out of the enamel will increase local saturation with
respect to fluoridated hydroxyapatite. This will accelerate mineral redeposition
as fluoridated hydroxyapatite upon surfaces of exposed enamel crystallites
within a partially demineralised enamel. The net movement of mineral in or
out of the tooth is a result of the two simultaneously occurring mechanisms.
The large reduction in enamel demineralisation seen with fluoride in acidic

solutions could be a result of the ability of fluoride ions to bind hydrogen ions.

Fluoride in dental plaque exerts a cariostatic effect in two main ways. Firstly,
by inhibiting plaque metabolism and acid production (Hamilton, 1990) and
secondly, by acting as a storage site for fluoride {Tatevossian, 1990) which may

inhibit demineralisation and promote remineralisation.
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Bowden (1990) quoted plaque fluoride concentrations in the range 0.16 - 0.31
mol/1 as having a lethal effect on streptococci in vitro. However, such levels
of fluoride are rarely, if ever, encountered in the oral environment. Marsh &
Bradshaw (1990) have shown that low levels of fluoride (1 mmol/l) will
reduce the fall in pH of an in vitro mixed culture of bacteria in a chemostat
pulsed at regular intervals with glucose. The stabilisation of pH changes
results in modification of the composition of the bacterial community and a
reduction in levels of acidogenic organisms. Van Loveren (1990) quoted several
studies showing a reduction in the pH minimum of plaque exposed to
fermentable carbohydrate in the presence of fluoride. Such effects may occur
at concentrations as low as 1 ppm fluoride. These findings are supported by
the work of Edgar et al. (1970) who demonstrated reduced pH minima in

plaque with water fluoridation at 1.0 ppm.

Hamilton (1990) discussed the effects of fluoride on bacterial cell biochemistry,
notably the inhibition of enolase within the glycolysis pathway and subsequent
inhibition of sugar uptake by bacteria via the phosphoenoltransferase system.
The maintenance of proton gradients across a bacterial cell membrane is
important for cell viability including the uptake of sugar. Marquis (1990)
showed fluoride dispersed effectively such proton gradients by inhibition of

a bacterial cell membrane bound proton extruding ATP-ase.

Tatevossian (1990 and 1991) has observed that many of the mechanisms by

which fluoride affects plaque acidogenicity have been demonstrated using
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concentrations of fluoride far in excess of normal plaque levels. Attempts to
augment plaque fluoride levels may achieve concentrations at which inhibition
of plaque acidogenesis described will occur. Such concentrations are often
transitory. Geddes & McNee (1982) argued to the contrary and demonstrated
inhibition of plaque acid production for four to ten days after withdrawal of

fluoride.

Further effects and mechanisms of fluoride inhibition of dental caries are being
determined continually. In the light of our present knowledge, fluoride
remains the single most important agent in reducing the prevalence of dental
caries. The emergence of physiological mechanisms, whereby host protection
from cariogenic factors can be increased is a major area of investigation. Of
specific interest, is the field of salivary interactions with the caries process. As
stated previously, the importance of saliva in relation to dental caries, has been

highlighted. The role of saliva is discussed in greater detail in the next section.

1.7  THE EFFECT OF SALIVA ON ENAMEL CARIES

Saliva has been described as the very antithesis of a pure chemical compound
(Nikiforuk, 1985). The ability of saliva to change its composition with increased
flow rate, time of day and diet, further increases its complexity. The effects of
saliva on enamel caries are profound when it is absent, for example, in
radiation induced xerostomia. However, the effects of saliva on enamel caries

within a wide range of 'normal’ flow rates and chemical compositions are

71



often subtle and difficult to determine. The mechanisms by which saliva affects
enamel caries are often complex and poorly understood. These effects and

mechanisms will now be discussed.

1.7.1 Salivary Pellicle

The tooth erupts into an environment where there is a more or less constant
flow of saliva. Contact between saliva and tooth surface will result in the rapid
formation of salivary pellicle. Hay (1990) described this as a 0.1-1.0 pm thick
layer adsorbed onto the dental enamel surface comprising selective
hydroxyapatite reactive and other salivary proteins. Eggen et al. (1984) quoting
Rolla, stated that basic and acidic proteins will adsorb to both exposed tooth
surface phosphate groups and calcium ions in vitro. However, this remains to
be shown for salivary proteins in vivo. Eggen et al. (1984) showed that pellicle
is comprised of immunoglobulins, lysozyme, amylase, albumin and
glucosyltransferase. Furthermore, there was a high proportion of
phosphoprotein within pellicle which has a high affinity for calcium at the

hydroxyapatite surface.

The functions of the salivary pellicle have been suggested by Eggen et al.
(1984), Marsh & Martin (1984) and Featherstone (1990). They include the ability
to affect bacterial colonisation of the tooth surface, protection of the tooth

surface against bacterial products, inhibition of mineral loss from the tooth
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surface, reduction of friction between the tooth surface and the soft tissue of
the oral cavity and, as a possible matrix for remineralisation. Kautsky &
Featherstone (1993) have shown an inhibition of carbonated apatite dissolution
under an acetic acid challenge after pre-treatment by coating with saliva for
seven days. Such inhibition was ascribed to pellicle formation which was
analyzed by a combination of thin-layer chromatography and protein
quantification. Kautsky and Featherstone (1993) suggested the inhibition
observed was due to the limitation of ion diffusion across the pellicle layer and
the selective binding of oral bacteria to charged groups on the outermost layer

of the pellicle.

Once the pellicle layer is established at the tooth surface, saliva must then
minimise the harmful effects of plaque to inhibit demineralisation and
encourage remineralisation effectively. Both biochemical and physical
characteristics of saliva contribute to this goal. It is often the case that the

physical characteristics of saliva modify the chemical effects.

1.7.2 Chemical Characteristics Of Saliva In Relation To Enamel Caries

Saliva is not simply a solution clearing plaque of metabolites, tooth mineral
and fluoride. It is a complex mixture of organic and inorganic constituents able
to interact and change according to environmental conditions prevailing within
the oral cavity. Dawes (1993} identified fifteen different factors which may

influence the composition of human whole saliva. Many chemical constituents

73



of saliva have an effect on enamel caries and some of these will now be

discussed.

The buffering capacity of saliva has been defined by Jenkins (1978) as, "the
power to resist changes in pH when acid or alkali is added". The buffering
capacity of saliva is flow rate dependent (Dawes, 1974), being increased at
higher flow rates. The buffering capacity of saliva correlates well with caries
incidence (Muracciole 1955; Agus & Schamschula, 1983; Pienikakkinen et al.,
1985). Ericsson (1959) stated that, "buffering capacity has the best established
connection with caries”. This conclusion was drawn from the analysis of many
studies of buffering capacity and caries experience. Larmas (1993) suggested
that salivary buffering capacity is one of the best indicators of caries
susceptibility because it reveals the host response. Patients with a high salivary
buffering capacity have a low incidence of caries because of a good host
response which can compensate for caries-active habits. A low buffering
capacity is indicative of a reduced salivary flow rate and a reduced host
response to cariogenic agents. Salivary buffering capacity has been shown to
vary throughout the day. Ericsson (1959) showed a progressive increase
throughout the day until early evening with a notable increase after meals.

This was in agreement with the work of Krasse (1961).

The ability of saliva to neutralise pH is of only limited importance if it is not
able to influence the pH at the plaque/enamel interface. Englander et al. (1959)

measured pH changes and lactic acid concentrations in plaque on the buccal
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surfaces of upper molar teeth over a 20 min period following exposure to a
sucrose solution. Initial readings were taken with saliva flowing over the
plaque. The experiment was repeated and saliva was excluded by cannulating
the parotid duct orifices and ensuring good aspiration of saliva from the floor
of the mouth. Results showed a steeper and more prolonged pH drop and

raised lactate levels when saliva was excluded.

There are two main buffering systems in saliva. These are the bicarbonate
system and the phosphate system. The bicarbonate buffering system provides
the bulk of salivary buffering capacity (Lilienthal, 1955) and behaves according

to the equation below:-

H* + HCO; = H,CO, = CO, + H,0

The conversion of HCO; to H,CO, has a pK value of approximately 6.1
(Nikiforuk, 1985) and provides maximal buffering at the average ionic strength

of saliva (Ericsson, 1959).

Carbon dioxide (CO,) is lost from saliva as it exits from the salivary duct. This
is as a result of a concentration gradient established between the concentration
of CO, in ductal saliva and a lower concentration of CO, in saliva in the oral
cavity that has been exposed to air. Ductal saliva has a pCO, of approximately
46 mmHg and saliva in the mouth or exposed to air has a pCO, of 0.3 mmHg

(Nikiforuk, 1985). Such a loss of CO, will result in a reduction in the
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concentration of hydrogen ions. This phenomenon has been called "phase
buffering". The presence of carbonic anhydrase in saliva catalyses the reaction
H,CO; —» CO, + H,0 and will reduce further the concentration of hydrogen
ions. Dawes (1969 and 1974) showed that bicarbonate concentration increases
in parotid and submandibular saliva with an increase in flow rate.
Furthermore, levels of bicarbonate are elevated as long as salivary stimulation

persists (Dawes & Macpherson, 1992).

Lilienthal (1955) showed that phosphate has reduced ability to buffer saliva in
comparison with bicarbonate. This was shown in a series of experiments where
bicarbonate was removed leaving phosphate and protein as buffering systems.
Removal of the phosphate by dialysis of saliva left only the protein which had

no buffering effect. The phosphate buffer system has been suggested as:-

PO + 3H* = HPO > + 2H* = H,PO, = H,PO,

Other methods whereby saliva can counteract a fall in pH include the
production of ammonia and decarboxylation reactions. Curtis & Kemp (1983)
and Cole & Eastoe (1988) discussed the production of ammonia by bacterial
metabolism of salivary urea. Ammonia produced at low pH values will
counteract the effect of the acid, raising the plaque pH. In addition the
decarboxylation of amino acids, to produce carbon dioxide, will also raise
plaque pH by mopping up protons. The effect of simple dilution on plaque pH

is difficult to study as saliva has such a complex buffering capacity but as pH
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follows a logarithmic scale it is anticipated that large dilutions would be
required for relatively small effect. The fact that saliva flows over the oral
tissues may have greater effect on chemical concentration gradients between
plaque and saliva than a static fluid (Dawes, 1983). This is addressed in greater

detail later in this Chapter.

Saliva is generally supersaturated with respect to enamel mineral (Gron, 1973).
This also plays a key role in the inhibition of enamel demineralisation and in
the promotion of remineralisation. The degree of saturation of saliva with
respect to enamel mineral is dependent upon the activity of calcium and
inorganic phosphate which are, in part, a function of the ionic strength and pH
of the saliva (Vogel et al,, 1965). The ionic strength and pH of saliva differs
between individuals and with changes in flow rate (Vogel et al., 1965). Lagerlof
(1983) assessed the effects of flow rate and pH on calcium phosphate
saturation in human parotid saliva. He found an increase in saturation with
respect to hydroxyapatite, tricalcium phosphate and octacalcium phosphate
with increasing flow rates up to 2.0 ml/min. Parotid saliva remained
undersaturated or just saturated with respect to dicalcium phosphate dihydrate
at all flow rates assessed. At a constant flow rate, the pH was adjusted and
saturation with respect to calcium phosphate compounds re-assessed. Saliva
became undersaturated with respect to dicalcium phosphate dihydrate at
pH=8.0, octacalcium phosphate at pH=6.75, tricalcium phosphate at pH=6.25
and with respect to hydroxyapatite at pH=5.5. In contrast, ionic calcium levels

increased as a result of calcium phosphate dissociation.
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The presence of a supersaturated solution would be expected to result in
precipitation of calcium phosphate salts within the mouth. This does not occur
because of the presence of salivary proteins which inhibit precipitation. Hay
& Moreno (1989) discussed the curious nature of salivary supersaturation in
terms of its ability to remineralise a carious lesion but to cease mineral
deposition at a certain point. Furthermore, mineral precipitation does not
normally occur in salivary gland acini or ducfs and teeth do not increase in
size through mineral acquisition. Speculation was made, therefore, of a mineral

precipitation inhibitor.

Analysis of protein fractions of saliva has revealed two types of protein
inhibitors of mineral precipitation. These have been identified as statherin and,
a family of up to eight proteins with a high degree of charge asymmetry
called, the proline rich proteins (Hay, 1990). Statherin is a small tyrosine-rich
protein. It has a highly charged amino terminal with its active component
located in the first six residues (Hay & Moreno 1989). The actions of these
proteins include the ability to inhibit mineral precipitation de novo within the
salivary gland system; so called primary precipitation, and mineral
precipitation inhibition by binding to calcium phosphate crystal surfaces; so
called secondary precipitation (Hay, 1990). The ability to bind to the surface
of enamel and yet probably not penetrate into the lesion (Hay 1990) would
suggest their role as coordinators of mineral deposition within the

remineralising carious lesion.
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1.7.3 Physical Characteristics Of Saliva In Relation To Enamel Caries

The physical characteristics of saliva such as volume of saliva produced, rate
of salivary flow and degree of salivary stimulation will affect the chemical
composition of saliva (Dawes, 1969, 1974 and 1975). In addition, salivary flow
throughout the oral cavity varies with site (Dawes et al., 1989). Saliva
production has been estimated at 500-620 ml per day (Jenkins, 1978). However,
this does not represent a constant flow over a 24hr day but rather a circadian
rhythm with periods of high flow rate in the early afternoon and evening
(Dawes, 1975) and periods of negligible flow rate during sleep (Schneyer et al.,
1956). Furthermore, the relative contribution of different salivary glands to
whole saliva differs between resting and stimulated conditions (Izutsu, 1987).
The relationship between salivary flow rate and caries experience is difficult
to determine. Mandel (1974), reporting on the study of Shannon & Terry (1965)
, suggested a difference of 0.005 ml/min in resting parotid flow rate between
low and high DMF groups. The clinical significance of this is debatable;
however, a change in salivary flow rate on an individual level is often related

to increased caries experience.

Objective xerostomia occurs as a result of hyposalivation. Such a condition
may arise as a result of salivary gland aplasia, removal, or degeneration or as
a result of systemic medication or imbalance. The effects of these conditions
on dental caries have been described by Newbrun (1989). They include an

alteration in the amount and composition of the dental plaque resulting in

79



increased numbers of Streptococcus mutans andLactobacilli. The pattern of attack
is somewhat unusual as caries begins at the cervical margin resulting in
widespread destruction of tissue and weakening of tooth structure. Dreizen et
al. (1977) showed a large increase in caries experience following radiotherapy
to the head and neck involving the salivary glands and Mason and Chisholm
(1975) have described an increase in caries levels amongst patients with

Sjogrens Syndrome.

The volume of saliva in the oral cavity is not constant. It varies before and
after a swallow and is further affected by the rate of swallowing. Dawes (1983)
developed a mathematical model to determine salivary clearance of sucrose
from the oral cavity. This model assumes the mouth to be an incomplete
syphon such that each time an individual swallows there will be a finite
quantity of saliva retained in the mouth. Attempts have been made by
Lagerlof & Dawes (1984) to quantify the volume of saliva in the mouth before
and after a swallow by determining the change in concentration of potassium
or chloride ions in samples of distilled water swished around the mouth. The
volume of saliva in the mouth before swallowing was found to be
approximately 1.0 ml, whilst the volume after a swallow was approximately
0.7 ml. An increase in flow rate gave rise to an increase in the rate of
swallowing and an increase in the volume of a swallow (Lagerlof & Dawes,

1984).

The distribution of saliva in the oral cavity has implications for both the
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establishment and progression of enamel caries. Salivary distribution has been
addressed by Collins & Dawes (1987). Saliva forms a thin film covering the
surfaces of the oral cavity. Measurements of the surface area of the mouth in
conjunction with the average volumes of saliva before and after a swallow
suggest a film thickness of between 0.07 and 0.1 mm. Furthermore, Dawes et
al., (1989b) have shown that such a film moves at different speeds in different
parts of the mouth. Rapid film movement may be observed in the lower
anterior lingual region, whereas slow film movement is observed in the upper
anterior labial region. The direction of salivary flow would appear to be
directed to the posterior of the mouth (Weatherell et al, 1984; Lecomte &

Dawes, 1987).

The distribution and movement of saliva around the oral cavity has
implications for clearance of bacterial substrate, plaque accumulation, local
mineral saturation and fluoride levels. A variation of distribution and retention
of fluoride in saliva in different areas of the mouth has been demonstrated
when NaF tablets and NaF mouth-rinses were used (Weatherell et al., 1984,
1986; Primosch et al., 1986). Similar patterns of retention are seen for glucose
and sucrose (Dawes & Weatherell, 1990; Dawes & Macpherson, 1993). The
differential patterns of fluoride distribution did not show a tendency to
disappear after two hours but it is not known what happens after this period.
The upper labial sulcus seemed to be a region of prolonged fluoride retention
which correlates with the rate of flow of the salivary film in this area (Dawes

et al., 1989). Dawes & Macpherson (1993) have taken this work a stage further
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by assessing the distribution of sucrose and saliva around the mouth whilst
chewing gum. They found a very uneven pattern of sucrose distribution
around the mouth. Low sucrose levels were generally found in regions of high
film velocity and vice versa. The mathematical model of Dawes (1983) identified
the unstimulated salivary flow rate and the volume of saliva immediately
before and after a swallow to be the most important parameters in
determining the clearance of non-adherent food from the oral cavity. It is

unknown if adherent food will clear in the same manner.

Saliva rarely flows over a denuded enamel surface, rather there is a layer of
salivary pellicle or plaque. Ions diffuse back and forth between plaque and
saliva largely as a result of concentration gradients. Lecomte & Dawes (1987)
used an artificial plaque matrix to show that diffusion of potassium chloride
from the artificial plaque varied at different sites within the mouth. Rapid loss
of KCl was seen in the lower, anterior lingual and upper, posterior buccal
regions and much slower loss of KCl from the upper and lower, anterior
buccal regions. Stimulation of salivary flow reduced half-times for KCI
clearance by 50 per cent. Dawes (1989) discussed the factors that influence the
diffusion from dental plaque into a moving film of saliva. The rate of clearance
of diffusant from a dental plaque of fixed thickness, area and composition will
be dependent upon the velocity of movement of a salivary film over its
surface. A reduction in the film velocity results in an exponential reduction in
the clearance half time. Dawes (1989) also stated that, given two plaque

samples of identical area, depth and composition, the plaque with the slowest
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overlying film velocity will be the more cariogenic. However, such a reduction
in clearance time has beneficial effects as fluoride retention and calcium and

phosphate saturation will be prolonged.

The modifying effect of saliva on the local environment of the tooth makes it
very difficult to determine the relative effects of remineralising factors. For
example, does the ability of saliva to clear bacterial substrate rapidly from the
local environment of an incipient carious lesion, have as much effect on lesion
remineralisation as the use of a fluoridated dentifrice? It is one of the aims of
this work to determine the ability of stimulated saliva to remineralise artificial
caries in a non-fluoridated environment and to compare this to a fluoridated

environment without salivary stimulation.

The effects of saliva on enamel caries have so far been described in terms of
its ability to form a protective pellicle layer over the tooth, its ability to clear
bacterial substrate from dental plaque covering the surface of the tooth, its
ability to resist changes in intra-oral pH and its ability to maintain a
supersaturated state with respect to enamel mineral. Many other actions of
saliva in relation to enamel caries have been determined including specific
effects of saliva upon plaque ecology and metabolism. Although, the most
profound effects of saliva on enamel caries are seen in its absence, attempts
have been made to augment the beneficial role of saliva in the reduction of

dental caries.
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1.7.4 Augmentation Of The Role Of Saliva In The Inhibition Of Enamel

Caries

Increasing the role of saliva in the reduction of caries incidence is not a new
concept. It may take the form of either a modified chemical composition of
saliva or increasing the amount of saliva in the oral cavity thereby promoting
any effect on hard tissue. Attempts to modify the chemical composition of
saliva have included an increase in the fluoride content. Fluoride in saliva may
be increased above baseline levels with fluoridation of the water supply
(Bruun & Thylstrup, 1984; Oliveby et al., 1990a). Jacobsen et al. (1990,1992)
have demonstrated a dose response increase in baseline fluoride levels in
saliva with the use of fluoridated dentifrice. Tatevossian (1991) however,
suggested large increases in fluoride levels are often transient and may have
only a limited effect. Much work has involved increasing salivary flow rate,
and thereby increasing buffering capacity, rather than any artificial
augmentation of salivary composition. An effective method of increasing
salivary flow and buffering capacity has been through the use of chewing gum

(Shannon & Frome, 1973).

The use of gum to stimulate salivary flow rate potentially has both beneficial
and detrimental effects (Edgar & Geddes, 1990). Detrimental effects arise
largely as a result of the incorporation of sucrose into chewing gum. This has
proved difficult to substantiate fully as many studies using sucrose-containing

gum are fundamentally flawed in their design due to lack of a negative, (no
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gum), control (Finn & Jamison, 1967; Wilson, 1975 ), or the use of a protocol
making comparisons with other studies difficult (Richardson et al., 1972;
Makinen et al., 1993). Edgar & Geddes (1990) reviewed five clinical trials
which used a sucrose-containing gum. Three trials failed to demonstrate an
increased caries incidence with the use of sucrose-containing gum and two
trials showed an increase of between 24 and 36 %. Difficulties encountered in
comparing these clinical trials included the variable use of a fluoridated
background as well as difficulties in consistency of caries diagnosis between
trials. The result of such uncertainty as to the effects of sucrose-containing
gum chewing on dental caries has prompted investigators to use an intra-oral
model in an effort to study such effects in a more controlled environment
(Jensen & Wefel, 1989, Creanor et al., 1992; Hall et al., 1993). The results of this
work are presented in Chapter 3. Other potential detrimental effects of gum
chewing, such as temperomandibular joint pain, have not been reported in

studies assessing the effects of gum chewing on dental caries.

Potential beneficial effects of gum chewing include an increase in salivary flow
and buffering capacity. Dawes & Macpherson (1992) showed that gum
chewing could increase the stimulated flow rate of saliva by a factor of
between ten and twelve compared to unstimulated flow rates. Although
stimulated flow rate declines with time, it was still approximately three times
higher than the unstimulated rate after 20 min. Both sucrose-containing and
sucrose-free gums elevated salivary pH to a level significantly greater than that

of unstimulated saliva due to increased levels of bicarbonate production.
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Jensen & Wetel (1989) assessed the effect of gum-chewing on the pH of dental
plaque after a meal. They showed that chewing both sorbitol and sucrose-
containing gum for 20 min after a meal would raise the pH of interproximal
plaque to a level considered "safe for teeth". Furthermore, the pH remained at
this level for over two hours after gum chewing. The effect of non-sucrose
containing chewing gum on dental caries is also equivocal and once again
difficulties in interpretation of results arise due to variable protocols used to
demonstrate this effect. Edgar & Geddes (1990) state that ,"... it would appear
that sugar-free gums are (at least) non-cariogenic. However, the suggestion

that they inhibit caries requires careful evaluation...”

The difficulty of undertaking a clinical trial to demonstrate the effects of gum
chewing on dental caries incidence and the mechanisms of how such effects
may arise has persuaded many investigators to use intra-oral models to
observe the interaction between stimulated salivary flow, through gum-

chewing, and dental caries.

1.8 INTRA-ORAL MODELS FOR THE STUDY OF DENTAL CARIES

Proskin (1992) describes a model as, "A process which simulates, or relates to,
some real-world phenomenon of interest; by studying the model, the
researcher hopes to derive information about that real world phenomenon.”
The study of the caries process or actual caries within the oral environment

constitutes the basis of the intra-oral model.
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1.8.1 Rationale For The Use Of An Intra-Oral Model

The use of a human intra-oral model for the study of dental caries has been
advocated by several authors (White, 1992; Stephen et al., 1992; Manning &
Edgar, 1992). It is suggested that intra-oral models provide an essential
intermediate step between in vitro tests, animal studies and clinical trials
(Manning & Edgar 1992; Mellberg, 1992). The major advantage of an intra-oral
model is the ability to accurately analyze quantitatively mineral changes with
the result that the sensitivity of the test is greatly increased. In addition, intra-
oral models have the capacity to limit the number of variable conditions which
may exist in a clinical trial. For example, strict criteria may be enforced in the
choice of specimen for use with an intra-oral model. In addition, dietary
control may be more strictly enforced and protocol of test product use may be
more rigidly controlled. The ability to repeat and calibrate intra-oral model
experiments as well as the use of a crossover trial design are features seldom
seen in clinical trials. Mellberg (1992) discussed the value of a natural
environment, with its own innate caries inhibiting or promoting effects,
superimposed on the effects of any protocol used in a trial with an intra-oral
model. Certain ethical problems encountered in a clinical trial may be
overcome by the use of an intra-oral model (Manning & Edgar, 1992). Finally,
the use of an intra-oral model may have significant advantages over the
costing and timing of a clinical trial by prediction of a trial outcome or

correlation with previous trial results (White, 1992; Stephen et al., 1992).
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1.8.2 Categories Of Intra-oral Model

Ogaard & Rolla (1992) discussed two categories of intra-oral models. These are
the in vivo intra-oral model and the in situ intra-oral model. In vive models
involve the study of caries on vital teeth with an intact pulpodentinal complex
and a natural covering pellicle. In situ models utilise test samples of differing
composition, origin and degree of pre-treatment, mounted in a device designed

to retain them within the oral cavity.

1.8.3 Evolution Of Intra-Oral Models To Study Dental Caries

The first reported case of an intra-oral model to study dental caries was that
of Bunting et al. (1926) who attached a gold cup containing a mixture of B.
acidophillus culture and bread to the surface of a tooth. The culture and bread
were replaced at regular intervals for a period of between a week and ten days
when the enamel appeared to become white or frank cavitation took place.
Subsequent experimental work using intra-oral models was undertaken by
Nygard-Ostby et al. (1957) and by Von der Fehr (1967). Both of these authors
used a gold plate attached to the buccal surface of a premolar tooth scheduled
for orthodontic extraction. The resultant gap between the gold plate and the
tooth surface permitted the collection of plaque and food debris. Subsequent
extraction of the teeth after periods of between four and six weeks permitted
analysis of the tooth surface for early signs of decalcification. Hals & Simonsen

(1972) modified this model by using an orthodontic band with two pieces of
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wire to hold the band away from the tooth, creating a space for the
accumulation of plaque and food debris. The advantage of their in vivo model
over other models was the use of subjects in a caries susceptible age group
(Wefel, 1990), whereas, other types of intraoral model have used older subjects.
However, the requirement for teeth scheduled for extraction is a major
disadvantage. In addition, this model has reduced sensitivity as different teeth
are used for test and control. The use of more readily available specimens or
specimens which could act as their own control (von der Fehr et al., 1970)

would have been a significant advantage.

Kouluorides & Volker (1964) were amongst the first to use specimens of
enamel and dentine held in a removable appliance within the oral cavity. Since
that time many different types of in situ appliance have been developed. In situ
appliances fall into two main categories, dependent upon the method of
specimen preparation (Wefel, 1990): (a) those in which the specimens are in the
form of a block, as in the studies of Koulourides (1992) and Dijkman et al.
(1986), or (b) specimens in the form of a thin section, as used in the studies of
Creanor et al. (1986b) and Wefel et al. (1987) . The different analytical
procedures which can be performed in each case are dependent upon the type
of specimen used. Differences between the two types of specimen are

discussed later.
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1.8.4 Components Of An Intra-Oral Model

Intra-oral models all have a common set of components, which in their
broadest terms, comprise the specimen, a method by which the specimen can
be retained at an appropriate site in the oral cavity, and the presence of
environmental factors such as plaque, saliva and other physiological factors in
the oral environment. Furthermore, different analytical techniques will
contribute to the overall outcome. Each of these components has the capacity
to affect the validity and repeatability of any experimental result. These

components are discussed in further detail.

Many different types of specimen materials have been used in intra-oral
models. These have included human eﬁamel, dentine and cementum, bovine,
ovine and primate dental hard tissues and synthetic hydroxyapatite
(Featherstone & Melberg, 1981; ten Cate et al., 1992). In addition, specimens
may have natural surfaces, abraded surfaces or be pre-treated in some way
such as by creation of artificial carious lesions. Finally specimens may be used
in the form of blocks of material or thin sections (ten Cate et al., 1992). For the

purposes of the following discussion reference will only be made to enamel.

Mellberg (1992) suggested that human enamel should be considered the
substrate of choice for the study of human enamel caries because of its near
identical composition to the substrate it is intended to mimic. Human teeth

may be used in vivo where they posses their original surface, intact pellicle and
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natural position within the oral cavity, or in situ which may compensate for
the lack of availability of vital teeth as well as reduced control over lesion
reproducibility and, often an inability to repeat in vivo experimental work in
the same subject. There are, however, potential disadvantages of using human
enamel. These are also discussed by Mellerg (1992), and include difficulty in
obtaining adequate quantity and quality of material, a variable age and
composition of human enamel, which leads to large variations in treatment
response, and specimens which seldom have a large flat surface required for
ease of analysis. Enamel surfaces used in in vivo experiments are usually
premolar teeth scheduled for orthodontic extraction (Holmen & Thylstrup,

1986; Artun & Thylstrup, 1986; Holmen et al., 1987).

Bovine enamel has also been suggested as a suitable specimen for use in intra-
oral models and a suitable alternative to human enamel (Mellberg, 1992). The
advantages of this substrate include a large flat surface for analysis, lower
fluoride concentrations compared with human enamel (Mellberg & Loertscher,
1974), no prior caries challenges, which may affect subsequent mineral changes
and an increased porosity which results in an increased rate of lesion

formation (Featherstone & Mellberg, 1981; Edmunds et al., 19838).

Many in situ models use enamel from extracted teeth. The nature of the
surface of the enamel may affect the overall result of the experiment (ten Cate
et al., 1992). Enamel used in in situ experiments may retain its natural surface

with, or without, a natural carious lesion. Alternatively an artificial carious
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lesion may be created on a natural enamel surface. The enamel surface may
also be abraded and subsequently used with, or without, an artificial carious

lesion.

The use of a natural carious lesions in in situ studies has not been reported. It
is speculated that such lesions are more difficult to obtain than samples of
sound enamel and that the natural history of the lesion may be almost
impossible to elucidate. The creation of artificial lesions in teeth with natural
surfaces also presents potential problems. Variation in response to lesion
creation, in enamel, has been reported by Creanor et al. (1989) who
demonstrated that enamel near the cervical margin of the tooth demineralised
at a faster rate than enamel towards the cusp of the tooth. In addition the
method of artificial lesion creation affects the extent of demineralisation
(Strang et al., 1988; ten Cate et al., 1992) and subsequent remineralisation (ten
Cate et al., 1992). Lesions which exhibit a large initial loss of mineral have been
reported to have a greater capacity for remineralisation (Strang et al., 1987). In
order to produce more consistent lesions, the enamel surface may be abraded
prior to placement in the oral cavity. This also ensures a flat surface to
facilitate subsequent analysis (Arends et al., 1982). Abrasion of the enamel
surface results in the loss of any advantage the natural surface might afford
(Mellberg, 1992), although Stookey (1992) recommends enamel surfaces be

abraded to eliminate the impact of any prior exposure to fluoride.

Enamel specimens for use in in situ experiments may take the form of enamel
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blocks (Koulourides et al., 1974; Brudevold et al., 1984; Leach et al., 1989) or
single sections (Harvey et al., 1982; Creanor et al., 1986a and b). The use of a
single section technique was designed to overcome the variability between
different sections cut from the same tooth or even the same lesion (Creanor,
1987). Each single section can be analyzed at both the start and end of the
experiment and will, therefore, act as its own control (Harvey et al., 1982),
providing a technique that is more sensitive to changes in mineral content than
the block technique (Strang et al., 1988). The rate at which demineralisation
and remineralisation occurs using this technique was the subject of some
controversy. Ten Cate et al. (1986) showed the rate of demineralisation to be
faster in single sections compared with blocks of enamel. Strang et al. (1983)
showed that demineralisation occurred at the same rate in both blocks and
single sections and attributed the difference between the two studies to
differences in section preparation. The sections in the earlier study by ten Cate
et al. (1986) were cut to a thickness of 100 pm resulting in significant crack
propagation within the specimen. Those sections in the later study of Strang
et al., were cut to a thickness of 250 pm and hand lapped to 120 pm resulting

in reduced number of cracks in the specimens.

It has been established that enamel specimens can be used in in situ studies in
many different forms. However, the method of retention of enamel specimens
in the oral cavity is also important. This has become more important as
research workers are now aware that the method of specimen retention

dictates the site of retention which may exhibit profound differences in local
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environmental effects from one site to another (Dawes & Macpherson, 1993).
There are several methods by which enamel specimens may be retained in the
oral cavity. These may be broadly divided into retention using a removable

appliance and retention by means of a fixed prosthesis.

Koulourides & Chien (1992) mounted blocks of enamel in recesses on the
buccal aspect of a Kennedy Class I lower partial denture, whereas, Dijkman
et al. (1986) mounted blocks in recesses of the flanges of complete dentures.
Placement of blocks of enamel in areas of buccal surface caries may not be
representative of interproximal caries where, it would be anticipated, that
plaque formation and salivary clearance would be substantially different. In
an effort to place specimens at a more appropriate site, Stookey et al. {1585)
used a lower partial denture similar to that of Koulourides et al. (1974), but
mounted the specimen to form a contact point relationship with the distal
aspect of the last standing tooth. Creanor et al. (1986b) designed a removable
appliance to be worn by subjects with a complete natural dentition, retaining
multiple enamel specimens as single sections, mounted in a contact point
relationship in a recessed trough in the lingual sulcus. However, in the natural
situation this is a site of particularly high salivary film velocity (Dawes &
Macpherson 1993b) which may have some bearing on the results from this
model. Both Brudevold et al. (1984) and Ogaard & Rolla (1992) have used a
removable palatal appliance similar in design to a Hawley type retainer. Blocks
of test specimens are mounted in the appliance, in some cases with an artificial

plaque. The appliance is placed in the oral cavity for only a few hours whilst

94



demineralisation takes place. It is difficult to determine the role of the oral
cavity in this model, other than providing a convenient place for bacterial
incubation and a container in which to expose the artificial plaque to various

substrates.

Fixed prostheses have been used by several investigators to hold enamel
sections or blocks. Wefel et al. (1987) used a cast fixed prosthesis to retain a
specimen at either a buccal or interproximal site. Slight modifications on this
basic theme have been proposed by Leach et al. (1989), who used a cast band
around the tooth, retaining the specimen on the buccal aspect. Slater et al.
(1986) used temporary acrylic crowns to retain specimens. Recently, Manning
& Edgar (1992) bonded an orthodontic bracket with wire loops to retain
sections of specimen on the buccal surfaces of molar teeth.

It has been mentioned that the method of retention dictates the site at which
the specimen is placed in the oral cavity and therefore, the local environment
to which the specimen is exposed. Important factors within the local
environment include the surrounding dental plaque, saliva and dietary factors,
such as the amount and frequency of sucrose consumption as well as the use
of fluoride. In addition, the length of time a specimen is placed in the oral
cavity will also determine the amount of de- or remineralisation. The local
effects of saliva have been previously described (section 1.6.3) and now

discussion will concentrate on plaque, diet and time as environmental factors.

Mellberg (1992) suggested the presence, location and thickness of plaque are
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key factors to be considered in intra-oral models for the study of dental caries.
The thickness of plaque overlying enamel has been shown to be related to the
degree of underlying demineralisation (Mellberg et al., 1990). The location of
an enamel specimen will determine the presence and thickness of any covering
plaque. It has been suggested that smooth surface and interproximal plaque
have different diffusion characteristics and that this would account for the
results of a study by Kotsanos (1986) which showed a reduction of
approximately 50% in the rate of enamel demineralisation at interproximal
sites compared with smooth surfaces. Several methods have been devised to

encourage the accumulation of plaque and these are briefly discussed.

Coverage of the specimen with Dacron gauze or steel mesh has been
advocated by some investigators (Mellberg et al., 1986, Koulourides & Chien,
1992) to promote plaque accumulation. The use of a recess to house a
specimen as proposed by Dijkman et al. (1986) has been found to promote a
plaque overgrowth of variable thickness resulting in significant differences in
demineralisation and remineralisation at central and peripheral parts of the
enamel slab (ten Cate et al., 1992). Creanor et al. (1986a) have used a trough
on the lingual aspect of a lower removable appliance to house single section
specimens and to encourage the growth of plaque. Studies by Creanor et al.
(1986) and Macpherson et al. (1990) have shown the plaque within the trough
to have quantitatively similar flora to that in the lingual and interproximal
areas of the lower molar teeth. Furthermore, acid/anion profiles of plaque

from both sites were found to be similar. It is worth noting that those studies

96



using edentulous subjects will most probably have a different plaque
composition to dentate subjects (Melville & Russell, 1981) which will probably
affect the rate of de- or remineralisation. Zero et al. (1992) used a synthetic
plaque made from a culture of Strep. mutans Ingbritt-1600 and placed in direct
contact with enamel slabs prior to placement in a palatal appliance within the
oral cavity: It has been suggested by the authors that such a culture of bacteria
placed under a block of enamel would simulate a local environment similar
to that found in an interproximal embrasure or deep within a pit or fissure.
However a single strain of bacteria would not normally constitute

interproximal plaque.

Few investigators have addressed the problem of diet in relation to intra-oral
models. Creanor et al. (1992) attempted to standardize diet in two related
studies by asking subjects to record their food intake for the first week of an
experimental test. The dietary record was then returned to the subject and a
request made that a similar diet be maintained throughout the trial
Furthermore subjects were asked to consume cariogenic snacks throughout the
duration of the experiment to ensure a substantial and on-going cariogenic
challenge. Many intra-oral trials are conducted in a fluoridated background
with subjects using either a fluoridated toothpaste (Leach et al., 1989; Creanor
et al., 1992) or drinking fluoridated water (Koulourides & Chien, 1992). This

will obviously have a direct bearing on any experimental outcome.

The duration of experimental protocol has been addressed by ten Cate et al.
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(1992). They reported that in situ studies could vary in length from two weeks
to three months. White (1992) suggests this is, "an extraordinarily short interval
of what encompasses a ‘caries event’ in most instances'. The rate of
remineralisation of artificial enamel lesions has been described by Gelhard &
Arends (1984). Initial rates or remineralisation are increased compared with
specimens that have been in the mouth for longer periods. It is argued by ten
Cate et al. (1992) that this represents the deposition of salivary derived
mineralisation inhibitors and diffusion-inhibiting compounds. Ten Cate et al.
(1992) further argued that this is a very different process from that normally

occurring in caries.

Ten Cate et al. (1992) suggested that participants in intra-oral trials should be
representative of the population being studied. It is, however, a very difficult
procedure to match up parameters such as age of susceptible population,
gender, caries experience and other oral physiological variables. Whilst the
matching up of populations is desirable for studies trying to determine the
efficacy of a product, it is not necessary for the investigation of mechanisms

by which such a change may occur.

In conclusion many intra-oral model systems for the study of dental caries
have been described. Each must be taken on its merits with regard to the
component parts of the model and the claims made by investigators
advocating the model. The evolution of an intra-oral model system at Glasgow

University has taken into account many of the factors previously described.
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The model and the rationale for its use are discussed in Chapter 3.

1.9 SUMMARY

Dental caries is a multifactorial disease involving the dental hard tissues. Intra-
oral factors such as diet, plaque and saliva may influence the rate of
progression or remineralisation of early enamel caries. The effects of diet,
including fluoride use, and plaque on dental caries have been studied
extensively. The relative effect of saliva is less clear. The development of the
in situ model permits the careful study of factors affecting dental caries. This
model may be used to study the effects of stimulated salivary flow on artificial
carious lesion in enamel and forms the basis of the work for this thesis.
Methods of caries assessment are discussed in Chapter 2 before expanding on

the method and materials of the Glasgow in situ model in Chapter 3.



CHAPTER 2 THE GLASGOW IN SITU MODEL, METHODS OF
ANALYSIS OF CARIOUS LESIONS AND

STATISTICAL METHODOLOGY

21 INTRODUCTION

The use of intra-oral models to study remineralisation and demineralisation
has been described in Chapter 1. In addition, the relative merits of various
hard tissue substrates in which lesions can be created and the sites at which
they are placed in the oral cavity have also been discussed. This chapter will
outline the intra-oral model to study caries developed at Glasgow University
(Creanor et al., 1986b) and compare and contrast the methods of lesion analysis
with those used by other investigators. Finally, the methods of statistical

analysis of results will also be presented.

22 THE GLASGOW MODEL

The intra-oral model used to study dental caries at Glasgow Dental School was
first described by Creanor et al. (1986b). It comprises a lower removable
appliance (figure 2.1) supporting single sections of human enamel with
artificially created carious lesions. The sections are mounted in a contact point
relationship within a recessed protective trough on the lingual aspect of the

appliance (figure 2.2).
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Figure 2.1  Photograph of the lower removeable appliance used for the

Glasgow in situ model.
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Figure 2.2

Close-up view of the lingual trough on the lower removeable

appliance showing the recessed trough with saliva ingress and
egress points and varnished sections of teeth mounted in a

contact point relationship.
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The trough has several functions (figure 2.2). It provides a protective
environment against masticatory forces in which the enamel specimens may
be housed, it provides a protected environment for the formation of dental
plaque and it modifies the specimen exposure to high salivary flow rates
experienced in the lingual sulcus (Dawes & Macpherson, 1993) via a salivary
ingress and egress. The extent of this modification is presently unknown and

was investigated in studies reported in Chapter 6.

Human enamel is used as the medium in which artificial caries is observed.
This is the hard tissue of choice (Mellberg, 1992). The use of a single section
technique (Harvey et al., 1982) permits each section to act as it own control.
The relative merits of single sections and enamel blocks as media for observing
changes in artificial caries have been discussed in Chapter 1, Section 1.8.4.
Microradiographs are taken at the start and at the end of each experimental
period from which quantitative comparisons can be made. Microdensitometry
can be used to compare mineral content in the same lesion before and after
treatment and has been advocated by Arends & ten Bosch {1992) as the most
practical technique for the direct quantitative measurement of mineral content,

mineral changes and mineral distributions.

Evaluation of the microbiology and acid anion profiles of plaque covering the
sections in the appliance compared with natural interproximal plaque has be
undertaken by Creanor et al. (1986a) and Macpherson et al. (1991). Results of

both of these studies suggest no significant differences between the
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predominant bacterial species or acid/anion profiles of the plaque from either

of these two sources.

Volunteers employed with this particular model are drawn from colleagues
working within the Dental School. This does not address the problem of age
in relation to dental caries, nor does it represent a group of susceptible people
with a high caries activity. However, these factors are compensated by

volunteer compliance and accessibility for experimental evaluation.

All trials are designed to be crossover in nature as advocated by Proskin {1992)
and enamel specimens are matched to ensure successive sections cut from a
tooth are used in the same volunteer in each phase of the trial, thereby
reducing experimental variability incurred when comparing sections from

different teeth (Creanor, 1987).

The Glasgow intra-oral model has been used to study the effects of various
combined fluoride and stimulated saliva protocols on early enamel caries.
Most studies have utilised a core protocol which consists of:-
1 The continual wear of the appliance for periods of between five
and seven weeks,
2 Appliance removal only for brushing the teeth in the lower arch,
3 The ingestion of sugar containing snacks between breakfast and
the midday meal and between the midday meal and the evening

meal.
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Constant wearing of the appliance ensures the sections are exposed continually
to the oral environment and the frequent ingestion of sucrose-containing
snacks ensures a regular sucrose challenge. This constitutes a fairly harsh
environment in which mineral changes can be observed. Approval was
granted by the Local Ethics Committee for use of this model. This is detailed

in Appendix I.

2.3 GENERAL METHODOLOGY FOR THE GLASGOW INTRA-ORAL

MODEL

This section describes the preparatory stages and general protocol employed
in all work using this intra-oral model. The stages are described in the order

undertaken by the author and generally follow a logical progression.

2.3.1 Volunteer Selection

Volunteers for this work were generally chosen from colleagues working

within the Dental Hospital and School according to the following criteria:-

1 Adequate dentition to retain an intra-oral appliance
2 Controlled caries rate

3 General medical and dental fitness

4 A willingness to participate in the experiment

It has to be accepted that this constituted a biased population sample but it
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was considered inappropriate to use volunteers pooled from the general public
for reasons of motivation and compliance during fairly prolonged and
demanding studies. In addition, it was not one of the aims of this model to
address the question of efficacy of a protocol in population terms, rather work

has concentrated on a mechanistic evaluation of observed effects.

2.3.2 Appliance Construction

Plaster models were constructed from upper and lower alginate impressions
taken of each volunteer. Care was taken to ensure the full functional depth of
the lingual sulcus was recorded. The occlusion was indicated to the dental
technician by means of a wax inter-occlusal record. All areas of lingual
undercut in the region of the lower molar and premolar teeth were blocked

out using a soft wax prior to construction of the lower intra-oral appliance.

Appliance construction required the careful adaptation of a wrought lingual
bar as a major connector between two clear acrylic lingual flanges. The
appliance was retained by four wrought, ball-ended clasps, contoured in such

a manner that they did not interfere with the subjects’ occlusion (figure 2.1).

The surface of the flange facing the lingual mucosa contained a trough as
indicated in figure 2.2. From this photograph it can be seen that the sections
of teeth containing artificial caries are mounted on a platform raised from the

base of the trough and in a contact-point relationship. The raised platform
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permitted exposure of all surfaces of the single section to plaque and saliva
thereby ensuring the possibility of ion-exchange over the entire, natural,
unvarnished surface of the section. The positioning of the sections in a contact
point relationship was suggested in an attempt to simulate conditions
occurring with interproximal caries. The shape of the trough encourages
plaque collection and the salivary ingress and egress points should permit a

continual flow of saliva through the trough.

2.3.3 Artificial Lesion Creation

All of the teeth used for section creation were caries free extracted human
teeth. These were collected from Oral Surgery Departments at hospitals in the
central Glasgow area. The fluoride level in the domestic water supply for the
city of Glasgow is 0.03ppm F (1.6 pmol/l F). All teeth were stored in a
saturated solution of thymol until required. Teeth selected for lesion creation
were lightly polished with a slurry of pumice and water and then washed in
warm, soapy water. Finally all teeth were wiped with an isopropy! alcohol-
saturated tissue (Azo-Wipe, Vernon-Carus Limited, Preston, England) to
ensure a grease-free surface. The crown of the tooth was inspected for obvious
cracks or flaws in either the buccal or lingual/palatal surfaces. Any teeth with
obvious flaws were discarded. The selected teeth were allowed to dry before
winding adhesive tape (Tape width = 0.7 mm Letraline, Letraset UK) around
the anatomical crown of the tooth to form a spiral pattern (figure 2.3). The

crown and root of the tooth were covered with two coats of proprietary nail
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varnish (Max Factor, Diamond Hard). The nail varnish was permitted to dry
for at least 24 hrs before the adhesive tape was removed and the tooth placed

into demineralising solution.

It is recognised that there are many different methods in use for the creation
of artificial white spot lesions. Such methods have included the production of
artificial lesions by natural plaque (Clarkson et al., 1984), the use of acidified
gels (Silverstone, 1966) and the use of buffered solutions (Featherstone et al.,
1978). Previous experience with both acidified gel and buffered solution
techniques has shown the buffered solution method to be faster in terms of
lesion creation. Moreover, the lesions created conform to accepted parameters
in terms of their size, morphology and are more consistent in their ability to

exhibit re- or demineralisation (Strang et al.,1988).
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Figure 2.3 Composite photograph of the stages involved in creation of a

single section with multiple artificial carious lesions

109




The buffered solution used contained 2.0 mmol/L calcium as anhydrous
calcium chloride, 2.0 mmol/L phosphate as anhydrous sodium dihydrogen
orthophosphate and 0.53 pmol/L fluoride as sodium fluoride. The pH was
adjusted to 4.55 by the addition of glacial acetic acid and sodium hydroxide.
Varnished teeth were suspended in demineralising solution with a volume of
approximately 100 ml of solution per tooth. The demineralising solution was
changed daily and stirred slowly, using a magnetic laboratory stirrer (Magnetic
Stirrer, HI304N, Jencons Scientific Limited, Leighton Buzzard, England), at
regular intervals throughout each 24 hr period. Each daily change of
demineralising solution was checked to ensure the pH remained constant at
4.55 and, if necessary, was adjusted by the addition of acetic acid or sodium
hydroxide. The daily change in demineralising solution also provided an
opportunity for the teeth to be inspected regularly for signs of

demineralisation.

Teeth were judged to be sufficiently demineralised when the air-dried surface
appeared to be a dense, opaque white colour whilst retaining its surface shine
and integrity (figure 2.3). Demineralisation usually took between 4 and 7 days.
Teeth that had become cavitated or had failed to demineralise during this
period were discarded. Those teeth judged to be suitable for inclusion in the
experiment had all nail varnish removed by careful swabbing with acetone.
The tooth was then washed in absolute ethanol prior to storage in a saturated

thymol solution before section creation.
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2.34 Single Section Creation

The anatomical crown was separated from the bulk of the root of the tooth
using a hacksaw to cut approximately 1-2 mm below the cervical margin. The
crown portion was then embedded in a hard wax and mounted on a cutting
platform in such a manner that sequential sections could be cut in a
mesiodistal direction. Each section would, therefore, have a buccal and a
lingual, or palatal, aspect. Sections were cut using a Microslice 2 precision
slicing machine (Malvern Instruments Ltd., England) (figure 2.4). This machine
had an annular, diamond impregnated, blade to cut slices through the
embedded tooth with a thickness of approximately 250 pm. The blade was
lubricated with Aquagrind (Malvern Instruments, England) and operated at
a speed of approximately 350 revolutions per min. Each section had to be
supported further, prior to cutting, by a glass slab adhered to the tooth with
an ultraviolet light cured acrylic resin (Loctite Glass Bond, Loctite UK, Welwyn
Garden City, Hertfordshire) (figure 2.5). This extra support reduced crack
propagation within the section as a result of vibration from the cutting blade.
The 250 pm thick sections are removed from the wax and glass slab by
soaking in acetone. Subsequently, they were passed through ethanol and
placed in a saturated solution of thymol prior to hand grinding. The sections
at this stage were too thick for microradiography and also had cutting marks
on both sides. The section thickness had to be reduced and the cut surface

rendered smooth.
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Figure 2.4 Microslice 2 precision slicing machine for creation of 250 pm

thick slices of teeth.
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Figure 2.5 Close-up view of Microslice 2 showing tooth section embedded

in hard wax with glass slab to support section during cutting.
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A heavy brass plate covered with damp gauze (figure 2.6) was used to hold
the section in place as each side was carefully ground with a slurry of 1200
grade Bauxilite (Al,O;) (Raymond Lamb, London, England) and water on a
large glass plate. The s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>