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SUMMARY

The anticaries activity of the fluoride ion has been
recognised for many years. The precise mechanism of
action is not clear, although in recent years fluoride is
thought to influence the natural remineralising properties
of saliva on porous enamel. However, there is confusion
as to the most effective means of delivery, and parameters
such as concentration, duration and frequency of exposure

to fluoride have been empirical.

The primary aim of the work contained in this thesis,
therefore, was to develop and validate a means by which
remineralisation of early enamel lesions within the oral
environment, could be guantitatively assessed. Thus, an
in situ appliance was designed on which sections of enamel
could be mounted and removed at intervals, for mineral
content measurements to be carried out using microradio-
graphy and microdensitometry. The use of single sections,
necessitating no other control tissue, made a major
contribution to the sensitivity of mineral content changes
assessed throughout the duration of this project.
Validation of the technique showed conclusively that the
artificial stagnation area had fundamental similarities to

the environment of a natural contact point.

The major part of the work was concerned with an
assessment of remineralisation in early enamel lesions,

when exposed to differing concentrations of dentifrice

fluoride, when used by volunteers wearing in situ devices.
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The results indicated that in a small panel of dentally-
orientated subjects, the maximum remineralising potential
of a fluoridated dentifrice had been attained by 1000
ppmF, the lowest concentration investigated. Whilst
being significantly better than the noﬁ—fluoridated
placebo, in general no significant differences were
detected between different fluoride concentrations.
Nevertheless, in agreement with other workers, some
person-to-person variation was detected, especially when

analyses of the fluoridated dentifrices was performed.

In an attempt to develop a laboratory test to mimic the in
situ results, an in vitro model was proposed. Whilst the
model failed to detect differences in remineralising
abilities of the fluoridated dentifrices, no significant
differences were detected between those and the

non-fluoridated placebo.

In conclusion, the in situ device would appear to have
successfully linked the advantages of the single section
technigue and the natural oral environment. Of further
interest would be changes to the parameters investigated
in this work: such as lowering of the fluoride content,
the duration and the frequency of exposure to the
fluoridated dentifrices. Further work into both the
microbiological and biochemical changes in the plaque
overlying the enamel.lesion would be of considerablg
interest, as well as extending the technique to involve

dentine caries, both coronal and root.
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION AND AIMS

There have been few public health measures which have been
studied so intensively over so long a period and under
such a variety of conditions, as the caries preventive
effect of fluoride. Nevertheless, the mode of action of
fluoride has not yet been exp}ained fully. Clinically, in
temperate climatic areas where water is naturally
fluoridated at substantially less than the "optimal" 1 ppm
level, and where artificial water fluoridation is not a
viable proposition, a number of vehicles have been used as
sources of fluoride. These have included drops and
tablets for preeruptive use,(and tablets, dentifrices,
gels, mouthrinses etc. for topical, posteruptive exposure.
Table 1.1 outlines the range of concentrations and
frequencies which have been used as part of typical caries
prevention programmes. The rationale supporting the
advised concentrations, fregquencies and durations of
exposure to many of these modalities is, however, entirely
empirical. Unfortunately, to test adequately any one
vehicle, its mode of delivery and associated parameters,
would normally require a three-year, double-blind clinical

trial.

One of the objectives of this thesis, therefore, is to

document a technigue which will help solve some of the

Problems and assist in rationalising the topical use of
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fluoride.
Thus, the aims of the work were:

1. to design and develop a new in situ caries-

investigative method,

2. to carfy out an ih situ remineralisation sﬁudy using
dentiffices of differing fluoride concentrétions,
- and -
3. to develop an in vitro model to simulate some of the

conditions of the enamel/plaque interface zone.

In this chapter, a discussion of the carious process will
be presented, along with a review of the literature with
regard to the proposed caries-inhibiting mechanisms of

fluoride. 1In addition, the advantages and disadvantages

of previous in vivo, in situ and in vitro techniques and
of the various methods of lesion assessment will be

discussed.
1.2 THE CARIOUS PROCESS

Dental caries can been described as the progressive
dissolution of the mineral component of the dental hard
tissues, resulting in structural breakdown and eventual
cavitation. It is normally at this stage that
intervention by the dental surgeon is indicated, to
prevent further spread of the disease and consequent loss

of the tooth.
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The earliest macroscopic evidence of the carious process
is a small opaque white region, the "white spot". This
lesion, which cannot be detected at contact points, is an
area of increased porosity and will not normally be
detected on routine bitewing radiographs (Silverstone,
1977). It has been suggested that the stage of lesion
progression before cavitation, is the state most suscept-
ible to redeposition of mineral within the spaces of the
"white spot" lesion. This process has been termed
"remineralisation". An example of such a lesion is demon-
strated in Fig. 1.1, although here, part of the "white

spot"” has already broken down, resulting in cavitation.

A constant exchange of calcium and phosphate ions between
enamel and saliva has been postulated. This balanced
situation is dependent on a number of local factors, such
as the presence of plaque and the availability of

refined carbohydrates, such as sucrose. If loss of
mineral predominates, (a consequence of increased
bacterial acid production), there will be progressive loss
of calcium, resulting in a calcium-deficient mineral as
compared to the surrounding enamel (Arends & Davidson,
1975; Ingram & Silverstone, 1981). If this depletion is
allowed to continue, there will be complete dissolution of
the mineral phase, loss of structural integrity and
invasion of the lesion by oral bacteria (Brannstrom et
al., 1980). Following cavitation, the bacteria can

colonise the defect easily and establish an ecosystem.

This results in further progression of the carious process
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into the deeper parts of the enamel and eventually the
dentine, a consequence of continued bacterial production

of organic acids.

If remineralisation is the predominant process, then the
sequence of events discussed above, will, in general, be
reversed. Remineralisation will be enhanced in the
presence of fluoride (Koulourides et al., 1961) and it
was the influence of fluoride concentration on this

process which was investigated in this project.

1.3 FLUORIDE AND ITS ANTICARIES MECHANISMS

1.3.1 Introduction

Fluorine is a highly reactive halogen. Its negatively
charged ion, although much less reactive, has an important
role in successful remineralisation of early enamel

carious lesions.

The anticaries activity of the fluoride ion has been known
for many years. However, the mode of action of fluoride
has still not been explained fully. The following
sections will deal with the historical aspects of the use
of fluoride as a caries preventive measure and will
consider some of the evidence supporting its use. In
addition, the variety of techniques which have been
proposed to deliver fluoride to the oral environment 'will

be discussed.
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1.3.2 Historical Account

An association between enamel mottling and the environment
was noted independently in Naples and in Colorado. Eager
(1902), observed the presence of white and brown stains in
persons who had been born and resided in Naples. He made
the unfounded conjecture that an agent, associated with
the nearby volcano, Mount Vesuvius, was transported to the
population via the water supply, and was presumably
responsible for the clinical lesions. In parallel, McKay
(1916) noticed similar enamel changes in Colorado
residents and gave this condition the term "mottled

enamel”.

In 1916, McKay claimed that the causative factor of
"mottled enamel" was present in the water supply consumed
during the period of tooth mineralisation. In addition,
reporting on the appearance of mottled enamel in Britton
and Oakley, McKay (1925) linked the mottling to the water
supplies, which were recommended to be changed. This
conclusion was supported by the absence of mottling in
children born after the water supplies to the towns were
subsequently altered (McKay, 1933). Further evidence
supporting the association between ehamel mottling and
water supplies was obtained in Bauxite, where mottled
enamel also became apparent several years after a change
in the water supply. Initial analyses of the water did
not indicate a probable causal agent (Kempf & McKay.,

1930). However, Churchill (1931) who made a specific
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analysis for trace elements, found a relatively high
concentration of fluoride (1?.7 ppmF) . .Conséquently, an
analysis was made of waters from the areas which McKay had
previously described as endemic regions of enamel mottling
and all were shown to contain fluoride in concentrations
above 2.0 ppm. .Fluoride, it was postulated, was the

causative agent of mottled enamel (Churchill, 1931).

The association between mottled enamel and caries
reduction was discussed in a number of reports (eg. McKay,
‘1916; Bunting et al., 1928). However, it was not until
the observations of Ainsworth (1928, 1931), that the
association between decreased caries prevalence and high

water fluoridation was recognised.

As a result of the above, the U.S. Public Health
Department commissioned Dean (1933, 1934 & 1936) to
discover the extent and geographical distribution of
mottled enamel in the United States (The "Shoe Leather"
Survey) . Dean established that in those areas where the
water supply had concentrations of arcund 1.0 ppmF the
inhabitants had minimal enamel mottling and a
significantly lower caries prevalence. This survey paved
the way for a much larger investigation of caries
experience in 7257 children (aged 12 - 14 years) who had
used their local water supplies from birth. Water
fluoride concentrations rénged from zero to 2.6 ppm, and
Dean's new data confirmed earlier findings, relating to

the benefits of water fluoridation from birth. Although

complete inhibition of caries did not occur, a 60 per cent
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difference was observed between the areas with > 1.0 ppmF
in their water supplies and the low fluoride towns. In
addition, it was noted that in those who moved into
naturally fluoridated areas after the age at which coronal
calcification was complete, no such mottling was detected.
Hence, high concentrations of fluoride either ingested or
applied topically, could not cause fluorosis by this stage
of development. Dean et al. (1942) concluded that a
concentration of fluoride at 1.0 ppm in the arinking water
showed near maximum caries reduction, and caused only
"sporadic instances of the mildest forms of dental

fluorosis of no practical aesthetic significance”.

The main conclusions from the extensive data regarding the
relationship between caries prevalence and the

concentration of fluoride in the drinking water were that:

1. natural water fluoridation at a level of 1.0 ppm
produced a striking decrease in caries with no
fluorosis of aesthetic significance;

2. fluoride at the 1.0 ppm level in the water must be
ingested during the pre-eruptive stages of dental
development to gain maximum benefit in caries
reduction; |

3. there was less benefit, ‘although detectable, if the
water fluoride level was less than 0.5 ppm;

4. while some additional caries-inhibiting benefit was
observed above a fluoride level of 1.0 ppm,
unacceptable fluorosis occurred at levels over

1.5 ppmF.
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Following Dean's epidemiological observations, the
addition of fluoride to a less than optimally fluoridated
water supply was proposed. The first such study was
initiated at Grand Rapids, Michigan, in the mid-1940's.

It was clearly established six years later that the
artificial addition of 1.0 ppmF had the dramatic 50 per
cent caries reduction effect expected, and. that this
occurred mainly in those individuals who had been born and
brought up.in the area, throughout the period of water

fluoride adjustment (Arnold et al., 1953).

Until 1946, it had been assumed that enamel would only
~benefit if fluoride exposure was available during the
preeruptive‘developmental stages. However, in that year,
Klein (1946) examined Japanese children transferred from
an area of low fluoride (0.l ppm) to Arizona, where the
water supply contained approximately 3.0 ppmF, and showed
that teeth in the process of eruption also benefitted. In
addition, teeth already erupted benefitted, albeit to a
lesser extent. Clearly a topical effect must have
occurred since the erupted enamel could not have been
altered otherwise. In addiﬁion; a study in naturally
fluoridated Boulder,»showed that the benefits of fluoride
exposure could be continued into adult l1ife (XKlein, 1946).
Thus, the value of fluoride applied topically now became
apparent. While others concentrated on the water
fluoridation aspects, as early as 1941, Bibby et al.
(1946) initiated the first ever topical fluoride study.

This was followed by Roberts et al. (1948), and although
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neither study was particularly successful, apropos
demonstrating a caries reduction effect in teeth on which
the vehicle had been applied, it is interesting to note
that even in these early years, alternative means of
delivering fluoride, other than water fluoridation, were

being investigated.

1.3.3 Fluoride mechanisms - General

As discussed above, fluoride is thought to have both a
systemic and a topical role. Fluoride is acquired into
enamel by the systemic route from the ingestion of
fluorides in water, beverages, foods or supplements, and
topically from oral fluids and topical fluoride
preparations. While, topical acquisition is restricted to
the enamel surface, systemic fluorides are predominantly
incorporated preeruptively during the process of

maturation.

The proposed mechanisms of the cariostatic action of
fluoride are thought to involve several subtle effects on
the mineral phase of the enamel and the metabolism of the
dental plaque bacteria:

(a) during initial mineralisation of the developing
tooth fluoride mediates the transformation from the
soluble calcium-phosphate phases to the more stable, less
soluble hydroxyapatite and fluoridated hydroxyapatite
(Brown et al., 1977; Amjad & Nancollas, 1979).

(b) plague fluoride, particularly during acid attacks

or after topical application of fluoride, may reach ionic




~31-

concentrations high enough to inhibit bacterial metabolism
(Hamilton, 1977). However, Carlsson et al. (1969) had
previously shown that the bacterial enzymes which produce
glucan and fructan from sucrose are uﬁaffected.

(c) it has been postulated that fluoride may have a
preeruptive effect on the cusp, pit and fissure morphology
of the tooth, by reducing the depths of the fissures
(Jenkins, 1963, 1970). This mechanism alone, however,
would not account for the observed reduction in smooth
surface caries.

(d) the mechanism, now thought to be of greatest
importance, which in many ways is not dissimilar to (a)
above, is fluoride's influence on the remineralisation
process (ten Cate & Duijsters, 1983 a,b). It is proposed
that the presence of fluoride produces larger, less
reactive and more acid-resistant crystals which fill the
spaces produced by the demineralisation process

(Silverstone, 1977).

1.3.4 The systemic role of fluoride

Fluoride from the systemic circulation is incorporated
into the enamel during its maturation, before exposure to
the oral environment, and is thought to originate from the
tissue fluid surrounding the dental papilla. The systemic
mode of action has been attributed to the acid-resistant
properties of fluoride-containing crystallites (Frazier et
al., 1967). Fluoride can be considered as a contaminant

and although the fluoride concentration is relatively high

within the maturing enamel, this decreases as more mineral
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is being deposited (Weatherell et al., 1977). The mineral
component of enamel is made up mainly of calcium,
phosphate, carbonate and hydroxyl ions, and because of the
presence of trace elements such as fluoride, chloride,
strontium, sodium and magnesium, which may substitute for
either the calcium or the phosphate, it does not exhibit
the same calcium to phosphate ratio as the stoichiometric
hydroxyapatite. The addition of other elements generally
increases the solubility. The substitution of a fluoride
ion for a hydroxyl group, however, greatly reduces the
enamel solubility, even when only 10 per cent of such F/OH
substitutions occur as with systemically fluoridated
enamel (Fejerskov et al., 1981). The addition of the
fluoride ion to the hydroxyapatite alters both the
physical and chemical properties of the crystals (Neuman

et al., 1950, Ingram & Nash, 1980).

1.3.5 Topical fluoride and its role in remineralisation

Whilst the evidence supporting the systemic role of
fluoride is overwhelming (section 1.3.2), there is
considerable evidence that topical application of fluoride
can have a profound effect, and it is now well established
that mature, erupted enamel can be altered from topical
exposure to fluoride. Head (1912) concluded that
artificially softened enamel would reharden after
immersion in natural saliva. More recently it has been
shown that a considerable degree of rehardening of
presoftened enamel may be achieved solely by exposure to

saliva (Koulourides et al., 1961; Pigman et al., 1964;
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Koulourides et al., 1965; Pickel et al., 1965; Feagin et
al., 1969). Fluoride, however, has been shown to increase
both the hardness and acid resistance of porous enamel
(Koulourides et al., 1961). By diffusing into enamel,
fluoride is purported to encourage the formation of
fluorapatite - a more acid resistant relative of
hydroxyapatite (Mellberg et al., 1966; Kirkegaard, 1977
a,b; ten Cate & Duijsters, 1983 a,b).
In vitro evidence has shown enhancement of the natural
remineralisation process by the addition of fluoride
(Silverstone et al., 1981; Featherstone et al., 1982).
Koulourides et al. (1961) have shown as much as an eight
times increase in the rate of remineralisation in vitro by
the addition of 0.05 mM fluoride to a calcium phosphate
solution.
Clinical evidence of early enamel lesion reminerxalisation
has been documented (von der Fehr et al., 1970; Grondahl,
1979). However, although over 50 per cent of white spot
lesions created in the study of von der Fehr et al. (1970)
disappeared, the clinical appearance of others persisted.
It is important to remember, however, that the presence of
such a white spot need not imply there is active caries,
as it may not be necessary to remineralise the entire
lesion for the enamel to become protected (Briner et al.,
1974; Silverstone et al., 1981). If the surface becomes
remineralised, as occurs in exposure to high
concentrations of fluoride and calcium, then the
underlying enamel lesion remains unchanged. Thus, the

visual appearance of the white spot lesion persists but

the lesion would be considered arrested and certainly




34—

resistant to further acid attack (ten Cate & Duijsters,

1982) .

Topical acquisition of fluoride on to the enamel surface
normally results from contact with water, food, beverages
and fluoridated dentifrices, rinses, gels, varnishes,
solutions etc. Fluoride appears to be preferentially
taken up by areas of increased porosity such as etched
enamel or the early enamel lesion (Joyston-Bechal & Kidd,
1980) . In high concentrations of fluoride, such as those
found in gels, mouthrinses and dentifrices, the fluoride
ion is thought not only to exchange with the apatitic
hydroxyl group, but also form calcium fluoride on the
enamel surface. Since this is a relatively unstable
compound, most of it breaks down and diffuses back into
saliva. However, a small amount is thought to remain
within the pores of the enamel lesion and act as a nidus
of fluoride (Mellberg et al., 1966; Kirkegaard, 1977a;

ten Cate & Duijsters, 1982).

1.3.6 Fluoride vehicles

As a consequence of the evidence supporting the topical
role of fluoride (Klein, 1946; Ast & Chase, 1953) and,
since all domestic water supplies world-wide do not
contain an effective level of fluoride, the commercial
production of alternative vehicles has received a great
deal of attention. In addition, as water fluoridation
schemes demand not only a reliable mains water supply, but

also an equally reliable grid electricity system for
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equipment control, other means of community-based
fluoridation have been suggested and implemented. Thus,
when water fluoridation is not available during
preeruptive enamel maturation, drops and tablets can
provide a ?ractical alternative, but demand strict
cooperation to maximise the benefit. Currently, there is
a continuing discussion regarding the exact preeruptive
dose. Nonetheless, any dosage regime has to be adjusted
to account for the varying quantities of fluoride which
are always present, even at trace levels, in any domestic

water supply.

Salt has been proposed as an alternative means of both
systemic and topical fluoridation (Wespi, 1948; WHO, 1976;
Toth, 1976}, and has been introduced in Switzerland,
Columbia, and Hungary, at a level of 350 mg F per Kg in
the latter country. Although caries reductions as great
as 60 per cent have been reported in trials carried out
{(Toth, 1976}, interest has diminished in most western
countries with the advent of more controlled methods of

fluoride administration.

Milk has also been proposed as a viable fluoride vehicle
since it is consummed most commonly by those in greatest
need of fluoride expcsure, ie. children and pregnant
mothers as, in addition to the potential dental benefits,
there are plentiful vitamins, calcium and phosphorous
present. Stephen et al. (1981) ha;e demonstrated that a

caries reduction of 73 per cent in erupting first

permanent molars is attainable but, overall, the 5 year
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benefit of school-based distribution was 38 per cent.
Besides, implementation would be expensive with difficult
gquality control from many outlets .should such a policy be

implemented on a large scale.

The most commonly used topical fluoride preparation is
dentifrice. This provides an excellent vehicle and in the
U.K., fluoridated dentifrice usage over the past 15 years
has increased from 15 tb 97 per cent of the total market
share (Dowell & Joyston-Bechal, 1981). Toothpaste is
employed as an adjunct in the maintenance of oral health
through the mechanical cleansing of the oral tissues.
Nevertheless, adults can greatly benefit from the use of
topical fluorides (Russell & Elvove, 1951) and dentifrices
would seem an ideal means of providing frequent fluoride
exposure to enhance early enamel lesion remineralisation.
It is important that the fluoride should not react with
any of the other dentifrice constituents, von der Fehr &
Moller (1978) having shown that when combined with either
dicalcium phosphate or calcium carbonate, the anticaries
activity of dentifrice fluoride was lost. As a result, in
recent years the abrasive systems have been changed and
the source of fluoride has come from either sodium
fluoride or sodium monofluorophosphate. Most of the
fluoride now remains in a soluble reactive phase in the
new dentifrice formulations, although it is thought to
lose some activity after 6 months. There will be further
discussion on the place of fluoridated dentifrices in the

remineralisation process in Chapter 5.
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Perhaps the next most common means of fluoride delivery to
children is by drops and tablets. Fluoride drops/tablets
from birth have been cited in various studies as an
alternative to water fluoridation. Marthaler (1969)
reported a 47 per cent caries reduction over an 8 year
period when tablets were given daily at school, by
teachers. In contrast, Stephen & Campbell (1978) reported
an 81.3 per cent caries reduction in first permanent
molars when school children were asked to let 1 mgF
tablets slowly dissolve in the saliva, thus enabling
fluoride concentrations of around 1000 ppmF to be
achieved. Since then, fluoride drops have appeared as a
more suitable oral dosage form for youngsters. There 1is,
as yet, a paucity of data in ﬁhe literature pertaining
solely to fluoride drops and later fluoride tablet

supplementation studies.

Fluoride may also be combined with proprietary vitamin
supplements (Rasenden & Peebles, 1978), although
similarly, the dose has to be adjusted to account for
environmental fluoride lévels. In addition, fluoride
exposure has to be continued long after the need for
vitamin supplements has ended. Nonetheless, this method
of fluoride implementation has been somewhat neglected as
most mothers, expectant, nursing and de facto, appreciate
the importance of vitamin supplements during pregnancy and
childhood. Indeed, supplementation is often pursued by
mothers for some years after the actual need has

diminished. Hence, such formulations could well have a

place as Hamberg (1971) has previously demonstrated their
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50 per cent caries-inhibiting potential up to 6 years of

age.

1.3.7

Discussion

Despite the continuing discussion about the exact

mechanisms of fluoride action, there is little doubt that:

Thus,

enamel formed, especially during its later stages,
in a fluoridated environment will be more resistant
to acid dissolution,
enamel which, prior to eruption, has been exposed to
little or no fluoride, will still benefit from
topical exposure even although enamel maturation is
complete,

- and -
frequent exposure to fluoride is necessary
to maintain a high resistance to caries attack
especially during acid attack

- but -
much confusion remains with regard to the ideal
vehicle, concentration, duration and frequency of

exposure.

the purpose of the work reported in this thesis was

to attempt to devise a model which would help

rationalise some of the problems discussed above.
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1.4 CARIES MODELS
1.4.1 Introduction

The use of natural white spot lesions as-.-a source of
experimental material for remineralisation studies
suffers from two major disadvantages. Firstly, the
history of the lesion is unknown, since it will have
undergone both de- and remineralisation while exposed to
the oral environment. Secondly, suitable natural lesions
are difficult to obtain, even on teeth which are removed
for orthodontic purposes. There was a need therefore, to
have a laboratory technique for the controlled
demineralisation of enamel. Several methods have been
proposed and all have involved proton attack, either from
natural plaque (Clarkston et al., 1§84a; Geddes et al.,
1986), acidified gels (von Bartheld, 1958, 1961; Gray &
Francis, 1963; Silverstone, 1966, 1967; Groeneveld, 1974;
Ingram & Silverstone, 1981), or liquid solutions (Francis
& Briner, 1973; Featherstone et al., 1978; van Dijk et
al., 1979; Weatherell et al., 1983).

This section will briefly discuss the choice of dental
tissue used in this study, and}outline the advantages and
disadvantages of the artificial caries systems mentioned

above.
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1.4.2 Experimental dental material

A wide selection of dental enamel sources has been
previously used in experimental caries ;esearch, including
human, bovine, ovine and equine tissue. Featherstone &
Mellberg (1981) reported that lesions progressed in
permanent bovine and ovine enamel at nearly three times
the rate in permanent human enamel. Human dental tissue
is, therefore, the material of choice for human
remineralisation studies, since extrapolating results from
bovine or ovine .tissue to the human clinical situation may

prove erroneous.
1.4.3 Artificial lesion production by natural plaque

Recently, a technique for creating artificial carious
lesions using natural human plajue has been proposed
(Clarkston et al., 1984a; Geddes et al., 1986). This
involved the application of human, one day old plaque to
the surface of an enamel slab. The plaque was supplied
with a carbohydrate substrate and incubated for 24 hours
at 37°%c. Lesion production occurred in 5 - 10 days,
although the rate of mineral loss was difficult to control
and lesions often failed to exhibit the characteristics of
the natural carious lesion, eg. the retention of surface
shine. The technigque is tedious and it would seem
unlikely it could be employed for the production of
artificial 1esioﬁs on a large scale. However, to its
advantage the use of natural plague would appear to hold

much potential and it is hoped that future investigations,
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especially with regard to the cariogenicity of foodstuffs,
will provide useful information regarding the carious

process.

1.4.4 Acidified gel techniques

In this technique, crowns of teeth previously covered with
acid resistant nail varnish, apart from test exposure
windows, are immersed in an acidified gel for periods up
to 12 weeks. The acidified gel used in the production of
artificial enamel lesions is made from gelatin (von
Bartheld, 1958, 1961; Silverstone, 1966, 1967),
hydroxyethylcellulose (Gray & Francis, 1963; Groeneveld,
1974) or methylcellulose (Ingram & Silverstone, 1981).

The gel is normally combined with a source of calcium and
phosphate, and acidified with lactic acid, to provide the
appropriate proton attack. The ability of the gelatin to
produce lesions has been attributed to its high content of
impurities which "protect™ the enamel surface
(Featherstone et al., 1978) and its often unknown level of
fluoride (Pearce, 1983; Borsboom et al., 19853). Indeed,
Borsboom et al. (1985) have claimed that if no fluoride is
present, then subsurface lesion formation will not occur,
whereas Anderson & Elliott (1985) have stated that
supersaturation of the demineralising solution, anatomical
features or chemical gradients are not required for
subsurface lesion formation. Also, Moreno & Zahradnik
(1974) have shown that the presence of calcium and

phosphate in a demineralising solution is fundamental to

the creation of demineralisation without loss of
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structural integrity, in agreement with the later work of
Weatherell et al. (1983). In the earlier studies of von

Bartheld (1961) and Silverstone (1966, 1967), no mention

is made of the presence of calcium, phosphate or fluoride
content of the demineralising gel. However, it can always
be presumed that these elements must have been present as
gel coﬁtaminants, according to Featherstone et al. (1978);

Pearce (1983); and Borsboom et al. (1985).

Despite the long periods necessary for lesion production
and unpredictable impurity content, the acidified gel
usually produces artificial lesions which are both
histologically and radiographically similar to the early

carious lesion (Silverstone, 1973).

1.4.5 Buffered solution methods

The use of buffered solutions differs very little from
acidified gels. The technique involves the use of a
surface dissolution inhibitor, such as methane
diphosphonate (MHDP) in a lactate buffered solution. Also
employed has been a buffered solution alone, exhibiting a
well defined degree of saturation with respect to
hydroxyapatite (Francis & Briner, 1973; Featherstone et
al., 1978; van Dijk et al., 1979). The successful
creation of subsurface lesions using the latter technique
has stressed the importance of calcium and phosphate in a

demineralising solution. In contrast however,

Featherstone et al. (1978) suggested that the MHDP alone,

as a surface protector, was responsible for the successful
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creation of the intact surface layer. It was claimed that
the MHDP selectively displaced phosphate ions initially
from the enamel surface before being reversibly adsorbed
to the outer surface, protecting it against further direct
dissolution. It was also claimed that impurities in any
other system which successfully creates subsurface
demineralisation must provide this surface protecting
role. From the above literature review there would seem
to be confusion as to the exact mechanism of the formation

of the intact surface layer.

Those workers who employ buffered solutions claim the
advantages of excellent control of pH and contaminants.
However, there is little information given in the
literature regarding the duration of exposure necessary to
successfully create subsurface lesions. From the author's
experience, the use of either a saturated or
supersaturated solution demands that the solution be
changed frequently due to crystal formation. Therefore,
there is an increase in laboratory handling time in

contrast to that required when using acidified gels.

1.4.6 Acid vapour technique

Weatherell et al. (1983) have proposed the technique of
exposing enamel surfaces to a moist acid vapour. Here,
teeth were suspended over a number of different acids for

periods .of between five and sixty-five hours. A droplet
AL

of vabdur was seen to collect on the enamel surface, and
/

in most cases there was the formation of a subsurface
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lesion. An analysis of both the droplet and the lesion

was then carried out.

Soon after the initial acid attack, crystal formation was
noted within the acid vapour droplet, thus supersaturated
conditions must have been present. The procedure, lacking
in the use of plagque, acidified gels, buffers and weak
acids, restricted confusing background chemical
contamination to a minimum by establishing the simplest of
conditions. The appearance of the histological zones
within the carious lesion were explained against the
background of supersaturation and crystal growth, with
subsurface demineralisation being attributed to a net loss
of mineral resulting from crystal growth outside the
tooth. They proposed that initial carious lesions form as
a result of low supersaturation with respect to calcium

and phosphate at the enamel surface.

One of the most striking features of the above technique
is that a subsurface lesion actually forms, as a more
expected result might have been erosion of surface enamel
similar to that obtained by etching. As stated previously
(1.4.4), with regard to the acid gel technigque, the
presence of calcium and phosphate in a demineralising
solution (the droplet in this case), would appear crucial
if surface integrity is to be maintained. However,
contaminants from the tooth, such as fluoride, may have
leached into the droplet itself and contributed to its

surface-protecting role as referred to by Featherstone et

al. (1978) and Borsboom et al. (1985).
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1.4.7 Discussion

In this project, the need for artificial enamel lesions
which exhibited a demineralisation pattern similar to the
natural carious lesion was considered important. Each of
the techniques discussed previously have advantages and
disadvantages. The acidified gel, despite its impurity
content.has, in the author's experience, consistently
produced lesions which are histologically similar to
natural caries. Thus, in spite of the relatively long
exposure periods necessary for lesion production, the gel

technique was considered the method of choice.
1.5 EXPERIMENTAL METHODS

1.5.1 Introduction

In this section previous in vitro, in vivo and in situ

experiments will be discussed, and the advantages of
experiments which are carried out within the oral
environment will be outlined. In addition, a comparison
will be made between the use of enamel slabs and sections,
and the advantages and disadvantages of each will be

discussed.
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1.5.2 The comparison between enamel slabs and sections

Both enamel slabs and sections have been used in
remineralisation studies. With slabs, only a single
measurement.of mineral content can be made at the end of
an experiment and, in addition, a separate control slab is
necessary. However, to investigate any of the parameters
affecting de- or remineralisation, there is a need for
sensitivity to small changes in mineral content (Smits &
Arends, 1985; Strang et al., 1986). Unfortunately, enamel
is not a homogeneous material and does not show a constant
level of demineralisation when subjected to a constant
acid attack (Groeneveld et al., 1975; Strang et al.,

1986) . Harvey et al. (1982), and Featherstone &
Silverstone (1982) attempted to overcome the problem of
enamel variation by using enamel sections in vitro, the
mineral content of which could be measured at any point
during the experimental period and related to the baseline
value. This technique involves the production of sections
at the start of the experiment, in contrast to previous
procedures in which sections were cut at the end of the
test. The major advantage of such a procedure, is that
provided the specimens are thin enough, then examination
of the section can be carried out at any point during the
procedure. Strang et al. (1986) have previously reported
that there is greatest variation in lesion mineral content
in sections taken from different teeth, and least in
repeat measurements of the same lesion. The 1limit of

sensitivity to measure changes in mineral content in the

single section technique is the repeatability of the
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measurement of the mineral content. Whereas, with the
enamel slabs the variation in the mineral content between
slabs is dominant (Strang et al., 1986). The variation in
lesion mineral content in sections taken from different
teeth and even from the same tooth are much greater than
that of repeat measurements of the same lesion. This

topic will be discussed in greater detail in Chapter 3.

By alleviating the need for separate control tissue, the
use of single sections would seem to. be the technique of
choice where there is a need. to record small changes in

mineral content.

1.5.3 In vitro techniques

There has been an extensive number of laboratory
investigations carried out to study both de- and
remineralisation. In vitro techniques to create
demineralisation have been discussed in some detail
previously (1.4). This section will be concerned only
with in vitro remineralisation investigative methods,
briefly outlining the major advantages and disadvantages

of each.

Laboratory remineralisation methods have ranged from the
simple, where entire teeth or enamel sections were left in
dentifrice slurries for a singlé exposure of up to 40
hours (Joyston-Bechal & XKidd, 1985), to the more complex

solution cycling of ten Cate & Duijsters (1982), or the

elaborate constant composition technique of Buskes et al.
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(1985) . All have attempted to quantify the effect of
fluoride either on remineralisation, or the prevention of
further mineral loss. From the literature, the influence
of fluoride on de- and remineralisation has been
investigated from a variety of different angles. For
example, it has been well established that levels of
fluoride ranging from 0.12 to 5.0 ppm are sufficient to
either influence the pattern of mineral loss, or inhibit
demineralisation entirely (Koulourides et al., 1961;
Levine, 1975; ten Cate & Duijsters, 1983a; Borsboom et
al., 1985). Ten Cate & Duijsters (1983a) concluded that a
fluoride concentration which is saturated with respect to

the formation of calcium fluoride, rather than

fluorapatite, is of importance.

There is general agreement that the formation of calcium
fluoride is an important intermediate product of
remineralisation and may act, because it is slightly
soluble, as a fluoride reservoir from which it can be

released both into the lesion and the external environment

(Leach, 1959; Mellberg et al., 1966; Kirkgaard, 1977 a,b;
Fejerskov et al., 1981; Dijkman et al., 1986). Kirkgaard

(1977 a,b) concluded there was little correlation between
dentifrice fluoride concentration and the fluoride
concentration in the surface layer. Indeed,
Joyston-Bechal & Kidd (1982) have claimed an "optimal"”
level of fluoride, the value of which was not specified.
With regard to frequency and duration of exposure, results

are often conflicting. For example, Joyston-Bechal & Kidd

(1982) claimed that more fluoride is deposited with
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frequent short exposures, whereas Arends & Schuthof
(1981), and Retief et al. (1980, 1983) maintained that a
24 hour application of fluoride resulted in greater uptake
than with a 3 min application. While laboratory
techniques, in most cases, do not attempt to mimic the
natural oral environment, they have the advantage of being
able to accurately control any number of parameters at one
time. This cannot be duplicated in vivo, due to the

large number of uncontrolled and variable parameters

present within the oral ecosystem.

In conclusion, laboratory investigations into the role of
fluoride have been extensive but inconclusive as to the
rational use of topical fluorides in successful caries

prevention.

1.5.4 In vivo and in situ techniques

Studies performed within the natural ecosystem of the oral
environment have inherent advantages over the in vitro
situation. These were pioneered by von der Fehr (1966),
who used gold clasps in close proximity to the buccal
surfaces of teeth destined for extraction. An artificial
stagnation area was created, and white spot lesions
developed as a result of the plagque build up. Later, von
der Fehr et al. (1970) carried out a similar study where
subjects were asked to refrain from all oral hygiene and
to supplement their diets with sucrose rinsing nine £imes
per day. At the end of a 23 day period, there was

distinct evidence of white spot lesions on the labial
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aspects of most teeth of each dentition. On the whole
these lesions were reversible when rigorous oral hygiene
and topical fluoride therapy was re-established. The
procedure was later repeated by Edgar et al. (1978),
although only for 8 - 10 days, when lesion appearance was
again noted. However, there is doubt that such a protocol

would receive ethical approval today.

Attempts have been made to overcome these difficulties by
Holmen et al. (1985 a,b), who employed orthodontic bands
as a means of creating stagnation areas. These bands were
placed on individual teeth destined to be extracted for
orthodontic purposes. In those studies, a gap was created
between the band and tooth, in which plaque was allowed to
accumulate and demineralise the underlying enamel. Four
teeth were then removed from the same individual, one each
after 1,2,3 and 4 weeks' cariogenic challenge, to assess
the progressive stages of the carious process in enamel.
Orthodontic bands have also been employed for the
monitoring of bacterial colonisation and metabolism
(Arneberg et al., 1984; Minah et al., 1984). In general,
the technique lacks sensitivity since a separate control

specimen is necessary.

An in situ technique has been proposed, which has avoided
many of the ethical problems of the in vivo techniqgues
discussed above. This involves the mounting of enamel
slabs in dental prostheses (Koulourides et al., 1974),

and has been employed for a number of studies. These have

included the quantitative assessment of lesion rehardening




(Koulourides et al., 1974; Gelhard et al., 1979;
Featherstone et al., 1982; Smits & Arends, 1985; Essig
et al., 1985), the measurement of fluoride uptake by

porous enamel (Mellberg & Chomicki, 1983; de Bruyn et
al., 1985 a,b; sStookey et al., 1985), and the

investigation of lesion permeability (Brudevold et al.,

1984) .

The technique has contributed a number of valid
observations regarding the dynamics of the carious process
and remineralisation. Koulourides et al. (1974) showed
that fluoride had an affinity for porous enamel while
Mellberg & Chomicki (1983, 1985a,b), and Sﬁits & Arends
(1985) demonstrated that the incorporation of fluoride
during remineralisation encourages deposition of a more
stable mineral than if fluoride had been absent.
Featherstone et al. (1982) observed variation from person
to person by demonstrating that some individuals appear to
remineralise better than others, and that in some
individuals saliva alone would appear to be a potent

remineralising solution.

The use of slabs, however, has inherent disadvantages due
to the mineral and caries susceptibility variations which
occur between teeth, and even within the same tooth
(Groeneveld et al., 1975; Strang et al., 1986). Since
only two slabs can be embedded in one prosthesis at a
time, a relatively large number of subjects and specimens

is required for any study to which statistical analysis

can be applied. Furthermore, Smits & Arends (1985)
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concluded that variation between enamel blocks may obscure
any possible remineralisation effects of any test
solution. Thus, the use of slabs may not be sensitive
enough to investigate small differences in fluoride

concentration and/or frequency of exposure.

1.6 METHODS OF ASSESSMENT

1.6.1 Introduction

A number of methods have been employed to assess the
changes in mineral content occurring from normal through
to carious enamel and, in turn, the mineral redeposition
during remineralisation. This section will discuss the

various techniques.

1.6.2 Microradiography/microdensitometry

In this technique thin sections of enamel are mounted on
high resolution radiographic plates and exposed to a
monochromatic X~ray source. The radiographic density of
the enamel lesion can then be scanned, calibrated against
the density of known aluminium thicknesses, and readily
computerised to permit calculation into volume per cent
mineral using the equation of Angmar et al. (1963).
Microradiography has been described as an ideal method for
the quantification of normal enamel (Soni & Brudevold,
1959a, Angmar et al., 1963) and assessment of mineral
movement during de- and remineralisation (Angmar et al.,

1963; Bergman & Lind, 1966). It provides detailed
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information on the degree of mineralisation at the
microscopic level, and is unaffected by the presence of
water or mineral form. Used initially by Bergman & Lind
(1966) for the investigation of deminepalised tissue, it
has been employed extensively to monitor mineral
deposition within porous enamel (Theuns et al., 1980;

ten Cate & Duijsters, 1983b; Pearce, 1983). Although not
differentiating between varying forms of mineral within
the enamel lesion, microradiography is a simple, accurate
and reproducible technique (Featherstone et al., 1983)

and will be described in more detail in Chapter 2.

1.6.3 Polarised light microscopy

Polarised light has been used extensively as a
semi-quantitative and qualitative method of carious enamel
assessment. The mineral component of enamel exhibits
birefringence since it can resolve a beam of plane
polarised light inte two rays which travel at different
velocities. The enamel crystals themselves have an
inherent birefringence of known value (1.62) called
"intrinsic birefringence". Enamel; therefore, has two
refractive indices, related to the two planes of
transmission within the crystal. The use of quantitative
polarised light microscopy in caries research attempts to
relate the difference between the two planes of light, to

differences in pore volume.

Apart from the mineral and organic constituents of enamel,

there are minute spaces present. During carious
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dissolution, there is an increase in the total volume of
the "spaces". These spaces can be filled with media of
known refractive index and a measure of the volume or
percentage of the spaces carried out. This results in a
second type of birefringence called "form birefringence",
which may be altered by changing the imbibing media.

Using this technique, Silverstone (1966, 1967, 1968) and
Kidd (1983) have described the histological pattern of the
carious enamel lesion in some detail, where four distinct
zones have been reported. These are the surface, dark and
translucent zones, and the lesion body. The appearance of
a dark zone within the lesion is thought to be indicative
of either a slowly progressing lesion, or further
deposition of mineral within the lesion ie. remineral-
isation. The micropore system of the dark zone has been
described as a molecular sieve (Darling et al., 1961;
Poole et al., 1963) and is considered the "resting point"
for mineral which has been removed from the deeper layers
of the enamel lesion, and which may be transported to more

superficial parts of the lesion at a later stage.

Remineralisation studies using polarised light attempt to
quantify alteration in porosity during mineral deposition,
by measuring changes occurring in both the surface zone
and the dark zone. As mineral is deposited, both zones

are thought to become broader and more well-defined (Kidd,

1983) .

Polarised light, as the sole routine quantitative method

of lesion assessment is limited, since it -is both time-
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consuming and has recently been shown to underestimate
lesion porosity (Shellis & Poole, 1985). Previous pore
volume calculations assumed even distribution of the
pores, but Shellis & Poolé (1985) .showed this 1is not so,
and that pore-distribution within the lesion is more
random than originally assumed. It was concluded that
polarised light must be used in conjunction with other
quantitative techniques for accurate pore-volume

assessment.
1.6.4 Microhardness

Enamel microhardness measurements involve indenting the
enamel surface with a Knoop diamond under the action of a
known weight. By measuring the dimensions of the
indentation, an assessment of the lesion's resistance to
breakdown can be carried out and has been used extensively

on enamel slabs which were exposed to the oral environment

(Koulourides et al., 1974; Gelhard et _al., 1979) and in
vitro (Purdell-Lewis et al., 1976; Arends et al.,
1979, 1980). This technique has been employed on the

polished cut surface of the enamel lesion as well as on
the anatomical surface. Various claims have been made as
to which is the better measure of lesion de- or
remineralisation. It was concluded by Arends et al.
(1980) that the results of natural enamel surface
indentation were in good general.agreement with
microradiographic and scanning electron microscope

assessment (vide infra). In contrast, ten Cate et al.

(1985) claimed that microhardness should always be carried
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out on the polished cut surface, as this differentiated
between varying mineral deposition within the lesion,
which indenting the anatomical surface does not.
Microhardness does not measure mineral content directly,
but assumes a constant relationship between lesion
resistance and mineral content. The technique is however,
both time-consuming, operator dependent and destructive

(Arends et al., 1980).

1.6.5 Chemical analyses

The chemical analysis of enamel biopsies taken by applying

an acid etchant to the enamel has normally involved an

assessment of lesion fluoride profile (Aasenden et al.,

1972; Retief et al., 1980; Bruun et al., 1983; Pearce,
1983; Retief et al., 1983; Chow et al., 1985). Hallsworth

et al. (1972) have proposed an elaborate system of lesion
microdisection, and later chemical analyses of lesion
mineral and trace element content. Other analyses have
included the assessment of iodine permeability (Brudevold
et al., 1984) and the elaborate technique of Ingram &
Silverstone (1981) to measure total mineral loss from
enamel during early lesion formation. In general, there
has been good agreement between chemical analyses and
other methods of lesion assessment (Ingram & Silverstone,
1981; ten Cate & Duijsters, 1983a). The techniques are

again both time- consuming and destructive.
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1972; Halléworth et al., 1972; Retief et al., 1980; Bruun
et al., 1983; Pearce, 1983; Retief et al., 1983; Chow
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the assessment of iodine permeability (Brudevold et al.,
1984) and the elaborate technigue of Ingram & Silverstone
(1981) to measure total mineral loss from enamel during
early lesion formation. In general, there has been good
agreement between chemical analyses and other methods of
lesion assessment (Ingram & Silverstone, 1981; ten Cate &
Duijsters, 1983a). The techniques are again both time-

consuming and destructive.




1.6.6 Scanning electron microscopy / electronprobe

The scanning electron microscope (SEM) has been employed
alone, or combined with the electronprobe, to study both

the natural and fractured enamel surfaces of the early

enamel lesion (Haikel et al., 1983; Fejerskov et al.,
1984; Holmen et al., 1985 b,c). The SEM has the advantage

over techniques using light microscopy in that it is not

restricted by the resolution of visible light and fine

detail can be examined at high magnification. It has been

employed to examine differences in surface morphology
(Ingram & Fejerskov, 1986) and the interprismatic region
of fractured enamel (Brannstrom et al., 1980). Ingram &
Fejerskov (1986) concluded there were no measurable
differences in surface morphology between normal and
carious enamel. The technique is restrictive as a
quantitative method and is destructive because the
specimen has to be coated before examination within the

SEM vacuum.

The SEM has been used in conjunction with the electron
probe in a number of studies to assess lesion progress
(Purdell-lewis et al., 1976; Clarkson et al., 1981;
Clarkson et al., 1984b). In general, there has been

good agreement between the different methods of
quantification but, iike microhardnesé, the electronprobe

technique is destructive.
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1.7 DISCUSSION

There is clearly a need for extensive well-controlled
remineralisation studies, preferably within the natural
environment of the oral cavity, to assess the true effects
of fluoride concentration,_frequency and duration of
exposure. The oral environment is difficult to emulate in
the laboratory, therefore, an in situ investigative
technique where samples can be removed for assessment,
would seem to have considerable potential. However, to
date, in situ techniques. have involved the use of slabs,
the mineral content of which can only be measured
accurately at the end of an experiment. The use of
sections, in which répeat measurements could be made at
various times during an experimental procedure and later
related to the baseline value, would increase the
sensitivity for detecting small changes in mineral
content. If the inherent advantages of the single section
technique are to be successfully extended to the in situ
situation, then there is a need for a gquantitative,

repeatable and simple method of assessing mineral content.

From the above review, quantitative microradiography/
microdensitometry appears as the only technique which
enables the accurate ﬁeasurement of mineral content
deposited within the enamel lesion. Coupled with the use
of single enamel sections{ the result should provide a
model which would appear sensitive enough to investigate
small changes in many of the parameters affecting both de-

and remineralisation. This was the method chosen for use




in this study and a more detailed description of the
microradiographic technique will, therefore, be outlined

in section 2.6.
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Figure 1.1 A 'white spot’ lesion on the distal aspect of an

extracted premolar, illustrating early breakdown of the

tissue, resulting in cavitation.
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TABLE 1.1 RANGE OF CONCENTRATION, FREQUENCY AND MODALITY
INVESTIGATED IN PREVIOUS FLUORIDE STUDIES

PARAMETER

Vehicle

Concentration

Frequency

RANGE

drops, tablets, rinses, milk,
dentifrices, gels and varnishes

1 - 29:000 Pme

from twice/day to once/year

ElN
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CHAPTER 2 METHODS & MATERIALS - GENERAL

2.1 INTRODUCTION

In this chapter, the methods used to collect and prepare
the teeth employed in the experiments, the production of
artificial carious lesions, the sectioning and grinding of
the specimens and the techniques used to quantify the
mineral content of the lesions will be described. Most of
these techniques were standard ones, but others have been
developed and modified by the author for the purposes of

this project.

2.2 TOOTH SELECTION AND PRFPARATION

2.2.1 Source, preparation and examination of the teeth

Human premolar teeth were employed, since it has been

shown that artificial lesions formed in enamel from other
sources such as bovine and ovine samples, progress at up
to three times the speed (Featherstone & Mellberg, 1981).

(See also section 1.4.2).

The teeth were obtained from dental practices and oral
surgery units in and around the Glasgow area (water
fluoride < 0.03 ppm) and were stored in a 5 % aqueous
thymol solution until required. The enamel surface was
cleaned with a rubber cup and a fine pumice-alcohol

mixture to remove any pellicle or calculus deposits
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thereon. The crowns were thoroughly cleaned in alcohol,
and then in warm soapy water. After drying in warm air,
the entire crown was examined under x 10 magnification to
check for flaws, cracks or incipient carious lesions on

the buccal enamel surface.

2.2.2 Varnishing and window preparation

The crowns of the teeth were entirely covered in a coat of
a proprietary nail varnish (Max Factor, London, England),
as illustrated in Fig. 2.1. After 1 - 2 hours, the buccal
aspects of the teeth were given a second coat, to ensure
adequate thickness of varnish. The coated teeth were
stored for at least 24 hours, to allow the varnish to set.
Using x 10 magnification, four to ten exposure windows,
(dimensions approximately 1 x 5 mm), were cut on the
buccal surface of each tooth with a No. 11 scalpel blade
(Swann-Morton Ltd., Sheffield, England). One such tooth
is shown in Fig. 2.1. To ensure that the underlying
enamel had not been damaged, the varnish was removed from
a representative sample by acetone application and the
teeth were examined carefully for surface scratches. At
no time, however, was damage noted on any of the teeth
examined, and the prepared samples were then ready for

immersion into the artificial caries system (vide infra).
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2.3. THE LACTIC ACID GEL ARTIFICIAL CARIES SYSTEM

2.3.1 Chemical details

The chemical methods used to produce caries-like lesions
in enamel have been described previously (1.4). The
method chosen in this project was the acidified gelatin
system (von Bartheld, 1958, 1961; Silverstone, 1967).
Despite the long exposure times necessary for lesion
production, the method consistently produces enamel
demineralisation which is both histologically and
microradiographically similar to the early incipient
enamel lesion. The constituents and method of preparation
of the acidulated gelatin used in this project are

detailed in Appendix I.

Gelatin is a hydrophylic colloid obtained by the partial
hydrolysis of collagen. It is composed of amino acids
linked by peptide bonds to form linear polymers, and
dissolves slowly in warm water forming a macromolecular
colloid dispersion. The gelatin used (Difco Laboratories,
East Molesey, Surrey, England) was employed for the
creation of artificial lesions throughout the study. The
gelatin was acidified and provided with a source of
calcium and phosphate ions, their role in the external
environment of the enamel being to regulate the mineral
movement from gel to enamel. In addition, the presence of
calcium and phosphate are considered fundamental to the

successful artificial creation of an intact surface layer

(Moreno & Zahradnik, 1974; Featherstone et al., 1978;
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Weatherell et al., 1983; Anderson & Elliott, 1985). The
fluoride content of the gel was measured using an Orion
Ionalyser Microprocessor (Orion Research, Massachusetts,

U.S.A.) and found to be 0.1 ppmF.

2.3.2 Laboratory procedure

The production of 1 litre of the acidified gelatin is
detailed in Appendix I. The pH of the gelatin was
normally 4.0 for lesion production and a range of

pH 4.0 - 5.0 for the further acid attack pilot study - see
Chapter 7. Some difficulty was experienced in attaining a
stable pH; thus, the gelatin was left for approximately

1 hour at a constant temperature of 37° to ensure the pH

measurement had stabilised.

The root of the tooth to be immersed was embedded in
dental carding wax which was pressed firmly on to the
inner surface of the plastic 1id of a glass vial, and
gently lowered into the bottle of molten gelatin, ensuring
adequate thickness of gelatin overlying the exposure
window region of the specimen. The vials were kept at

room temperature for 10 - 12 weeks.
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2.4 SECTION PREPARATION

2.4.1 Preparation of the enamel specimen

At the end of the acid exposure, the tooth was withdrawn
from the gelatin, the varnish removed with amyl acetate
(BDH Chemicals Ltd., Poole, Dorset, England) and the
crowns washed thoroughly in warm soapy water. The buccal
surface was examined using x 10 magnification to ensure
the artificial caries process had not adversely affected
the enamel surface, which should have retained both its
structural integrity and shine. In addition, anatomical
features such as the perikymata should still have been
obvious. Most of the root was then removed using a dental
drill (Milbro, Epson, England) and diamond disc, leaving
approximately ! - 2 mm of root dentine just apical to the
enamel cap. The crown was subsequently halved mesio-
distally, leaving the portion with the lesions on one
cusp. The specimen was then mounted on to specially
produced acrylic blocks using "Loc-tite" adhesive (Loctite
(U.K.) Ltd., Welwyn Garden City, England). The block was
left in a warm, dry, area for 1 - 2 hours to ensure

adequate hardening of the adhesive.

Using a saw microtome (E. Leitz (Instruments) Ltd.,
Luton, England)( sections were cut to an approximate
thickness of 250 pm at the slowest approach speed setting
on the microtome (Fig. 2.2). The slow approach speed
procedure permitted the maximum number of sections to be

cut from the brittle enamel block. Each section was
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coded, using a graphite pencil, with a letter illustrating
the experiment to which it would be allocated, and two
numbers corresponding to (a) the tooth and (b) the section
from which the specimen had been cut. By so doing, the
section could be easily identified at a later stage, the
code being retained for use once'radiographic and
microdensitometric analysis had been completed (vide

infra).

2.4.2 A method of section grinding

Previous techniques fpr the production of thin enamel
sections (Fearnhead, 1960; Fremlin et al., 1961; Bovis,
1968) were both laborious and time consuming. This
section describes a technique which was both original and
simple. Moreover, the method greatly reduced the time
necessary for hand grinding of sections to the required

thickness.

A heavy brass plate was covered in a damp gauze, as
illustrated in Fig. 2.3. A slurry of carborundum powder
(particle size - 0.3 pmi - Raymond A. Lamb, London,
England) and water was mixed on a ground glass plate,
previously used to sharpen soft tissue microtomes (Shandon
Southern Products, Runcorn, Cheshire, England). The
specimens, labelled on both cut aspects, were placed on to
the moistened gauze, and slowly rotated round the glass
plate in a "figure of eight" motion. The friction between

the section and the cloth was greater than that between

the section and the carborundum slurry on the glass plate,
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thus the sections remained immobile on the gauze-covered

brass plate. One of the cut surfaces was ground for only
10 - 20 sec, merely to remove the concentric rings caused
by the saw microtome. The code was rewritten on that

surface and the section ground until the required
thickness was attained. Normally 4 - 6 sections were
ground at any one time, with interuptions only to assess

section thickness.

2.4.3 Measurement of section thickness

Section thickness was measured using a digital micrometer
(Mitutoyo, Tokyo, Japan) as illustrated in Fig. 2.4. The
micrometer had a flat table and a perpendicular measuring
probe, which could be raised or lowered using a camera
extension cable (Fig. 2.4). Measurements of section
thickness were made at 1 mm intervals along the enamel
face. Thus, this procedure also provided information
regarding the planoparallelity of the section. Normally,
six to ten measurements were made, the variation from
cervical to coronal aspects rarely exceeding 1 - 2 pm .
Section thickness within the range 100 - 120 um was
considered necessary to obtain an adequate micro-

radiographic grey level range (vide infra).
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‘2.5 MICRORADIOGRAPHY AND MICRODENSITOMETRY

2.5.1 Introduction

Microradiography and microdensitometry techniques for the
analysis of dental hard tissues are based on the fact that
the absorption of X-rays by an enamel section will depend
on the mineral content of that tissue. Angmar et al.
(1963) developed the theory for calculating enamel mineral
content from microdensitometric measurements of micro-
radiographs of enamel. Bergman & Lind (1966) extended the
technique to assess the mineral content of altered,
demineralised enamel. The application of the method has
been employed‘extensively to assess the mineral content of
normal enamel (Soni & Brudevold, 1959a) and the
progression of mineral loss from enamel during demineral-
isation (Soni & Brudevold, 1959b, 1965; Groeneveld et al.,
1975; Pearce, 1983; Feathersone et al., 1983; ten Cate &
Duijsters, 1983b). However, limited wofk has been carried
out using the technique for the investigation of

remineralisation.

2.5.2 Theory

In general, quantitative microradiographic analysis of the
carious lesion is based on the fact that demineralised
enamel will absorb fewer X-rays than sound enamel. As
stated above, the optical dens;ty (greyness) of a
radiographic plate is dependent on the mineral content of

the enamel. Thus, the lesion will appear as a dark area
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on the radiographic plate, as shown in Fig. 2.5.
Microdensitometric measurements enable the grey level to
be quantified into mineral content for subseguent

analysis.

‘'Following the derivation of Angmar et al. (1963), the
enamel is assumed to consist of two major components:
(i) an inorganic component of thickness "tm", and

(ii) an organic element of thickness “to".

Thus, the grey level for any point in the lesion

has resulted from X-ray absorption by both components.
Hence, for a particular level of absorption of X-rays (ie.
the grey value of a point on the lesion), the absorption
in enamel can be eguated against the absorption in an
aluminium step wedge. Appendix II gives a detailed
account of the formula derived by Ang