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3

3

4

Introduction
Dental caries is ubiquitous - it is omnipresent in all pop-

ulations and is as old as mankind. The caries incidence
rate varies extensively between and within populations.
With increasing age, signs and symptoms of dental caries
accumulate, and in most adult populations the caries
prevalence approaches 100%. Prevention and operative
treatment of caries lesions and its sequelae occupy the
majority of the dental profession lifelong around the
world, and the cost of dental health care is a major soci-
etal burden.

The majority of dental restorations are made because of
dental caries. Caries and failed restorative care are the main
causes for tooth loss in all contemporary populations. So, it
is hopefully obvious that there are good reasons for
advancing an international textbook on Dental Caries: The
Disease and Its Clinical Management.

It has been a great pleasure for us that the first two edi-
tions of this book have found their way all over the world. In
the genesis of this third edition, we have realized that
Edwina Kidd has been emerita professor for several years
and soon Ole Fejerskov will follow, so it is time for a new
generation to take over. Therefore, Professor Bente Nyvad is
now a full member of the editorial team.

From the first to the second edition, the book put on
weight,’ becoming much more extensive. However, we have
no wish for it to become morbidly obese’ by continuing to

add to the length of text and topics. Rather, we have aimed
in this third edition to make a slimmer’ volume that hope-
fully makes it more readable for the main target: dental stu-

dents and practitioners in public health and dental practice.
We have invited 34 international colleagues to join us, many
of whom are new, to ensure both continuity and novelty in
lines of thinking throughout the book.

The role of cariology in restorative dentistry
The content of the book reflects our wish to make the basic
knowledge about the bio-physiology of the oral cavity and
dental caries applicable in daily clinical practice. When G.V.
Black published his comprehensive textbook in 1908 he
emphasized that clinical diagnosis and treatment decisions
should have a sound biological rationale. Although it
became appreciated by the middle of the 20th century that
dentistry is a biomedical speciality, the technical advances
with high-speed drilling and so on distorted the true appli-
cation of biological knowledge in optimal treatment of
dental caries.

Dental caries became synonymous with a cavity’ in the
tooth - and the automatic reaction was that the treatment
should be 'drill and fill.’ In the growing field of caries epide-

miology, dental caries was recorded as DMF teeth/surfaces,
where D stood for decay and decay meant a cavity. The
knowledge about etiology and pathogenesis of caries was

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



4 Dental caries: what is it and how widespread is it globally?

microflora composed of more than 1000 different
species. This was the focus around the turn of the
century, where, gradually, dental plaque came to be con-
sidered an oral biofilm and dental caries seen as a bio-
film-induced demineralization of the dental hard
tissues.

But even at this stage many questioned the role of tooth
cleaning in caries control!

This somewhat simplified overview of the major trends
in dental caries research over the last 50 years is important
because it will hopefully help new readers to understand
how the very different concepts and paradigms’ of today
are influenced by historical tradition. The way in which
scientific literature is selected and interpreted and its results
introduced into diagnosis, prognostic assessments, treat-
ments decisions, prevention, and public health strategies
will profoundly influence how successful the dental profes-

sion will be in controlling dental caries and maintaining a

functioning dentition in every patient from cradle to grave.

often taught in dental curricula in departments of microbi-
ology, pathology, and physiology, as well as in the growing
disciplines of the 1950s and 1960s of dental public health
and departments of pediatrics and preventive dentistry -

but the clinical relevance of ‘cariology’ to restorative clinical
departments was minimal, and knowledge to be applied at

the chair-side fragmented. To some extent this was under-
standable, because in a clinical department the students
were supposed to produce fillings, and crowns and bridges.
So the appreciation of the need for a concomitant disease con-
trol as part of any long-term successful restorative treatment
was limited.

The Keyes so-called triad stressed the components as
being: (1) the tooth, (2) the diet, and (3) the microflora.

1. The tooth. In the last half of the 20th century much
focus in caries research was on improving the resistance’

of the tooth. Logically, there was an enormous interest in

the role of fluoride in the prevention and control of
dental caries. There were many attempts to introduce
artificial water fluoridation worldwide in order to repeat
the very impressive caries reduction that Trendley Dean
and collaborators had documented in the USA. However,
it proved difficult in many populations to introduce
systemic fluoride programs, and by 1980 it became evi-
dent that the mechanism of action of fluoride in caries

control was not a result of improving enamel resistance.

Thus, the topical use of fluoride started to play a key role,

particularly fluoride added to toothpaste.

2. The diet. The role of sugar in caries development had
become evident by the middle of the 20th century,and
much effort was invested in trying to reduce the intake,

not least in children - with limited success. Total sugar
consumption per capita stayed fairly constant and sugar
substitutes were introduced. Then the dramatic caries

decline became well documented, in particular in the
Nordic countries, apparently without a significant
reduction in total sugar consumption. So the relative
role of diet was reconsidered.

3. The microflora. It was well known that a clean tooth
never decays’ - but the consequence of this statement
was seldom fully appreciated. When rodent experiments
around 1960 clearly indicated that dental caries was an
infectious and transmittable disease,’ extensive research
focused on identifying one responsible microorganism:

the caries pathogen. In the past, Lactobacillus acidoph-

ilus had been seen as the main bacterium causing caries,

but the focus shifted towards mutans streptococci. This
even led to attempts to introduce a caries vaccine against
Stretococcus mutansl Extensive research was carried out
without appreciating that there is a significant difference
between the behavior of bacteria in a planktonic (free-

floating) phase and the concept of oral ecology, where
the single microorganism is part of a complex oral

The content of this textbook

A textbook reflects the way in which the authors interpret
scientific data on a given subject, but we do not pretend that
this is the ‘truth’ about the complex disease called ‘dental
caries.’ There are extensive data available on today’s Internet,
and the stream of information will continue to grow. This is

an enormous challenge to clinical students and practitioners.
How can sense be made of the bombardment of information?
The authors have been asked to carefully present their
respective subtopics so that it is not just a compilation of
data, but selected data critically brought together in order to
explain why dental caries presents itself in the individual and
in populations in the way it does in today’s world.

The aim of this book is to present the dental student and
the dental practitioner with an update on the available
knowledge about dental caries, and the consequences of
this to its diagnosis, and how most appropriately and cost

effectively to control caries progression. Clinical decision-
making and the balance between nonoperative and opera-
tive treatments become even more important parts of daily
life in clinical practice. An understanding of the caries pro-
cess is needed to estimate the prognosis of treatment proce-
dures and the possibility of assessing the risk of disease
development in individuals and populations.

This book will demonstrate that in real life the processes
involved in dental caries are highly complex. In an ideal
world there would be a perfect deterministic model that
could relate all the potential determinants perfectly to car-

ies outcome. It will appear throughout the book that most
of the determinants that influence caries can, at best, be
measured only as proxy variables. The most we can hope
for, therefore, is to develop probabilistic models that relate
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determinants to risk of caries progression. However, even
under such circumstances, caries would remain unpredict-
able. Such inputs as:

• variable exposure to fluoride,

• times, lengths, frequencies, and types of sugar
consumption,

• quality of tooth cleaning,

• fluctuations in salivary flow rates and composition,
• quality and composition of biofilms,
• the behavior of the individual, and
• the societal context of the individual

are themselves highly variable. It is likely that this variability
and unpredictability of the inputs may play a crucial role in
the way in which the caries process develops. But all these
factors make up the fascination and challenge of our
profession.

It is our hope that this book will prepare the reader to
become a less dogmatic and more knowledgeable health
professional who strives to control dental caries in the most
cost-effective way.

The content of the book is organized according to our
wish to link theory with clinical performance. In other
words, making prevention, diagnosis, and restorative pro-
cedures evidence based.

In Chapters 2-4 we define what dental caries is and how
it most often manifests itself on different tooth surfaces.

Then we ask the question cHow big is the caries problem in
different parts of the world?’ and present basic epidemio-

logical tools.
Part II, ‘The caries lesion and it biological determinants’

(Chapters 5-9), basically covers the aspects of the Keyes
triad. Then this knowledge is applied in Part III, ‘Diagnosis’

(Chapters 10-12), and Part IV, ‘Controlling dental caries’
(Chapters13-18). When caries lesions require ‘Operative
intervention’ (Part V, Chapters 19-21), biological
knowledge is essential to provide the most careful inter-
vention and not to make unnecessary replacement of resto-
rations. Finally, Part VI, ‘From chair-side to population
caries control’ (Chapters 22-25), brings the principles of
dealing with the single tooth surface or the individual
patient forward by approaching caries control in whole
populations of different kinds. Moreover, this part
addresses the very important questions about risk
assessment versus prediction. In the final chapter we ask
the question: If we were to apply the knowledge we have
today on how to control dental caries most cost-effectively
in various parts of the world and maintain a functional
dentition lifelong, what recommendations would we then
formulate?

We hope you will enjoy the book - and interact with us,
whether agreeing or disagreeing. As Charles Darwin said:
‘All observations must be for or against some view to be of
any service.’
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The disease
The term dental caries is used to describe the results - the
signs and symptoms - of a localized chemical dissolution of
the tooth surface caused by metabolic events taking place in
the biofilm (dental plaque) covering the affected area. The
destruction can affect enamel, dentin and cementum. The
lesions may manifest themselves clinically in a variety of
ways, as will be dealt with in Chapter 3.

In principle, dental caries lesions may develop at any
tooth site in the oral cavity where a biofilm develops and
remains for a period of time. It is therefore a misconception
to talk about more- or less-susceptible surfaces as this may
erroneously give rise to the belief that certain parts of a
tooth are more resistant’ or dess susceptible’ to developing
caries lesions due to variations in the chemical and
structural composition [1, 3].

This is not to say that all tooth surfaces within the oral
cavity of an individual develop caries lesions at the same
rate. Dental caries lesions develop at relatively protected
sites’ in the dentition where biofilms (dental plaque) are
allowed to accumulate and mature over time. Such sites
include pits, grooves, and fissures in occlusal surfaces,
especially during eruption, approximal surfaces cervical to
the contact point/area, and along the gingival margin.
Obviously, insertion of foreign bodies to the dentition (e.g.,
fillings with inappropriate margins, dentures, orthodontic
bands) may also result in such protected’ sites. These areas

are relatively protected from mechanical influence from the
tongue, the cheeks, abrasive foods, and, not least, tooth-
brushing.Thus, these are the sites where lesion development
is more likely to occur because the biofilm is allowed to
stagnate there for prolonged periods of time.

This knowledge is very important, and it is 100 years ago
that Black [1] stated:

...the beginning of caries of the teeth occurs at such points
as will favour such lodgement or attachment in which the
microorganisms will not be subject to such frequent
dislodgement as would prevent a fairly continuous growth.
This is the cause of the localisation of the beginnings of
caries on particular parts of the surface of the tooth.

Dental caries lesions, furthermore, do not develop at the
same rate in all parts of the mouth. Thus, openings of the
major salivary glands represent areas with a special salivary
composition that favors a relative protection towards
chemical dissolution because of buffering capacity and
chemical composition of the secretory product (see
Chapter 6).

Dental caries lesions result from a shift in the ecology
and metabolic activity of the biofilm (Chapter 7) whereby
an imbalance in the equilibrium between tooth mineral
and biofilm fluid has developed. It is important to appre-
ciate that an oral biofilm, which forms and grows ubiqui-
tously on solid surfaces in the oral cavity, does not

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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or even reversed towards mineral gain because saliva is
supersaturated with respect to the enamel apatite. This
will result in arrest of disease progression - and may
even result in some redeposition of minerals in the very
surface of the tooth.

• Any factor that influences the metabolic processes, such
as the composition (e.g., content of buffering proteins)
and thickness of the biofilm, the salivary secretion rate
and composition (Chapter 6), the diet (Chapter 8),

and the fluoride ion concentration in the oral fluids
(Chapters 9 and 13), will contribute to the likelihood of a
net loss of mineral - and the rate at which this occurs.
Figure 2.1 indicates how the many biological determi-
nants of the caries process may act at the level of the
individual tooth surface (inner circle). At the individual/
population level (outer circle) the behavior, education,

knowledge, and attitudes will have a strong influence on
some of the biological determinants (quality of oral
hygiene, choice of foods, use of fluorides, salivary flow
from chewing gum, etc.)

• At any given point in time the net mineral loss or gain is
part of a continuous spectrum of events. The absence of a

clinically detectable caries lesion does not necessarily

necessarily result in the development of clinically visible
caries lesions when grown on dental hard tissues. Thus, a
biofilm grown on tooth enamel inserted in palatal devices
(so-called in-situ models) has to be protected5 from abra-

sion from the tongue movement. Similarly, in-situ models
for studying caries lesion development under controlled
conditions have preferably to be located so that microbial
stagnation areas are created. But the biofilm is a prerequi-
site for caries lesions to occur. The biofilm is characterized
by continued microbial activity, resulting in metabolic
events in the form of continuous, minute pH fluctuations.

The metabolism may be dramatically enhanced by chang-

ing the nutritional conditions (e.g., by adding fermentable
carbohydrates) and the outcome of the metabolism can be
recorded as pH fluctuations. Any shift in pH will influence
the chemical composition of the biofilm fluid and the
relative degree of saturation of this fluid with respect to the
minerals that are important for maintaining the chemical
composition of the tooth surface (see Chapter 9). From the
very moment of eruption into the oral cavity, the tooth sur-

face apatite will continue to be subject to these chemical
modifications on innumerable occasions. Most of these
modifications are so subtle that they can only be recorded
at the nano-level. Surfaces that are frequently covered by
biofilm (e.g., a cervical enamel surface) will gradually
accumulate fluoride in the very surface layers (outermost
100pm) (see Chapter 9, Fig. 9.11). Thus, the enamel surface
is in a state of dynamic equilibrium with its surrounding
environment. When the cumulative result of the numerous
pH fluctuations over months or years is a net loss of calcium
and phosphate of an extent that makes the enamel suffi-
ciently porous to be seen in the clinic, we may diagnose it as
a white spot 5 lesion (see Chapters 3 and 5). It is important
to appreciate, however, that, although the metabolic events
may result in detectable caries lesion formation, most
sequences of metabolic events tend to cancel each other,

which is why the metabolic events should be considered
intrinsic to biofilm physiology (Chapter 7). The caries

lesions arise when there is a drift in the metabolic events;

that is, when the pH drops result in a net loss of mineral.
Thereby, the dental caries lesions are a result of an imbal-
ance in physiologic equilibrium between tooth mineral and
biofilm fluid.

These considerations lead to some important points.
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• The dissolution (demineralization) when pH drops
below a certain level in the biofilm and the redeposition
(remineralization) of minerals when pH goes up (see
Chapter 9) takes place in the enamel surface at the inter-
face between the biofilm and the tooth surface. These
processes occur numerous times during a day and can

be modified extensively. If, for example, the biofilm is

partly or totally removed, mineral loss may be arrested

Figure 2.1 Schematic illustration of the determinants of the carious process.
Those that act at the tooth surface level are found in the inner circle.With time,
an ecological shift in the composition and metabolic activity of the biofilm
('microbial deposit') may result in an imbalance in the equilibrium between
biofilm fluid and the mineral of the tooth. Thus, a net loss of mineral results in
formation of a caries lesion (overlap of the two small circles). In the outer ring
are listed more distant determinants that influence these processes at the
individual and population levels. Adapted from [2]. Reproduced with permis-

sion of the University of North Carolina School of Dentistry.
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mean that no mineral loss has occurred (Chapter 5); it
only means that it could not be discerned clinically. If this
concept of a continuum is appreciated it will immediately
be understood why diagnosis of various stages of lesion
progression is a question of defining certain cut-off ’

points (Chapter 4).

straightforward.Thus, there will be a continuum of transient
changes from active to inactive/arrested and vice versa. A
lesion (or occasionally part of a lesion!) may be rapidly pro-
gressing, slowly progressing, or not progressing at all. This
will be entirely dependent on the ecological balance in the
biofilm covering the site and the environmental challenge.
Clinically, if in doubt, the dentist should always react as if
they are dealing with an active lesion.

Despite the diagnostic difficulties, these distinctions are
very important to the clinician because if a lesion is not
active then no action is needed to control further progres-
sion. If, on the other hand, a lesion is considered active,

steps should be taken to influence the metabolic activities
and possible the ecological balance in the biofilm in favor of
arrest rather than further demineralization.

At this point it is also sensible to discuss a possible confu-

sion in terminology. The first sign of a carious lesion on
enamel that can be detected with the naked eye is often
called a white spot lesion. This appearance has also been
described as an early, initial or incipient lesion. These terms
are meant to say something about the stage of lesion
development. However, a white spot lesion may have been
present for many years in an arrested state, and to describe
such a lesion as early would be inaccurate. A dictionary def-

inition of incipient is ‘beginning’; an initial stage. In other
words, an initial lesion appears as a white, opaque change
(a white spot) - but any white spot lesion is not incipient!

Rampant caries is the name given to multiple active car-
ious lesions occurring in the same patient. This frequently
involves surfaces of teeth that do not usually experience
dental caries. These patients with rampant caries can be
classified according to the assumed causality; for example,
bottle or nursing caries, early childhood caries (ECC) when
observed in children, and bakers' caries, radiation caries,
and drug-induced caries when seen in adults. ECC is simply
caries on teeth that are not clean, exposed to carbohydrates,
and located in an area of the mouth where oral clearance is
low (for details, see Chapter 16).

Hidden caries is a term used to describe lesions in dentin
that are missed on a visual examination but are large enough
and demineralized enough to be detected radiographically.
It should be noted that whether a lesion is actually hidden
from vision depends on how carefully the area has been
cleaned and dried and whether an appropriate clinical
examination has been performed.

Terminology
Caries lesions may be classified in a number of ways. Unless
the student is familiar with this terminology it can be diffi-
cult to understand what is written. This section introduces
and defines various terms that will trip off the writers’ pens
in subsequent chapters.

Carious lesions can be classified according to their ana-

tomical site. Remember, there is nothing chemically special
about these sites. Thus, lesions may commonly be found in
pits and fissures or on smooth surfaces. Smooth surface
lesions may start on enamel (enamel caries ) or on the
exposed root cementum and dentin (root caries ).

Primary caries is used to differentiate lesions on natural,
intact tooth surfaces from those that develop adjacent to a
filling, which are commonly referred to as recurrent or
secondary caries. These two latter terms are synonyms, but
in this textbook we will use the term recurrent caries
throughout. Recurrent caries is simply a lesion developing
at a tooth surface adjacent to a filling. As such, its etiology is
similar to primary caries.

Residual caries (as the term implies) is demineralized
tissue that has been left behind before a filling is placed.

An important classification is whether a lesion is cavi-
tated or noncavitated. A cavity is a physical hole in the tooth,
and it may impinge directly on the management of the
lesion (Chapters 16 and 18).

Caries lesions may also be classified according to their
activity. This is a very important concept and one that
impinges directly on management, although it will be evi-

dent from the text that the clinical distinction between
active and inactive (arrested) lesions is sometimes difficult.

A lesion considered to be progressing (you anticipate that
the lesion would have developed further at a subsequent
examination if not interfered with) would be described as
an active caries lesion. This distinction is based on a judg-

ment of the features of the lesion in question in combination
with an assessment of the oral health status of the patient. In
contrast to this is a lesion that may have formed years previ-
ously and then stopped further progression. Such lesions are
referred to as arrested caries lesions or inactive caries lesions.

You may also meet the terms remineralized or chronic
lesions used to signify arrested lesion; but, as you will appre-

ciate later, the term remineralization should be used with
caution (Chapters 5 and 9). The distinction between
active and inactive/arrested lesions may not be totally
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What do caries lesions look like clinically?

Dental caries lesions are the outcome or symptoms of innu-

merable metabolic events in biofilms which have covered a
tooth surface. When this outcome results in a cumulative
loss of mineral from the tooth of such a magnitude that the
porosity in the enamel (see Chapter 5) gives rise to a
decrease in enamel translucency we can diagnose white
opaque lesions. Early stages in enamel lesion formation will
therefore manifest themselves as white spot lesions. Because
these are indicative of increased porosity of the enamel it is
to be expected that food stain will sieve into the enamel, and
hence a white spot lesion may over time change color to
brown and even almost black.

The shape of the lesion reflects where the biofilm has
been allowed to grow and remain for prolonged periods of
time. In the days - not long ago - where children had no or
very poor oral hygiene it was common to see ‘kidney-

shaped’ lesions beneath contact facets proximally extending
onto buccal and lingual surfaces as a band of dull, chalky

white enamel along the gingival margin. With the much
better oral hygiene in contemporary populations the extent
of lesions is much reduced, and the shape will be deter-
mined by the particular shape of the stagnation area.

In the following we shall demonstrate a spectrum of
manifestations of caries lesions in children, adults, and the
elderly. Be aware that what you see here is photographed
and magnified and reproduced at high quality. In the clinic,

visual inspection is much more difficult! Therefore, we are
devoting several chapters in this book to cover various

aspects of diagnosis of dental caries lesions (Chapters 10-12)
and in particular focus on what it means to learn good
diagnostic practice (Chapter 12).

Most illustrations are of single teeth! But in the clinical
situation you should never decide on a treatment by only
considering a single tooth - the tooth is a part of an oral
environment of a patient. The choice of treatment and the
assessment of the prognosis of the dentition must be based
on a ‘total patient assessment’.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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The deciduous dentition

Figures 3.1-3.8 Figure 3.1: A 3-year-old child with thick accumulations of dental plaque along the gingival margin of the buccal surfaces covering active caries
lesions, some of which present with distinct cavities. Figure 3.2: Inactive/arrested caries lesions on buccal surfaces of upper central incisor teeth in a 5-year-old child.
Note that the shape of the lesions indicates where the gingival margin was located at the time when these lesions developed. The oral hygiene has improved and
the surfaces of these noncavitated opaque lesions are now smooth and shiny. Figure 3.3: Upper deciduous canine from a 5-year-old with an active, cavitated lesion
along the gingival margin. On probing it would be soft, but there is no reason to probe such a lesion unless you wish to provoke a pain reaction! Figure 3.4: Upper
incisors in a 5-year-old child. Several narrow, white opaque inactive caries lesions are located 1-2 mm from the gingival margins. One of the lesions exhibits a large
cavity that is hard on probing. This is an example of an inactive, cavitated lesion. Figure 3.5: Deciduous first lower molar in a 21/2-year-old child with two cavitated
active caries lesions. Note the peripheral white, opaque rim of enamel surrounding the cavities. Figure 3.6: Lower first deciduous molars with active, cavitated
lesions in the distal and disto-occiusal surfaces of a 6-year-old child. Figures 3.7 and 3.8: A 2-year-old child with extensive, active, partly cavitated caries lesions
encircling the teeth. This is an example of so-called nursing bottle caries - or 'bottle caries.' Figures 3.1-3.8 courtesy of I. Mejare.
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Figures 3.9 and 3.10 Slightly discolored lesions on approximal and buccal surfaces of an exfoliated deciduous molar. Note that the shape of the lesions reflects
the areas where dental plaque has been retained above the position of the gingival margin. Note also the opaque kidney-shaped part of the approximal lesion
cervically to the brown-stained center of the lesion in Fig. 3.9.

The permanent dentition

The free smooth surfaces

Figures 3.11-3.14 Figure 3.11: Active, noncavitated carious lesion on lower second premolar.The shape is typical, as it follows the curvature of the marginal gingiva
and corresponds to where a narrow band of dental plaque has been located in a stagnant area.The surface is dull and chalky. It is called a 'white spot lesion,' although
it extends from the approximal amalgam filling all along the gingival margin. On the mesio-buccal surface of the lower first molar another noncavitated lesion has taken
up brown stain. Note also the very thin lesion on the buccal surface of the first premolar along the gingival margin. Figure 3.12: Active, noncavitated carious lesion at

lower second premolar with a typical banana-shape of the white, opaque lesion with the cervical border following the shape of the slightly inflamed marginal gingiva.
A 1 mm rim of normal enamel between the lesion and gingiva indicates that the gingivitis,with swelling of the tissue, has been reduced as a result of attempts to control
the oral hygiene. Note also the remains of a white opaque lesion on the lower first premolar along the mesial and distal margin of the amalgam filling. On the lower
first molar a band of partly discolored, noncavitated lesion extends from an amalgam filling.This could be classified as secondary caries (recurrent caries), but is obviously
the remains of a primary lesion. Figure 3.13: Arrested/inactive, noncavitated ('white spot') lesion on the lower first molar. The lesion exhibits a localized circular surface
defect.The position of this lesion corresponds to where the marginal gingiva would have been at some stage during eruption of this tooth 30 years earlier.When viewing
the lesion from different angles it is apparent that the surface is shiny and smooth, although the tip of a probe will clearly detect the defect (which is also hard).
Figure 3.14: Extensive active, white, opaque and chalky buccal lesions which are noncavitated on the upper central incisors. A large superficial defect is seen on the
upper right lateral incisor. Notice the obvious difference between the chalky, dull appearance of the carious lesion along gingiva and the creamy appearance of the white,
opaque hypomineralized lesion of developmental origin (impaired enamel maturation) on the incisal third of this tooth. If a probe tip is moved gently across the surface,
an obvious difference in surface texture is felt between the smooth (and shiny) surface of the developmental defect and the chalky texture of the carious lesion.
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Approximal smooth surfaces
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Figures 3.15-3.21 Figure 3.15 and 3.16: Active, noncavitated 'early white spot' lesions on mesial surfaces of upper and lower first molars are easily observed
following shedding of primary teeth. The shape of each lesion indicates the stagnant areas where the biofilm (dental plaque) remained undisturbed. In the most

demineralized areas in the center of the lesions, the porous enamel has taken up stain.The lesion in Fig. 3.15 was treated nonoperatively and has remained as an
inactive, noncavitated lesion for almost 35 years! Figure 3.17: Active, discolored lesion on first molar with small cavity containing microbial deposits (dental
plaque). Figure 3.18: Different stages of active, cavitated lesions in upper premolars. Note that undermined enamel in the second premolar is reflected by a yellow-
whitish translucency of the enamel. Figures 3.19-3.21: Approximal lesions may be difficult to detect by direct visual inspection (Fig. 3.21), but inactive, severely
discolored lesions can easily be diagnosed once the neighboring tooth is extracted (Figs 3.19 and 3.20).
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Figures 3.22-3.26 Figures 3.22 and 3.23: In incisors, approximal lesions are easily discerned either directly or by reflected light, as shown in the distal surfaces
of the incisors (Fig. 3.22). The cervical black rim of discoloration is a result of cigarette smoking and can be removed by polishing. Figures 3.24 and 3.25: In the
premolar and molar regions it is much more difficult to see approximal lesions by direct inspection, even with careful training and experience. In this example
the cavity in the first premolar came as a surprise, considering the relatively shallow enamel lesion recorded on the bitewing radiograph - a so-called iatrogenic
damage when the dentist was drilling in the neighboring tooth. Figure 3.26: Even extensive active, cavitated lesions can remain difficult to detect until the adjacent
tooth is lost. Such lesions may, however, reveal themselves by a bluish or yellowish discoloration of the undermined occlusal enamel ridge- compare with Fig. 3.18.

Figures 3.27 and 3.28 Dental caries is a local destructive lesion that, if not controlled or treated operatively, will continue to progress until the entire crown is
destroyed and the lesions penetrate further into the root dentin.
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Figures 3.29-3.36 Figure 3.29: Parts of the irregular occlusal surface in molars represent plaque stagnation areas and hence predispose to lesion
development.Active, noncavitated lesions appear as chalky white, opaque lesions along the groove, fossa, pits and fissure systems. Figure 3.30: In the clinic
the plaque must be removed gently from the occlusal surface either with a brush or explorer as otherwise this active, noncavitated lesion might not be seen.
Figures 3.31 and 3.32: Arrested, noncavitated lesions often present as darkly stained pits and fissures. In Fig. 3.32, the cloudy, opaque areas in the premolars
with a shiny enamel surface on cusps and enamel ridges represent dental fluorosis. Figures 3.33 and 3.34: Active carious lesions with small and large cavities.

Note in Fig. 3.34 how the enamel appears bluish along the fissures as a result of the undermining nature of the occlusal caries lesions. When opened with a

bur the occlusal surface is likely to show substantial destruction of the dental tissues. Figure 3.35: Active carious lesion with large cavity extending deep into
dentin. Figure 3.36: Arrested occlusal caries lesion.The partly undermined enamel margins have been fractured and abraded away by mastication, and the
dental plaque in the dentin cavity has been removed because the surface is in functional occlusion. The dark-brown dentin is hard and painless.
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Occlusal caries lesions
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Figures 3.37-3.43 The figures demonstrate lesions that clinicians had misdiagnosed as an arrested lesion and sound. The lesions might be easy to miss unless
the tooth surface is absolutely well illuminated and dry. The radiographs in both cases demonstrate extensive radiolucent areas in the occlusal dentin indicative of
rather deep carious lesions (Figs 3.38 and 3.40).The bluish appearance of the disto-lingual cusp in Fig. 3.37 should make the clinician aware of a possible undermin-

ing larger lesion. Likewise, there is an obvious cavity in the central fossa in Fig. 3.39. These cases represent examples of so-called hidden caries because the dentist
had overlooked the clinical signs of lesions and the patient had not complained of any symptoms. The fact that these patients had otherwise very few fillings, and
no other signs of active or arrested carious lesions despite being 18-20 years old, probably led the dentists to perform a more superficial dental examination.
Figures 3.41-3.43: Example of an inactive occlusal lesion that the dentist assumed to be in need of operative treatment. The lesion in both enamel and dentin was
hard on probing and in fact did not extend far into the dentin.
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Root-surface caries
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Figures 3.44-3.49 Anywhere on root surfaces where dental plaque accumulates (along the cervical margin at the enamel-cementum junction and along the
gingival margin), active root surface lesions may develop with or without distinct cavities. Cavities may be soft (Fig. 3.46) or leathery (Fig. 3.47) and partly filled
with microbial deposits. The color of the lesions may vary from yellowish to brownish or black. Figure 3.48: Meticulous oral hygiene can arrest root surface caries
lesions and make the root surface appear shiny, although small surface cavities may remain. Arrested root surface lesions feel hard on gentle probing and show a
brownish or black discoloration. Figure 3.49: Root surface lesions in the transition stage from active to arrested often exhibit a dull, leathery appearance. Lesion
arrest is often a slow process that continues over years.The changes comprise surface abrasion and polishing, as well as mineral uptake (see Chapter 5).
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Figures 3.50-3.53 These cases represent a dentist's nightmare! There are extensive active root surface caries lesions. Figs 3.50 and 3.51 show a patient who has
undergone radiation of the head and neck. Although only very small amounts of biofilm can be seen, the lack of saliva results in extensive cervical and approximal
active caries lesion. Note how the enamel is undermined along the cavity margins. The patient in Figs 3.52 and 3.53 had received antidepressants for a long time
and presented with heavy soft microbial deposits on all exposed root surfaces. These teeth are very difficult if not impossible to restore. Figure 3.53 shows the
patient at 4 months following intensive plaque control with a fluoride toothpaste. The lesions are now mostly arrested. The previously soft surface is leathery to
hard, and from a biological point of view restorative dentistry has no role to play. Any restorative treatment would still be difficult, even using contemporary
adhesive materials. Restorations might help the patient to improved cosmetics, but they would not contribute to better tooth survival - rather the opposite.
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Figures 3.54-3.59 Examples of caries sequelae. The total destruction of the crown of a tooth may result in a local pyogenic granuloma of the gingiva (Fig. 3.54).
In Fig. 3.55 the pulpal tissue has survived but is freely exposed to the oral cavity and covered by squamous epithelium (pulpal polyp). Most often, untreated dental
caries results in necrosis of the pulp and development of a periapical abscess that may penetrate the bone to the oral cavity (Fig. 3.56) or in rare cases even directly
to the surface of the skin (Figs 3.57, 3.58, and 3.59). The abscess from the lower central incisor has penetrated the mandible and pus is emptied regularly through
a fistula. As long as the duct of the fistula remains open there is hardly any pain.
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Introduction What? Defining the health issue at hand
In Chapter 2, dental caries was defined as the result of a
localized chemical dissolution of a tooth surface resulting
from metabolic events in a biofilm (dental plaque) on the
tooth surface. Taking this definition to the ultimate would
lead us to conclude that caries is present whenever a calcium
phosphate crystal has been dissolved from the enamel. We
also know that the actual state of the tooth surface at any
given time point is determined as the net result of a dynamic
process in which events of dissolution and remineralization
are alternating (see Chapter 9). When there is no drift in
this process - that is, no long-lasting trend favoring one or
the other type of event - we need not be the least concerned.
In the absence of a drift, the process is self-limiting and the
degree of demineralization or remineralization (calculus

Epidemiology is the scientific discipline that studies the
distribution and determinants of health problems in
populations and seeks to apply the results to the control
of health problems. Thereby, epidemiology seeks to
describe the what, who, where, when, and why/ how of
health problems and events, such as caries lesion
formation (Box 4.1).

In this chapter we will review key aspects of the epidemi-
ology of dental caries with a main emphasis on describing
the caries occurrence. Descriptive caries epidemiology is
concerned with the assessment of caries in relation to what
(case definitions), who (person), where (place) and when
(time/trends), whereas the why/how aspect is the key
question for analytical caries epidemiology.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Ny\ ad, and Edwina Kidd.
O 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Health issue of concern - for many diseases there is no global consensus on the defining criteria for the disease. The study of disease
epidemiology, therefore, necessitates a clear-cut case definition; that is, a set of standard criteria for classifying whether a person has a
particular disease, syndrome, or other health condition.
Person - disease occurrence varies according to personal characteristics. Age and gender are inherent characteristics that are relevant to

disease occurrence, but personal characteristics may also include biologic characteristics (other diseases, frailty), acquired characteristics
(marital status), behaviors (smoking, medication use), or living conditions (socioeconomic status, access to care).
Place - disease occurrence varies according to geographic location, such as country, region, urban or rural, institutional or noninstitutional,
school district, dental clinic, operator.
Time- disease occurrence changes over time and disease occurrence may be monitored to alert to possible public health threats or to assess
the effect of public health interventions.
Causes, risk factors - whereas descriptive epidemiology is used to identify disease patterns, analytic epidemiology is used to test hypotheses
about the causes of such disease patterns or about factors that increase disease risk. The key feature of analytical epidemiology is the
comparison group.

What:

Who:

Where:

When:

Why/how:

Box 4.1 The five 'W' questions addressed by epidemiology

in the continuously ongoing, subclinical de- and reminer-
alization processes (see Chapter 5). Another implication is

that our understanding of the magnitude of the caries
problem’ in a given population will depend on the thresh-
olds set for the detection of lesions, as well as on the actual
detection method used, whether visual-tactile, radio-
graphic, or other adjunct methods (Chapters 10-12).
Finally, Rose’s iceberg metaphor shows us that the term
caries free’ is a misnomer. Everybody has got at least a

touch of caries (see Chapters 5 and 9), and any statement
about the epidemiological features of dental caries is invari-

ably conditional on the measurement methods and the
detection thresholds used.

formation) is unlikely to exceed any clinically relevant
threshold. Moreover, from a practical and clinical stand-
point it makes no sense to try to detect or describe dental
caries at the level of very early crystal dissolution. None of
the detection tools available to us, whether the visual-tactile
clinical examination (Chapter 10) or the radiographic
examination or other detection measures (Chapter 11),

even in the hands of the most diligent dental clinician, are
remotely able to reflect dental caries at these very early
stages. The issue remains, however, to agree on the clinically
relevant threshold(s) for caries lesion detection.

In the clinic, we talk about caries diagnosis and caries

detection as if we were diagnosing a disease entity. That is a

mistake, since what we are doing is essentially detecting
lesions for treatment. Other lesions may be present, which
are considered to need no treatment, and many lesions are
subclinical and therefore do not come to the clinician’s
attention. It took a pioneer in epidemiology, Geoffrey Rose,
to point out to us the implications of the fact that most dis-

eases come in all sizes [163]. Most diseases, including the
oral diseases, form a continuum ranging from signs that are
barely perceptible using high-tech tools to overt and tan-
gible manifestations perceived by the patients as symptoms.
In the clinic, we use the term ‘dental caries’ as a collective
designation for a set of signs and symptoms that range from
barely clinically perceptible alterations in the outermost
enamel to the ultimate stage of complete decay of all the
dental hard tissues (see Chapter 5). One implication is that
the process we call caries ‘diagnosis’ or ‘detection’ is our
diagnosis or detection of ‘lesions for treatment’ and not

diagnosis of disease. Geoffrey Rose coined an iceberg met-

aphor (later taken to cariology by Pitts [155, 156] ) to point
out that ‘the visible tip of the iceberg of disease [which in

our case could be the carious cavities] can be neither under-

stood nor properly controlled if it is thought to constitute

the entire problem’ [163]. In other words, we will make a

serious mistake if we disregard the fact that what we see as
clinically overt caries lesions are lesions that have been
fathered by a drift or a trend towards demineralization

What counts as caries?

It is essential to appreciate that there is no global consensus
on the criteria for the detection of caries lesions. For more
than a century it has been recognized that the full range
of signs and symptoms of caries lesions includes early
noncavitated lesions confined to the enamel [88, 211],

sometimes designated incipient lesions. Despite this, there
has been a longstanding tradition in dental caries epidemi-
ology for recording dental caries only in case of obvious
cavitation. The arguments for ignoring the earlier clinically
detectable manifestations of caries lesion formation have
typically involved concerns regarding the ease of use of the
recording system and the reproducibility (reliability) of
the recordings [103]. As an example, the World Health
Organization (WHO) guides to oral health surveys continue

to stress that the stages of caries that precede cavitation
should not be recorded, as it is claimed that ‘they cannot be
reliably diagnosed’ [209-213]. As is shown in Chapters 10
and 12, this claim is erroneous. Moreover, it is highly
unfortunate as it prevents dental students and clinicians
from understanding how the dental caries process can be
controlled to avoid the progression of subclinical and early
clinical lesions into overt cavities.

The lack of consensus on the methods and criteria for
detection of caries lesions probably results from the idea
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that different purposes dictate different means. Epidemiolo-

gical purposes are frequently perceived as requiring methods
and criteria that work well with multiple examiners under
field conditions where adequate light and means of drying
teeth could pose difficulties. Similarly, clinical research
studies carried out to test new diagnostic devices or
therapeutic agents may call for a set of criteria designed
specifically to reflect the anticipated effect of the therapeutic
agent or the mode of action of the diagnostic device. The
level of disease in the population could also be a determi-
nant of the caries lesion detection systems used. In low-caries
populations, such as many contemporary European popula-

tions, it has increasingly been considered important to
record the early, pre-cavitated stages of caries. Not only do
such lesions constitute the vast majority of the caries lesions
observed [86, 127], there is now also scientific evidence that
these lesions constitute the key to the control of dental caries
(see Chapters 13 and 17). On the other hand, there are many
places in this world where the caries experience remains so
high, and the access to treatment so low, that a need is felt to
supplement the recording of cavitated lesions by recordings
of the consequences of untreated decay (cavities) to ade-
quately reflect the disease burden to the population. This
can be achieved by recording the number of severely decayed
teeth with either visible pulpal involvement, ulceration
caused by dislocated tooth fragments, fistulas or abscesses
(the PUFA index) [141] (see also Chapter 3, Figs 3.57, 3.58,
and 3.59).

reliability expresses the degree of agreement between different
examiners who examine the same subjects independently of
each other, while the intra-examiner reliability expresses the
degree of agreement within an examiner at two time points
sufficiently close to ensure that the caries situation has not
changed, and sufficiently apart to ensure that the examiner is
unable to remember their first recordings. Inter- and intra-

examiner agreement is typically expressed as the percentage
sites or teeth for which there was agreement between the
duplicate recordings or as the chance-adjusted percentage
agreement [2], the K value [42].

While it is easy to describe the ideal caries lesion detection
system in terms of perfect validity and reliability, the real
world is full of imperfections. There is no global definition
of the construct of a caries lesion, and there is no universally
acceptable gold standard5 for caries lesion presence or
caries lesion behavior. Validity is therefore neither present
nor absent, but a relative phenomenon. Similarly, inter- and
intra-examiner reliability is never perfect, but ranges
between no agreement and complete agreement, typically
never reaching either endpoint. We therefore consider it
more fruitful to seek other approaches to the definition of
what should count as caries and how caries lesions should
be classified.

It is our view that the management of the caries
problem is the centerpiece. From the dental patient s per-

spective there can be little doubt that the best caries
lesion detection system is the one that leads to the best
health outcome for the patient; that is, the one that best
reflects the optimal management options for different
types of caries lesions [8, 10, 86, 157]. This means that
the best caries lesion detection systems can be identified
through randomized controlled clinical trials as the car-

ies lesion detection system that results in the best health
outcomes for the patients included in the trial. We see no
reason why epidemiological studies or studies carried out
for clinical research purposes should be carried out using
caries lesion detection systems that do not reflect all
manageable caries lesions.

Most caries epidemiological studies are based on caries
recordings made using a visual-tactile caries detection
method. Ismail [87] reviewed the scientific literature and

Validity and reliability of caries lesion
detection systems
The ideal criteria for caries lesion detection are typically
described as being valid and reliable and characterized
by clarity, objectivity, and acceptability. Validity refers to
the ability of the caries lesion detection system to mea-

sure what it purports to measure [115]. Three types of
validity are relevant for caries lesion detection methods
and criteria: content, construct, and criterion validity
(Box 4.2).

Reliability of measurements refers to the degree of stability
or consistency of the results obtained when measurements
are repeated under consistent conditions. Inter-examiner

Type of validity
Content

Question addressed (Q) and examples (E) of compromised validity
Q: Does the method lead to the detection of all facets of the construct 'a caries lesion'?
E: If important facets such as the early lesions are excluded, content validity is compromised.
Q: Does the method actually measure the construct 'a caries lesion'?
E: If the method includes noncarious lesions, such as dental fluorosis lesions, construct validity is compromised.

Criterion- concurrent Q: Do the lesions detected by the method corroborate a 'gold standard' (true) measure of lesions?
E: If clinically detected 'enamel lesions' are seen histologically to penetrate into dentin, the concurrent criterion validity is compromised.

Criterion- predictive Q: Do the lesions detected by the method predict the known behavior/fate of such lesions?
E: If active caries lesions are detected that have not progressed when reassessed at a later stage, predictive criterion validity may be

compromised.

Construct

Box 4.2 Types of validity relevant to the 'ideal' caries lesion detection system
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lesions [63] . Table 4.1 shows the types of caries lesions
detected by some of the more commonly used visual-tactile
caries lesion detection systems. From these caries lesion
labels it is not entirely clear how lesions detected in one
system would be classified by another system, and the more
precise descriptions found in the original publications of
each type of lesion are not necessarily helpful either.
Similarly, it is not immediately clear if different types of car-
ies lesions scored according to these systems would call for
different treatments. It is therefore important to stress that
comparability across caries lesion detection systems may be
limited, even when results are expressed in a D -D

4
frame-

work of lesion severity. This means that diligence should be
exercised when comparing results obtained in different
populations using different caries lesion detection systems
and different examiners [1].

identified no less than 29 unique visual-tactile caries lesion
detection systems that had been published between 1966
and 2001. These 29 caries lesion detection systems varied
considerably in terms of the criteria used to detect and clas-

sify caries lesions and in terms of their use of explorers and
drying or cleaning of teeth prior to the examination. This
review showed variable content validity of the caries lesion
detection systems [87, 103], since many criteria systems
measure only a single - typically the cavitated - stage of car-
ies lesion formation. It was also noted that the construct
validity was compromised for some of the systems, as they
did not provide guidance on how to distinguish actual car-
ies lesions from other dental hard tissue lesions of noncari-

ous origin [87]. An interesting observation in this review

was the apparent gulf between caries lesion detection sys-

tems developed in Europe and those developed in the USA,

as there has been a trend for European systems since the
1960s to include early signs of caries, whereas criteria devel-
oped in the USA have remained focused on measuring
cavitated stages only.

Expressing the extent of dental caries:
the DMF count

A fully dentate adult person has 32 permanent teeth,

representing 148 surfaces, while the young child has 20
primary teeth, representing 88 surfaces. In caries epide-

miology it is necessary to summarize the caries record-

ings for each subject, to express the extent of caries - ‘the
caries experience’ - for each person. A method to achieve
a subject-level measure of caries experience, the DMF
index, was suggested in 1937 [105]. The DMF-value for
each subject is obtained by counting the number of
decayed ( D/d), missing due to caries (M/m), filled ( F/f )
teeth (T/t) or surfaces (S/s), resulting in a DMFT (or
dmft) or DMFS (or dmfs) count for each subject exam-
ined. Use of capital letters indicates counts based on

permanent teeth, whereas use of lower case indicates
counts based on primary teeth. Occasionally, the letter e’

is used instead of ‘m’ to indicate a primary tooth extracted
due to dental caries.

The DMF/dmf index is widely used in caries epidemi-
ology owing to its simplicity, versatility and amenability to

Grading the 'severity' of caries lesions

Since the publication of the WFIO’s A guide to oral health
epidemiological investigations [211] it has been a tradition in
caries epidemiology to range the clinically detected caries
lesions along a DL-D

4
continuum of severity, where D is

short for ‘decayed.’ The D
} designation is typically used to

indicate lesions described as incipient or enamel lesion with
intact surface or noncavitated, while the D

4
designation

indicates a cavitated lesion with pulpal involvement.
However, the interpretation of results presented in the D

1
-D

4

framework depends on the underlining caries lesion detec-

tion system used, as the comparability is limited across
detection systems [87]. Therefore, even though the D

3
level

is typically interpreted as signifying the presence of a cavity,
this is not necessarily the case as noncavitated lesions
judged to involve dentin are sometimes also regarded as D

3

Table 4.1 Descriptors of the types of caries lesions detected using some of the major caries lesion detection systems currently in use.

ICDAS [89, 90]Nyvad etal. [18, 174]WHO 1979 [211] WHO basic NIDRC/NHANES BASCD [5]
methods [212] [4, 45]

Incipient lesions Arrested dentinal decay Inactive lesion, surface intact First visual change in enamel
Frank lesions Caries in dentine

DecayedInitial caries
Enamel caries Distinct visual change in enamelInactive lesion, surface

discontinuity
Inactive lesion, cavitated Localized enamel breakdown because of

caries with no visible dentin or underlying
shadow
Underlying dark shadow from dentin with or
without localized enamel breakdown
Distinct cavity with visible dentin

Decay with pulpal
involvement

Dentine caries

Active lesion, surface intactPulpal
involvement

Active lesion, surface
discontinuity
Active lesion, cavitated Extensive distinct cavity with visible dentin
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General
• The philosophical basis for giving equal weights to untreated caries (D), restorations (F), and missing (M) teeth or surfaces is questionable.
• The number of teeth/surfaces at risk to DMF/dmf is not known. DMF counts, therefore, have little meaning unless age is stated.
• DMF/dmf data are of little use for estimating treatment needs.

M component
• Teeth may be missing for reasons other than caries (e.g., periodontal diseases, orthodontics, trauma). Information on the reasons may be difficult to elicit.
• Tooth extractions are heavily influenced by the dentist's view on treatment options and the patient's willingness/ability to pay for treatment.
• Traditionally, a missing tooth will count as four or five surfaces in the DMFS/dmfs, depending on tooth type. Flowever, it is quite unlikely that all tooth surfaces

have been carious, whereby some overestimation of caries experience may be anticipated in the M component contribution.

F component
• The presence of a restoration in a surface may reflect restorative treatment principles ('extension for prevention'; 'preventive restorations') rather than dental

caries.
• Sealants may be placed for preventive or cosmetic reasons, in which case they do not signify caries (restorations); or they could be placed as a treatment for

early, noncavitated active caries lesions, in which case they should be counted as caries related.
• Sealants, composite, and resin restorations can be hard to detect, and this may lead to underestimation.

D component
• The criteria used in the detection and classifications of caries lesions are crucial for the DMF/dmf counts. DMF/dmf counts, therefore, cannot be compared

without reference to the caries lesion detection criteria used.

Box 4.3 Some important limitations to the DMF index

statistical analysis. However, the interpretation of the DMF/
dmf as a measure of caries experience is limited by a
number of factors [26, 30, 179] (Box 4.3). In high-income
countries where access to dental treatment is widespread,

the DMF counts tend to reflect a high level of restorative
treatment, and the F component dominates, whereas in
low-income countries with limited access to dental care the
d/D component, measuring untreated caries, dominates
the dmf/DMF counts. Therefore, the dmf/DMF counts are
occasionally supplemented with estimates of the Care
Index, which is calculated by dividing the number of f/F
teeth by the total dmf/DMF count, and expressed as a
percentage.

surfaces with cavitated caries lesions contribute to the
count. The mean dmf/DMF count and the associated
standard deviation provide an excellent description of the
distribution of dmf/DMF counts in the population when
the counts follow an approximately normal (Gaussian)
distribution. In such circumstances, the entire distribution
can be calculated based on only two parameters: the mean
value and the standard deviation.

Some have expressed concern over the use of mean
dmf/DMF counts because the population distribution of
dmf/ DMF counts is increasingly becoming skewed
[57, 181]. The Significant Caries Index (SiC-index)
[23, 145] has therefore been devised to alleviate the
perceived problem that the mean dmf/DMF ‘does not
accurately reflect this skewed distribution leading to the
incorrect conclusion that the caries situation for the
whole population is controlled, while in reality, several
individuals still have caries’ [205]. The SiC-index value is
the mean dmf/DMF count for the third of the population
with the highest dmf/DMF counts. The WHO has
endorsed the SiC-index, and this statistic is reported
along with the dmf/DMF counts in the WHO dental data
bank [205].

Others have attempted to give weight to dental health
and function rather than to the traditional disease-

focused caries experience measure, the DMFT. This has
been achieved by counting the number of filled and
sound teeth, the FS-T index value [179] . Although a few
studies are at variance [120], the FS-T count of sound
and functional teeth has generally been reported to be
more effective than the DMFT in reflecting the variation

Summarizing the caries experience in
groups of interest

The dmf/DMF counts are attributes of single individuals/
patients, and as such they are not of particular interest in
caries epidemiology, where the central task is to quantify
the occurrence of dental caries in populations, rather than
in individuals. The central caries occurrence measures
(Box 4.4) are the prevalence (the proportion of people in
the population who have caries at the specified time point)
and the extent (the mean number of teeth affected by caries
of a given severity). The population average dmf/DMF
counts are often provided with the subscripts ‘1’ or ‘3’ to
express the caries lesion severity threshold used when
assessing the extent. Hence, the label D

(
MFT signifies that

all teeth with incipient caries lesions or worse have been
counted, whereas the D

3
MFS label signifies that only
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Occurrence measures

The number of individuals who have caries at a specified point in time divided by the total number of individuals in the study population at

the same point in time. This proportion is typically expressed as a percentage (%) and time is often not explicitly stated.

The number of teeth or surfaces with caries. This count can be summarized in different ways. The two most commonly used approaches include
the arithmetic calculation of the mean count (e.g.,mean DMFT) and the graphical presentation of the actual distribution of the counts in the
study population. The arithmetic method works very well when the distribution of counts is approximately normal (Gaussian), whereas the
graphical method is ideal for illustrating the increasingly skewed distributions of the DMF counts in the population.

Refers to the severity of the lesions that have been counted when estimating the prevalence and extent of caries. Adding a suffix to the D of
the DMF is used to show this: D

1 indicates that early/incipient enamel lesions have been included, whereas D
3 indicates that only cavitated/

dentinal lesions have been considered.

Prevalence

Extent

Severity

Incidence measures

Incidence proportion The number of surfaces with new lesions during a given period divided by the number of surfaces at risk at the beginning of the period.

This measure, which is dimensionless, assumes complete follow-up of all surfaces over the observation period.
The number of surfaces with new lesions during a given period divided by the total surface-time at risk to development of new lesions.
This measure, which has the dimension time-1, is the ideal method, but also complicated since information is needed on the exact time

of lesion development (transition from sound to carious).

Incidence rate

Box 4.4 Central measures of disease frequency of relevance to dental caries

patterns of occurrence that can be used as working rules
guiding the interpretation of the data [177, 178].

The first rule dictates that there is a relationship between
the current population caries level and the population car-
ies level at a later age. This phenomenon is called ‘tracking’

of the dental caries experience, and is illustrated in
Figure 4.1, which shows how the mean caries experience
(dmf/DMF) follows distinct trend lines. ‘Tracking’ implies
that the caries level at one age predicts the caries level at a
later age. Each cohort has a particular trajectory of caries

experience, which is distinct from the trajectories of the
neighboring cohorts. This tracking phenomenon has been
noted in many studies [28, 136, 137], and applies to groups
as well as individuals [28].

The second rule holds that as the mean caries experience
(dmf/DMF) decreases, the percentage of ‘caries-free’ indi-
viduals increases [4, 5, 12, 45, 109] and the caries distribu-
tion contracts [5, 12, 18, 174]. Figure 4.2 is based on data
from the Danish public dental health service for children
for the period 1988-2012 and illustrates the rule that the
higher the mean dmf/DMF the lower is the proportion of
‘caries-free’ individuals. The linear relationship is the same
for 5- and 7-year-olds in the primary dentition, whereas the
linear relationships between the mean dmf/DMF counts
and the percentage of ‘caries-free’ children are different for
each of the ages 7, 12, and 15 years. This is due to the differ-
ences in the number of permanent teeth at risk to caries in

these age groups. Figure 4.3 shows an example of how the
caries distribution contracts as the mean DMF count
decreases. Clearly, the major differences are seen at the
lower end of the range of DMF counts, but even the fraction
of individuals at the high-end tail of the distribution of
DMF counts becomes smaller.

in oral health status within and between populations [16,

80, 132, 1721, 143] .
The FS-T thus overcomes the problems of the DMFT that

the M component does not necessarily reflect caries experi-
ence, just as the D and the F components contribute with
the same weight to the count (Box 4.3). The FS-T index is
therefore gaining popularity as a measure of the dental
health status in populations [80], just as increasing emphasis
is placed on counting the number of sound and untreated
teeth [22, 204].

Finally, simple caries extent measures have been devised
[68] based on the observation of a ‘natural’ ordering of the
teeth and surfaces according to their susceptibility to caries.

The original Grainger hierarchy partitions the dentition
into five caries susceptibility or ‘severity’ zones. Subjects
whose caries lesions are confined to the pit and fissure sur-
faces of posterior teeth are placed in zone 1 because they
are most susceptible to caries lesion development, whereas
subjects with caries in proximal surfaces of mandibular
anterior teeth are placed in zone 5 because these teeth and
surfaces are the least susceptible to caries. The exact nature

of the hierarchy has been modified on a number of occa-
sions [71, 94, 102, 158], and one such modification is still
used to group Danish children into one of four ‘severity
zones’ [46].

Interpretation of caries data

Although the dmf/DMF count has been seriously criticized
over the years [30, 104] (Box 4.3) it remains a useful tool for
the characterization of dental caries in populations. This is

due to the fact that caries data - at the population level, not

necessarily at the individual level - follow certain universal
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Figure 4.1 The mean dmf/DMF counts in a cohort follow trend-lines. Upper left panel: Mean d
3
mfs counts according to school grade for cohorts of Danish children

starting school between 1972 and 1985. Upper right panel: Mean D
3
MFS according to school grade for cohorts of Danish children starting school between 1972

and 1985. Lower left panel: Tracking of the mean d
3
mfs counts between ages 5 and 7 years for the Danish birth cohorts 1984-2005. Lower right panel: Tracking of

the mean D
3
MFS counts between ages 7 and 15 years for the Danish birth cohorts 1984-2000. Data from the Danish Health and Medicines Authority.

The third rule is that there is a specific mathematical
relationship between the mean dmfs/DMFS and the mean
dmft/DMFT [89, 90, 109]. Figure 4.4 shows this relation-
ship for the primary dentition among 5- and 7-year-
olds, and for the permanent dentition among 7-, 12-, and
15-year-old Danish children as recorded in the Danish
public dental health service over the period 1988-2012.
Essentially, these graphs show that it would not be necessary
for epidemiological purposes to record dental caries at the
surface level since the dmfs/DMFS could be calculated from
the dmft/DMFT.

The fourth rule is that as the mean caries experience
(dmf/DMF) declines in the population the progression
rate of caries through enamel decreases. This is illustrated
by the ratio of the d

3
mfs/D3

MFS to the djinfs/D^lFS
(Figure 4.5). These curves clearly show that the proportion
of dyDj lesions (i.e., noncavitated caries lesions) increases

as the d
3
mfs/D3

MFS count decreases. A declining caries
experience clearly means that the time needed for d

] / D l
lesions to become d

3
/D3 lesions is increasing.

Finally, there is a hierarchy of caries susceptibility by
tooth type and type of site [13, 27, 33, 37, 71, 121, 125, 126,

1309, 136-138, 158] such that first and second molars are
the most caries-susceptible teeth, followed by the premo-

lars, while the lower anterior teeth are the least susceptible.
The most caries-susceptible surfaces are the pit and fissured
surfaces, followed by the approximal surfaces, whereas the
smooth surfaces are the least caries-susceptible surfaces.

The rules outlined above are extremely useful, not only for
the interpretation of caries data from a given population, but
also, and perhaps more importantly, for the use of epidemi-
ological data to plan the types of health-care services needed
to achieve better oral health outcomes for the population
[178]. A particular mean DMFT for a given age group can be
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Figure 4.2 There is a close relationship between the mean dmf/DMF count and the percentage of 'caries-free' children in a population.The two upper panels show
the relationship between the d
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3
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3
-threshold) children, and the two lower panels show that the relationship also

holds for the d
1
mfs/D

1
MFS percentage 'caries-free' (d

3
/D

3
-threshold) children. Data points originate in data from the Danish public dental health service for the years

1988-2012.

i

used to predict the mean DMFT for this group at a later age,

just as it can be translated into a mean DMFS and a caries
distribution pattern within the population and within the
mouth. The caries distribution pattern concerns both the
distribution of DMF counts in the population and the distri-
bution of caries lesions in the dentition (the caries suscepti-
bility pattern). Finally, the mean DMF provides information
on the rate of caries lesion progression in the population.
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The caries experience varies within a population. Where
caries levels are generally high, the prevalence of a dmf/
DMF >0 is typically close to 100% and the distribution of
the individual dmf/DMF counts approaches a normal
(Gaussian) distribution. This implies that the individual

o t

0 2 4 6 8 10 12 14 16 18 20

D3MFS count

Figure 4.3 The frequency distribution of individuals according their individual
D

3
MFS counts contracts as the mean D

3
MFS for the population decreases. Data

from the Danish public dental health service for 15-year-olds in the years 1988,
1993, and 2012.
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3
mfs/D3

MFS to d
1
mfs/D1

MFS counts decreases with decreasing mean d
3
mfs/D,MFS counts. Data from the Danish public dental health

service for the years 1988-2012.

dmf/DMF counts are distributed almost symmetrically
around their population mean value and the associated
standard deviation is typically much smaller than the
mean value. Figure 4.6 illustrates this using data from a
population that had relatively high caries levels about
two decades ago [9, 127, 128]. The left-hand panel shows
the distribution of DjMFS counts among 12-year-olds
and the D

2
MFS counts in the same children 3 years later,

when they had reached the age of 15 years. It is seen that
very few children had a DjMFS count of zero, and the
peak of the distribution occurs around 10 DjMFS for
12-year-olds and around 20 D MFS when the children
had reached the age of 15. The mean DjMFS counts for
the two ages were somewhat higher - 15.0 at the age of
12 years and 23.8 at the age of 15 years - which illus-

trates the sensitivity of the mean value to deviations from
symmetry of the distribution. The right-hand panel of
Fig. 4.6 illustrates the same data as the left-hand panel,

but portrays the cumulative frequency distribution
rather than the plain frequencies. This changes the way
in which the graph is read and interpreted. As an
example, the left-hand panel tells us that about 4.8% of
the 15-year-olds had a DLMFS of exactly 21, whereas the
right-hand panel tells us that 50% of the 15-year-olds
had a DjMFS count of 21 or more, and 10% had a DjMFS
count of 40 or more. Both panels of Fig. 4.6 illustrate the
tendency for positive skewness ( i.e., a long right-hand
tail of the distribution), and this will inflate the mean
D

}
MFS value relative to what is a typical DjMFS observa-

tion in this population.
As previously mentioned, a decline in the population

mean caries experience results in a contraction of the distri-
bution of DMF counts. In 1980, the mean D

3
MFS among

15-year-old Danes was around 12.9, while it had dropped to
about 4.8 by 1995 [160]. The corresponding distributions of
the D

3
MFS counts detailed in the left-hand panel of Fig. 4.7
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is often expressed as a fraction of the total area under the
perfect equality line, the Gini coefficient, which takes the
value zero in the case of perfect equality and one in the case
of the most extreme inequality. The latter would occur if,
hypothetically, caries had been eradicated to the extent that
only a single individual remained in the population who
had some caries experience. Although this may seem
paradoxical in a situation where close to 100% in the
population are caries free and, therefore, equal in some
sense, it should be appreciated that the Gini coefficient
measures the degree of polarization of the caries occur-
rence. When caries declines, it is evident that individuals,

who in previous cohorts had a low to moderate caries expe-

rience, are the easy pickings,’ whereas it is considerably
more difficult to influence individuals at the far right-hand

show that the decline has led to more pronounced positive
skewness in the distribution, and the right-hand tail of the
distribution has become more obvious, although a reduction
in the occurrence of very high D

3
MFS counts can be

discerned. This phenomenon explains the frequent obser-
vation that the inequality in the distribution of caries
increases when there is an overall caries decline in the
population [6, 19, 118, 160]. In a situation of equality, 10%
of the population accounts for 10% of the total number of
caries lesions, 20% of the population for 20% of the caries

burden, and so forth; this generates the diagonal dotted line
in the right-hand panel of Fig. 4.7. The area (A) between the
actual distribution of the caries burden (the Lorenz curve
[124] ) and the line indicating perfect equality is a measure
of the degree of inequality in the distribution of caries. This
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tail of the distribution. This is illustrated by the vertical dis-
tance between the two cumulative frequency distribution
curves in the left-hand panel of Fig. 4.7, which was 55% at 5
D3

MFS and 15% at 20 D
3
MFS.

Variation in the distribution of caries is a prerequisite for
evaluation of possible determinants of the occurrence of
caries. Most epidemiological studies seek to assess possible
determinants of caries occurrence within populations, but
it should be appreciated that the variation is greatly
increased when a between-population view is taken. In
order to do so one must necessarily be able to account for
the major determinants of within-population variation.

As regards gender, it is frequently found that girls and
women have higher dmf/DMF counts than do boys and
men [15, 65, 93, 99, 110, 207] (Fig. 4.11). This difference
may be discernible from an early age and has been ascribed
to a comparatively longer exposure time to the oral
environment for girls [33], owing to the generally earlier
tooth eruption among girls [34, 147]. However, more recent
analyses [117, 148] suggest that girls may have a genuinely
higher caries incidence rate (Fig. 4.12) and that this is more
closely related to chronological age than to the posteruptive
age of the teeth [148]. Moreover, the higher dmf/DMF
count among women is typically due to a higher number of
filled or missing teeth and surfaces, whereas men tend to
have a higher number of untreated caries lesions. This sug-
gests that the higher dmf/DMF counts among women may
also be attributable to a greater dental treatment experience,

which is supported by the observation that women tend to
visit the dentist more often than men [55, 146].

Age and gender
It is a universal observation that the mean dmf/DMF
counts in a population increase with age [55, 83, 84, 125,

130, 170] (Fig. 4.1), indicating that new lesions may con-
tinue to form across all ages. In the primary dentition this
increase continues until tooth exfoliation ‘turns the tide5

around the age of 8-9 years (Fig. 4.1, top left panel). There
was a time when caries was considered a childhood disease
because most of the caries-susceptible surfaces were
affected already by adolescence. However, this misunder-
standing of the natural history of caries arose from the
insensitivity of the DMF count to capture new caries attacks
in already affected surfaces. Nowadays, most individuals
reach adulthood with a relatively low caries experience and
it is therefore possible to illustrate that caries is indeed a
lifelong phenomenon. As Fig. 4.8 and Fig. 4.9 show, the
caries experience is higher the older the age group.
Moreover, with advancing age, an increasing number of
root surfaces become exposed to the oral environment
owing to a gradual recession of the gingival margin, and
root caries therefore becomes a manifestation of caries
among middle-aged and older people [55, 67, 75, 125, 129,

204] (Fig. 4.9 and Fig. 4.10).
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Figure 4.9 The mean DMFT and its components among adult and elderly
Chinese examined 1984-1985. Data from [125].
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poverty status or educational attainment and the caries
experience (12-19- and 20-64-year-olds) or the composition
of the caries experience in terms of filled and missing
surfaces (20-64- and >65-year-olds).

The last decade has witnessed a resurgence of the idea
that caries has a genetic background [64, 175, 199, 214]. The
idea of inheritance playing a role for the caries occurrence
probably dates back to the 1920s and 1930s [106] when the
familial basis for caries immunity’ and caries susceptibility’

were key ideas in caries epidemiology. Familial patterns of
caries occurrence have also been noted at later dates [162,
176], but more weight was quite rightly placed on the shared
environment in the families than on genetic inheritance
when observations were interpreted. Genetics do not
explain why the caries status of spouses correlates [108] and
seems to ‘merge’ despite being dissimilar during childhood
[162]. Similarly, genetics do not explain why the caries
status of the offspring correlates more closely with the car-
ies status of the mother than with that of the father [162].
Families share dietary practices and oral hygiene behaviors,
and these two factors are sufficiently strong determinants of
the caries outcome to explain why the notion of caries
‘running in families’ has arisen. However, the era of geno-
mics has provided scientists with new tools, and the pursuit
of a genetic basis for caries susceptibility would seem to be
more a question of applying exciting new techniques than of
providing solutions to tangible problems of importance for
the control of dental caries in populations.

It remains an indisputable fact that the occurrence of car-

ies in a population is related to measures of socioeconomic
status. It is a common finding in medium- and high-income
countries that those with higher income, better education,
better jobs, and upscale area residence, or combinations
thereof, have less caries and better oral health than those
who are less fortunate [17, 19, 20, 44, 49, 50, 56, 57, 61, 65,

118, 126, 131, 133, 149, 151, 154, 195]. However, the rela-
tionship between caries levels and measures of socioeco-
nomic status can be the reverse in low-income countries. As
an example, the mean dmf/DMF counts increase with
increasing income in low-income country Vietnam, and
decrease with increasing income in high-income country
Australia [49]. Similar observations were made in the USA
in the 1940s, where marked differences were discernible in
the composition of the DMF count in spite of the fact that
the overall DMF counts did not vary much between socio-

economic groups [107]. Lower socioeconomic groups had
higher counts for the D and the M components and lower
counts for the F component than did higher socioeconomic
groups. By the 1960s, white children in higher socioeco-

nomic strata had higher DMF counts than white children in
lower socioeconomic strata, whereas the reverse was
characteristic for African-American children [99]. In white
children, there was a strong correlation between increasing
socioeconomic status and an increasing number of fillings,

Race/ethnicity: genes or social class?

It is routine in some multiracial and multiethnic countries,
most notably the USA [15, 54, 55, 139, 207], to classify
individuals according to race when describing the
population variation in disease occurrence. For decades it
has been a common finding that whites have overall higher
DMF counts than African-Americans, although the latter
have more untreated caries and fewer fillings [98, 144, 207],
and African-Americans have been observed to have a
higher caries incidence than whites [66]. The traditional
definition of race refers to physical characteristics [115]
such as skin color, eye color, hair color, and facial features
and has often been given a biological, inheritance interpre-
tation [114]. The racial disparities seen in many health out-
comes, including dental caries, have therefore often been
given a biological interpretation, and ‘race’ is often used in
epidemiology as a surrogate for unmeasured genetic factors
[96].The concept of ethnicity was suggested as an alternative
basis for classification to reduce the biological connotations
of race [95] in favor of emphasis on broad ‘cultural’ factors,
such as nationality, culture, ancestry, language, and beliefs.
However, the distinction between the two remains blurred,

and they are often collapsed into a single dimension of
‘race/ethnicity’ [55, 95]. Moreover, there is increasing rec-
ognition that ‘race’ is a social construct more than anything
else [91] and that ‘racial’ differences in the caries occur-
rence are largely attributable to the material circumstances
of peoples’ lives in terms of income, education, employment
status, and access to care [161]. There is no evidence to
support inheritance as a factor explaining the disparity in
caries occurrence or incidence between different racial or
ethnic groups. On the contrary, there is ample evidence that
the root causes of ‘racial’ differences in observed oral and
general health outcomes are found in an unsavory
combination of lower socioeconomic status [165] and rac-
ism [206]; whether this is institutionalized through
differential access to goods, services, and opportunities;
whether personally mediated through prejudice and
discrimination; or whether internalized through acceptance
of less ability and minor worth by the members of the stig-
matized race [91]. An example of prejudice from dentistry
is the observation that the patient’s race per se may influence
the dentist’s decision to extract or retain a decayed tooth
[32]. It is worth mentioning that in other multiracial and
multiethnic countries, such as the UK and Canada, there
seems to be no need to institutionalize ‘racial’ differences by
using race as a classification variable when monitoring the
oral health conditions of the population. Instead, more rel-
evant classification variables are sought, which portray the
socioeconomic and contextual root causes of the disparity
in caries occurrence [22, 51, 62, 183, 202-204]. Figure 4.11
shows that such information is indeed also available for the
US population and that there is a clear relationship between
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agents of their own health who behave in the pursuit of self-
interest [38]. Much public health education is based on this
rational choice model in which individual behavior is
understood as a psychological property of individuals influ-
enced by consciously chosen goals [38]. However, there is
an increasing understanding - also in caries epidemiology -
that the social influences on health and disease occur-
rence are much more pervasive and profound than indicated
by individual socioeconomic attributes, and embrace a host
of contextual factors that are not under the influence of
single individuals (Fig. 4.13). Peoples health is greatly influ-

enced by social factors that cannot be reduced to individual
attributes. These factors include the circumstances in which
people are born, grow, live, work, and age, and their struc-

tural drivers in terms of inequitable distribution of power,
money, and resources [43]. Low-income people are concen-
trated in low-income areas, where access to stores with
fresh and nutritious foods is limited but fast-food options
abound; where housing conditions and sanitation are poor;

where health-care availability and accessibility are low; where
psychosocial stress is considerable; where social support is
limited; and where collective social norms and peer pressure

which caused the total DMF to increase with increasing
socioeconomic status. A similar socioeconomic gradient in
the number of fillings was not seen for African-American
children, and their DMF counts therefore decreased with
increasing socioeconomic status. These observations high-

light the huge influence of treatment accessibility and expe-

rience on the observed caries experience.
In epidemiologic research, measures of socioeconomic

status are often used as attributes of single individuals [122].
This use of socioeconomic status, as determined by mea-
sures of peoples income, education, or occupation, is
intended as a broad condensation of their knowledge, atti-
tudes, values, and beliefs, which are thought to be key deter-
minants of their ‘lifestyles,’ and hence their health-related
behaviors. Attempts have been made to ‘improve’ the socio-

economic status concept by adding more determinants
beyond those of income, education, and occupation, such
as car ownership and type of housing. However, the
fundamental problem is that the above interpretation of the
associations between poorer health outcomes and lower
socioeconomic status relies on the rational choice model,
which assumes that people are rational, aware, self-creating
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determine individual behavior. The influence of such con-
textual factors is also evident for dental health. A study of
low-income African-American families [167] has shown
that people with a capacity for resilience to poverty (i.e.,
people who score positively on at least four of five markers:
live in a well-kept house, have a social network, are regular
church attendants, have no depression, and are non-
smokers) have much higher odds of retaining at least 20
natural teeth, just as their children have a lower caries inci-
dence than those who are less resilient. Lack of social
support [193] has been found to be associated with having
more caries when controlling for socioeconomic factors,
just as neighborhood disadvantage is associated with poorer
oral health independently of individual socioeconomic
characteristics [69, 168, 186, 194]. Interestingly, low-income
adults benefit from living in affluent areas, and wealthier
adults do not lose their oral health advantage when living in
poor neighborhoods [168].

and adolescents [123, 187], which goes to show the
pervasiveness of the effect of relative social position on oral
health outcome.

Where? The geography of caries
There is a marked variation in the occurrence of caries
between the countries of the world [25, 150, 152] (Fig. 4.15).
The WHO Collaborating Centre for Education, Training
and Research in Oral Health has established a Country/
Area Profile Project (CAPP) database that presents epide-
miological information on oral disease occurrence for dif-
ferent countries and areas around the world for the indicator
age group of 12-year-olds. The information fed into this
database typically originates in locally initiated pathfinder
surveys carried out in accordance with the methodology
described in the WHO manuals on the basic methods in
oral health surveys [209, 210, 212, 213].These manuals pro-
vide some detail on the methods to be used, including
recording methods, diagnostic criteria, examiner calibra-
tion, selection of study sites, sampling, and indicator age
groups. Although this ensures some degree of standardiza-
tion of the methodology used, and hence comparability
between studies, the sample sizes underpinning the esti-
mates reported to the database are often quite small. As var-

iation may be considerable, even within countries with
overall very low levels of dental caries (Fig. 4.16), it is hardly
surprising that the estimates provided by the CAPP data-
base must be viewed as crude estimates associated with a
possibly sizeable degree of imprecision. Nevertheless, some
broad generalizations can be made regarding the occur-
rence of caries among 12-year-olds in different parts of the
world. The highest caries levels are generally seen in the
Latin American countries and in the European region [24],
whereas the lowest caries levels are reported for the African
and Southeast Asian countries [24]. However, as Fig. 4.15
shows, the relatively high overall caries levels among
European 12-year-olds are chiefly due to high caries levels
in the eastern European countries. Most western European
countries have low levels of caries among 12-year-olds,
although they are not as low as observed for many African
and Southeast Asian countries. The low overall caries levels
among African and Southeast Asian countries, particularly
Tanzania, Ghana, Nigeria, Eritrea, Sudan, Egypt, Kenya,
Nepal, and China (Fig. 4.15), are contrasted by occasionally
rather high caries levels; for example, in Gabon, India, and
the Philippines. Among the Middle Eastern countries,
Saudi Arabia stands out as having the highest caries levels
observed in the 2000s among 12-year-olds.

Adult dental caries is also monitored for the indicator age
group of 35-44 years. The data for D

3
MFT among 35-44-

year-olds show that the highest caries levels are found in the
highly industrialized countries in Europe, North America
and Australia, just as most Latin American countries have

The social gradient
It has been a common perception that the socioeconomic
influence on the distribution of oral disease is confined to
the extremes in society. The frequent contrasting of
deprived or poor population groups against the remaining
population - the rich against the poor - has left the impres-

sion that there is some absolute level of deprivation or
poverty, beyond which there is no social or socioeconomic
influence on oral health outcomes. However, this is a mis-
conception. Both oral and general health outcomes are
socially patterned along the entire social hierarchy [60, 164,
166, 169, 201], leading to a social gradient. A social gradient
implies that those in the higher social ranks are better off
than those immediately below them in a stepwise and con-
sistent manner [53, 164, 201]. Figure 4.14 illustrates the
social gradient according to job classification in the occur-
rence of edentulousness among English adults aged
>50 years [192], and similar observations have been made
among Japanese men [142]. Social gradients are discernible
even in high-income countries [77] and among children
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Figure 4.14 The social gradient in oral health illustrated by the almost
linear relationship between occupational classification and the prevalence of
edentulousness. Data from [192].
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by the simultaneous trend for increasing tooth retention
and reduced edentulism [83, 85, 171], which leads to the
observation of higher mean DMF counts among the older
age groups of later birth cohorts than seen in earlier gener-
ations. Figure 4.18 shows how the caries decline has trickled
in among younger and middle-aged Swedish adults, while
the greater tooth retention and the reduced frequency of
edentulism has resulted in higher mean DjFS counts
among the 60-, 70-, and 80-year-olds in the two most recent
surveys [83].

Claims are regularly made that caries is now on the
increase again [11]. Indeed, reports exist that seem to indi-
cate a trend for a caries increase [72, 82], particularly among
young children. However, in many of these reports, the time
points that are compared are not far apart. As shown in
Fig. 4.19, which is based on national Danish data, it is
indeed possible, and particularly so for young children, to
observe short-term trends for caries increases’ that are
superimposed on the long-term trend for a caries decline.
Another illustration of this phenomenon is the claim made
over a decade ago for a reversal of the caries decline among
Norwegian children [72] that was later refuted [73].
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very high caries levels among adults. In contrast, the
developing African and Southeast Asian countries, excepting
the Philippines where caries flourishes, have very low caries
levels [152] among 35-44-year-olds.

The determinants of the variation across countries in the
levels of caries are the same living conditions that govern
the within-population variation in caries occurrence, and
in most other health outcomes; that is, the broad social and
environmental circumstances in which people are born,

grow, live, work, and age [151, 152]. These influence a
number of more proximal socio-behavioral determinants,
including nutrition and dietary practices, oral and general
hygiene, and oral and general health-care coverage [25, 81,
151, 152].

Why? The causes of caries
Around 1950, ecological studies by Toverud demonstrated
that the caries decline in Norwegian children during World
War 2 and the subsequent increase in the post-war years
were almost mirror images of the changes in the food supply,
including the average per capita sugar consumption [188—
190]. The observations were soon supported by experi-
mental proof of a causal link through the Vipeholm study
[70], which was a 5-year longitudinal study of the caries
increments among groups of mentally disabled and institu-

tionalized people who were experimentally fed various
highly artificial cariogenic diets. Some of these diets involved
the between-meal consumption of up to 24 large toffees per
day! The results of the Vipeholm study suggested that the
key parameters for caries development were the frequency
of sugar consumption and the stickiness of the sugar-con-
taining food items. Until the 1960s dental caries was largely
considered a dietary disease with a hereditary caries suscep-
tibility component [185]. However, animal experimental
work by Keyes [100], which had been intended to explore
the genetic heritability basis for the perceived individual
susceptibility’ to caries development [185], instead spurred
a considerable interest in dental plaque, and the strictly
biological causes of caries had been identified. Since then,
caries etiological research has remained focused on this
triangle of diet/sugar, plaque/bacteria, and host/tooth,
although the emphasis on each has varied over time. As an
example, more recent research indicates that the sugar-caries
associations are much weaker in contemporary populations
than were the case in the middle of the 20th century

When? Trends in caries
As already alluded to, dental caries is declining in most
countries around the world (Fig. 4.17). This decline has
been thoroughly documented for the highly industrialized
countries [7, 29, 35, 47, 48, 52, 55, 74, 83, 85, 92, 97, 134,
135, 153, 159, 173, 182, 191, 197], for eastern European
countries [3, 112, 113, 184, 198], for Latin American and
Caribbean countries [14, 21, 36, 41, 116, 180], and for
African countries [39, 40]. Even already low-caries African
countries, for which a caries increase might have been
expected, have witnessed a predominantly downward trend
[39] or relative stability of the caries levels [41].

The majority of studies from which the caries decline is
inferred have been carried out among children and adoles-
cents. While concerns have been raised that the caries
decline among children and adolescents may merely repre-
sent a delay in the development of caries [58], there is little
doubt that the caries decline is also manifest in younger
adult and middle-aged population groups [55, 58, 78, 85,

171, 196]. Trends among older age groups are compounded
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[31, 140, 208], and dietary research has been toned down in
favor of biofilm research, and most recently also in favor of
genetic caries susceptibility research [64, 175, 199, 214].

Proximalstrictly biological causes

From a biological standpoint the causes of dental caries
are clear: microbial agents in the biofilm formed on
tooth surface produce acids in response to being fed with
fermentable carbohydrates from the diet. When these
episodes of acid production are sufficiently intense the
result is a net mineral loss that marks the incipient caries
lesion on the tooth surface. This causal model basically
comprises three components - the tooth, the dental
plaque, and the diet - and is known as the Keyes triad

[101] (Fig. 4.20). Later, this strictly biological model for
caries causation was expanded to include more biological
factors, such as salivary flow, buffer capacity, and sugar
clearance rates [59], and a few socio-behavioral factors at
the periphery of the model (Fig. 4.21). These socio-
behavioral factors were not considered genuine causes of
caries because they were perceived to derive their
association with the disease only because of being associ-
ated with the strictly biological determinants, the per-
ceived ‘real’ causes of caries [59]. Importantly, time was
added to the model, to indicate the necessity for a drift in
the process involving multiple episodes of de- and rem-
ineralization. Another interpretation of the time factor
in the model is that it serves as a black box of unobserved
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Figure 4.20 Keyes' triad. Three overlapping circles indicate that concentricity
in factors in host, microflora, and substrate is necessary for caries activity [101].
Reproduced with permission of John Wiley & Sons.
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just as they provide no indication that the experimental
interventions (such as abstention from oral hygiene pro-
cedures and frequent sucrose rinses) are relevant any-

where beyond the realms of the experimental situation.
Even so, it is precisely the results of these experimental
studies that form the basis for the caries controlling mea-

sures used by clinicians in the treatment of individual
patients (dietary counseling, oral hygiene instructions,

and fluoride toothpastes). Many clinicians, however, will
also testify to the considerable problems they encounter
when attempting to make their caries-prone patients
behave in ways that the dentist based in this experi-
mental evidence considers to be in the patients own best
interest,’ such as cleaning their teeth regularly using
fluoride toothpaste and avoiding unhealthy dietary prac-

tices. This occurs precisely because the strictly biological
causal model for caries is grossly insufficient for the
explanation of caries in individuals and in populations.
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Looking to the upstream causes of caries

The limitations of the strictly biological model of caries

causation lie in the inability to explain why some people
get a lot of caries while others do not and in the
inability to explain why caries levels are high in some
populations and low in others [76, 79]. To understand
that we must address the causes of the causes; that is, we

must explain why biofilms may rest on the teeth for days,

weeks and years; why there are frequent and extensive
pH drops in that biofilm; and why there is no fluoride in
the oral fluids. This is akin to asking why some people
neglect or forget about their oral hygiene, why they eat
cheap and fast meals that are high in fat and sugar, and
why they do not get round to buying and using appro-

priate toothpastes on a regular basis. At this point, a
number of behavioral rational choice models are typi-

cally invoked to tell us that it is chiefly a lack of knowledge
and skills that form people’s attitudes and lead them into

undesirable behaviors. Not only does this thinking inap-
propriately blame the victims of extensive caries [38,

200], it also disregards the fact that individual behaviors,

such as those related to hygiene and diet, are socially
determined and that the broader social contexts into

which people are born and grow, work, and age deter-

mine the opportunities and constraints that shape these
individual behaviors [38] (Fig. 4.13). While it is not in

the hands of dental clinicians to deal with these major
structural drivers of the occurrence of caries, whether in

individuals or in populations, clinicians should be aware
that individual behaviors are embedded in the patients’

broader social contexts, and that these circumstances
may provide constraints that cannot be remedied by oral
hygiene instructions and dietary counseling.

Figure 4.21 The Fejerskov and Manji model for caries causation. Adapted
from [59]. Reproduced with permission of the University of North Carolina
School of Dentistry.

or disregarded causes. In any case, this narrow biological
view of caries causation has resulted in a host of litera-
ture discussing the relative role of the strictly biological
causal factors in a downstream perspective that goes
from the dental plaque to its specific microbial compo-

nents, from the diet to its different carbohydrate ele-
ments, from the oral fluids surrounding the teeth to their
constituent components, and from the tooth surface
itself to the enamel trace elements and crystal structure
(see also Chapters 6-8).

However, this strictly biological understanding of the
causes of caries on a tooth surface is insufficient for the
understanding of the occurrence of caries in individuals
and in populations [76, 79]. It is true that there is a host
of experimental evidence from human studies support-
ing the influence of abstention from oral hygiene proce-
dures and frequent sucrose exposures on the development
of caries, such as the Vipeholm study [70], just as there is

a host of experimental evidence on the effect of careful
oral hygiene and fluoride toothpastes or rinses on the
remineralization of experimentally induced caries

lesions (see Chapters 13 and 14). Although these experi-
mental studies may prove the principles,’ they remain

experimental (i.e., entirely controlled by scientists), and
the results only outline the most proximal biological
mechanisms underpinning the formation of a caries

lesion in a tooth surface. These studies do not explain
why some people have worse oral hygiene or a higher
consumption of cariogenic’ foods than other people do,
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Introduction dental caries progresses rather slowly until the tooth is
destroyed. The localized destruction of the hard tissues,
often referred to as the lesion, is the sign or symptom of the
metabolic disturbance in biofilm equilibrium.

The lesions can be arranged on a scale ranging from
initial loss of mineral at the ultrastructural/nanoscale level
to total tooth destruction (Fig. 5.1). Even though many sci-
entists consider caries initiation and progression to be a
result of multiple interrelated factors, it is a prerequisite for
caries destruction to develop that oral bacteria form a bio-

film (dental plaque) on the tooth surface. However, teeth
may be covered by dental biofilm without visible signs of

Dental caries is the localized destruction of the tooth caused
by the metabolic events taking place in the oral biofilm. The
disease can affect enamel, dentin, and cementum. The
demineralization progresses very slowly in most individ-

uals. The gradual demineralization of the tissues involved is

kept active when there is a disturbance in the physiological
equilibrium in the biofilm or dental plaque (see Chapter 9)

covering the affected site. The disease is seldom self-lim-

iting unless the dental plaque covering the site is regularly
disturbed mechanically and/or the metabolism in the bio-

film is interfered with. In the absence of this intervention,

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Figure 5.1 Principal progress of mineral loss in relation to time.The slope of the
line may vary depending on the caries challenge, and time may vary from weeks
to months and years. The blue zone indicates that the mineral loss is not visible.
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caries; therefore, we can conclude that, while microbial
deposits are necessary, they are not sufficient to cause caries.
As described in Chapter 2 the metabolic events in the bio-
film result in multiple fluctuations in pH in the plaque fluid.
Thus, the tooth surface minerals will constantly be in a
dynamic equilibrium with the oral fluids. Changes in pH,
buffer capacity of the biofilm, and degree of saturation of
minerals in the fluid phase will influence this equilibrium
over time.

Schematically, this is presented in Fig. 5.2. As pH fluctu-

ates (the upper line) within minutes, hours, days, and
months, dissolution and redeposition of minerals occur (for
details on chemical reactions, see Chapter 9). The three
curves illustrate three different theoretical scenarios in
terms of net loss or gain of minerals at the tooth surface.
When (and if ) the net loss of mineral reach a certain level
(indicated by the dotted horizontal line) the increased pore
volume (see later this chapter) results in a clinically visible
white, opaque change of the affected enamel: a lesion.’ Each
of the lines represents what may happen at a given tooth
surface. If averaged they give straight lines of different incli-
nation reflecting, arbitrarily, the rate of lesion progression
at the given surface.

In order to provide relevant information for diagnosis and
treatment of the disease, chapters on pathology of dental
caries conventionally focus on clinical, histological, and
ultrastructural changes characterizing different stages of
tissue destruction. Since any caries lesion is a result of past
and present metabolic activities in microbial plaque, we prefer
to combine information on intraoral plaque accumulation
with corresponding tissue reactions. We have chosen this
approach for two reasons. First, because diagnosis and
treatment decisions cannot be made on the basis of clinical
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Figure 5.2 Schematic illustration of micro-events at a surface over time. The
upper fluctuating line indicates pH fluctuations in a biofilm overtime (minutes,
hours, days). The three curves show three different examples of fluctuating
mineral loss (up) or gain (down) in enamel as a result of innumerable fluctua-

tions in pH. The horizontal dotted lines indicate where loss of mineral may be
seen clinically as a white spot. See text for details.

signs only, but require appreciation of the local environment
(the oral cavity of the patient) in its broader sense. Second,

because examination of the interplay between dental plaque
and the tooth gives important information that is useful for
an understanding of intraoral mechanisms for caries initia-

tion, progression, and arrest. The ultimate objective of this
chapter is to provide the scientific basis for a rational clinical
examination as presented in Chapters 10, 11, and 12.

Although we are aware that dentists cannot use electron
microscopes or sectioning techniques in their clinical
examinations, we will be referring to these techniques
widely in this chapter. Mind you, what we see and perceive
depends to a large extent on what we know.Thus, a freshman
looking into the mouth of a patient observes only two
arches of teeth, but a trained dentist recognizes teeth of
specific types, different kinds of treatment, and past
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diseases. We cannot give you experience, but we seek to give
you biological information on which to base your
observations.

This chapter will deal with:

• the basic structure and chemistry of enamel at time of
eruption;

• how the enamel structure interacts with the oral environ-
ment - and discuss possible prerequisites for caries
initiation, progression, and arrest.

On the basis of the fundamental structural characteristics of
the white spot lesion, we will then deal with:

• caries lesion development on approximal and occlusal
surfaces;

• the gradual lesion progression involving the pulpo-

dentinal organ;

• root caries, in the final section.

arranged in rod and interrod enamel, as schematically
shown in Fig. 5.3. Based on this type of illustration, the rod/
interrod pattern is commonly referred to as a fish shape
comprised of the ‘head’ (rod) and the ‘tail’ (interrod) regions
when seen in cross-sections. This figure can also be identi-
fied in fractured enamel examined in the scanning elec-
tron microscope (Fig. 5.4). Thus, in the rods, which extend
though the entire thickness of the enamel, the long axes of
crystals follow the rod direction; hence, in sections cut
perpendicular to the long axis of rods the crystals are reg-

ular hexagonal in shape (see Chapter 9) and tightly packed
(Fig. 5.5). The packing of crystals is slightly looser along the
rod periphery than in the rod and interrod enamel as crys-
tals in the interrod (tail) enamel gradually bend their long
axes away from the long axes of the rods - compare Figs 5.3
and 5.5. This particular pattern of crystals can be explained
by the way in which enamel matrix secretion and early min-

eralization take place [3] (Figs 5.6-5.11). Even though
crystal packing is very tight at the electron microscopic
level (Figs 5.8 and 5.9), each crystal is separated from its
neighbors by tiny intercrystalline spaces; these are particu-
larly abundant along the interface between rod and interrod
enamel forming the periprismatic sheaths [8]. These spaces
are not empty, but filled with water and organic material of
developmental origin. The intercrystalline spaces together
form a fine network of diffusion pathways which are often
referred to as micropores, or simply pores, in the enamel.
Their size can be estimated in a number of ways.

There is no doubt that the very outermost enamel is rather
porous, as demonstrated by the openings of the striae of
Retzius at the surface (Figs 5.6 and 5.7); the perikymata
grooves indicate where the striae reach the surface and open
to larger diffusion pathways. Similarly, the numerous pits of
Tomes processes are partly encircled by the openings of the

Human dental enamel at time of eruption
When a tooth erupts into the oral cavity the enamel is fully
mineralized. At eruption the enamel has attained its final
concentrations of 95% mineral and 5% water and organic
matrix by weight. The corresponding figures on volume
basis are 86% mineral, 2% organic material, and 12% water.

Normal, sound enamel consists of hydroxyapatite crys-

tals so tightly packed that the enamel has a glass-like
appearance; the enamel is translucent. The yellow-white
color of teeth is therefore the result of dentin shining
through’ the translucent enamel cover. Thus, the thickness
of the enamel in a particular area will affect color. Therefore,
teeth have different colors incisally and cervically. The
enamel crystals are not haphazardly packed, but are

Figures 5.3-5.5 The principal orientation of crystals in human enamel. Figure 5.3 is a schematic drawing showing that in the rods the long axes of crystals run
in parallel with the long axes of rods (head), but in the interrod regions (tail) the crystals gradually bend in the cervical direction. This creates in a cross-section a
fish-like figure consisting of a head and tail. Figure 5.4 shows this pattern in a fractured enamel surface examined by SEM. In Fig. 5.5 it is examined in a transmission
electron microscope, where the section is cut perpendicular to the long axes of the rods. R: rod; IR: interrod.
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Figures 5.6-5.8 Scanning electron micrographs showing an unerupted enamel surface at different levels of examination. Figure 5.6 shows an overview of

perikymata and Tomes' processes pits, and this is shown in detail in Fig. 5.7. Figure 5.8 shows at high magnification the ends of rounded crystals separated by

distinct intercrystalline spaces. The surface is examined after removal of organic films. Courtesy of IRL Press.

Figures 5.9-5.11 Human enamel examined by scanning electron microscopy and transmission electron microscopy after removal of the mineral content

(Fig. 5.11) just prior to eruption. In Fig. 5.9 the surface crystals are seen from a fractured surface. In Fig. 5.10 the surface shows rod (R) endings surrounded by

periprismatic, arch-shaped gaps representing the openings of the interface between rod and interrod enamel (IR). The mineralized surface is highly irregular, occa-

sionally with holes into the enamel filled by developmental proteins (Fig. 5.11). These proteins also occupy the gaps surrounding partly the rods and are part of the

diffusion pathways throughout the enamel. E: enamel space; DP: developmental protein.

dehydration, it is important to appreciate that under in vivo

conditions all spaces within the enamel, irrespective of their
size, will contain protein of developmental origin, lipid, and
water. The presence of this organic component will natu-
rally modify the diffusion processes into and out of enamel,

as well as modify the reaction of the mineral phase to the
environmental factors in the oral cavity. It is therefore rea-
sonable to consider dental enamel as a microporous solid
composed of tightly packed crystals. In the enamel and at the
surface, however, there are variations in crystal packing
related to different anatomical structures.

arch-shaped spaces (where the periprismatic sheaths are
located). These extend throughout the enamel and partly
separate the rod (or prism) from the interrod enamel (Figs 5.7

and 5.10) [15, 27]. Moreover, a varying number of develop-

mental defects, designated focal holes, small irregular fis-
sures, and microholes less than 1 pm in diameter, are
observed in the enamel. These features are filled with devel-

opmental proteins, extending as plugs into the enamel sur-
face (Fig. 5.11).

Although these potential diffusion pathways may be seen
in the SEM following chemical removal of proteins and
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Once the enamel has erupted into the oral cavity, its sur-
face constantly undergoes modification caused by chemical
and physical traumas; therefore, it must be regarded as
being in dynamic transformation at all times.

Because of the surface porosity, it has been suggested that
the enamel undergoes a period of posteruptive maturation
subsequent to eruption. Nobody has fully explained the
nature of such a maturation, but it is thought that, during
this period of time, mineral ions and fluoride in the oral
environment diffuse passively into the surface enamel.
Evidence for such a process is suggested by the fact that
the fluoride concentration in surface enamel increases
subsequent to eruption. However, from a chemical point of
view it is difficult to appreciate how such a process is medi-
ated as there does not seem to be a true driving force
existing under natural (neutral) pH conditions (see
chemical explanation in Chapter 9). It is a much more likely
explanation that the posteruptive uptake of fluoride is
entirely driven by the pH fluctuations in the biofilm [18]. So
let us consider what may happen during the long-lasting
eruption that might explain the phenomenon posteruptive
maturation.’

Dental enamel is a highly mineralized acellular tissue
in which calcium phosphate crystals comprise some 99%
of the dry weight (see Chapter 9, Table 9.1). The crystals
resemble the mineral hydroxyapatite, Ca

10
(PO4)

6
(OH)

2
, in

the way that the calcium, phosphate, and hydroxyl ions are
arranged in a repeating pattern in the crystal lattice struc-
ture. Inclusions of carbonate, sodium, fluoride, and other
ions make it an impure form of the mineral (see also
Chapter 9). Apatite is commonly found in biological hard
tissues such as enamel, dentin, cementum, and bone.
Enamel apatite crystals are long and thin, approximately
50 nm wide in cross-section and more than 100 ,um long in
the c-axis, and are tightly packed in a repeating arrange-
ment that forms the enamel prisms. Some individual crys-

tals may run the full thickness of enamel and fuse with
adjacent crystals at places along their length [12]. The space
between the crystals is occupied by water (11% by volume)
and organic material (2% by volume). Because of its very
high mineral content and minimal acellular matrix, the
color, hardness, and other physical properties of enamel are
similar to those of hydroxyapatite. For example, the density
of hydroxyapatite is 3.16 g/cm3 and that of enamel is 2.95 g/
cm3. Hydroxyapatite is a colorless mineral, and enamel is
also colorless; the slight yellowish color of tooth crowns, as
already mentioned, is due to the color of dentin showing
through. Although hydroxyapatite crystals are transparent,
the fact that they have a refractive index (RI) of 1.64 while
surrounded by water with an RI of 1.33 renders enamel
translucent. If water is replaced by air then enamel appears
opaque chalky white. Therefore, pores in the enamel can be
assessed by changing the content of water and replacing it
with air or liquids with different, known refractive indices

and then examining sections of teeth by polarized light
microscopy. Hydroxyapatite has a hardness of about 430
KHN (Knoop hardness number) and enamel 370 KHN;
however, this not only reflects hydroxyapatite hardness but
is also related to how strongly the individual crystals adhere
to one another. Most importantly, the solubility of enamel
apatite corresponds to the solubility of enamel as a tissue.
See Chapter 9 concerning de- and remineralization of
enamel, chemically and structurally.

Teeth, unlike mushrooms, do not erupt overnight! When
a tooth gradually emerges, the partially erupted tooth does
not participate in mastication. For this reason, such teeth
offer more favorable conditions for bacterial accumulation
(Fig. 5.12) than fully erupted teeth do [9-11, 22, 46].
Furthermore, microbial accumulation may be even further
enhanced because children frequently avoid tooth brush-
ing of erupting teeth as eruption is accompanied by gin-

gival bleeding, and the area may be sore to touch. Erupting
teeth are consequently exposed to microbial plaque for
several months before functional occlusion is obtained.
During this period of time, innumerable minute processes
of mineral dissolution and redeposition occur at the
enamel-plaque interface (see Fig. 5.2), and it is therefore
not surprising that the enamel surface at the subclinical
level exhibits a variety of microsurface destructions, as
seen in Figs 5.13 and 5.14. These changes are not clinically
visible but correspond to those observed after 1 week of
exposure to cariogenic challenge of dental plaque in a
clinical controlled experiment [43].

The changes represent active and inactive enamel lesions
at the subclinical level. As the tooth approaches complete
occlusion, shear forces from functional chewing will modify
microbial accumulation, and hence cusps are often devoid
of dental plaque.

Enamel surfaces free of microbial deposits once fully
erupted are always covered by the proteinaceous pellicle.
Beneath this coating, signs of minor attrition may be
observed in the form of scratches. Furthermore, larger
irregular defects may represent scars as a result of previous
surface dissolution.

These macroscopically invisible changes can be under-
stood as inactive enamel lesions at the subclinical level. On
this basis it can be concluded that subclinical active lesions

Clean area

Plaque

Gingiva

Figure 5.12 Drawing illustrating partly erupted premolar with microbial
accumulations predominantly located along the gingival margin.
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Since these changes from active to inactive lesions have
taken place at the subclinical level, and hence are not recog-
nized clinically, it is easy to understand that the factors which
have promoted the transition (e.g., tooth brushing) have
most commonly been regarded as prevention of caries. It
might, however, be more appropriate to see the transition
from active to inactive lesion, even at the subclinical level, as
a result of treatment or control aiming at arrest of further
lesion progression. The dynamic pH fluctuations as a result
of the metabolism of the biofilm cannot be prevented - it is
an ubiquitous, natural process. Its consequence, clinical lesion
formation and progression, can be controlled however.

As the occlusal surfaces of posterior teeth approach
full eruption, bacterial deposits are still relatively pro-

tected against removal forces in the deeper parts of the
occlusal groove-fossa system corresponding to sites
where visible signs of caries may occur [9, 22]. Hence, it
is reasonable to conclude that visible signs of caries

develop where bacterial deposits remain for the longest
period of time, and a similar situation pertains to the
approximal lesion.

Thus, establishment of the approximal contact leads to
arrest of active subclinical caries in the facet areas, due to
approximal wear and removal of bacterial deposits [44, 46].
Beneath the proximal facet, bacteria are still protected and,

in conjunction with a gingival reaction, may be the focus
from which later clinically detectable lesions may develop
(compare the shape of lesions on Figs 3.11 and 3.15). It is
important to appreciate that development of approximal
caries implies the existence of a simultaneous gingivitis,

since the interdental papilla normally fits snugly under the
contact area of adjoining teeth. After this long explanation
it should be understandable that probably the most impor-
tant period for any tooth is from its eruption through the
mucous membrane until it is in functional mastication.

At this stage three aspects are important to bear in
mind:

Figure 5.13 Enamel surface beneath the microbial plaque showing distinct
signs of dissolution of rod (R) and interrod (IR) areas. These features are
characteristic of active lesions at the subclinical level. Courtesy of INSERM.

First, it will be understood that what we commonly refer
to in the clinic as sound or normal enamel is really enamel
that has been subjected to substantial chemical and minor

mechanical modifications from the time of eruption.

Second, what is referred to as posteruptive (secondary)

maturation may more likely reflect the outcome of these
chemical events, which have occurred at a subclinical
level and have been described, perhaps incorrectly, as the
period of passive mineral uptake.
Third, in order to understand how fluoride may modify
the caries lesion development and the rate of lesion
progression, it should be remembered, therefore, that
the entire enamel surface must be regarded as being
in a dynamic equilibrium with its surrounding oral
fluid at all times with innumerable fluctuations in pH
(see Chapter 9 for details).

Figure 5.14 Enamel surface from the 'dean' cuspal region showing marked
wear, particularly corresponding to the interrod areas (IR). These features are
characteristic of inactive lesions at the subclinical level. Courtesy of INSERM.

can be turned into inactive lesions when microbial accu-
mulations are disturbed at regular intervals. This means
that further progression of the lesion has ceased due to con-
trol of the unfavorable environmental conditions. We use
the term ‘disturbed’ rather than ‘removed’ because it is not
possible to remove all biofilm completely by brushing.
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Enamel changes during early caries
lesion development
There is no such thing as caries-susceptible sites, although
this is a commonly used phrase. Carious lesions occur
within the dentition in a very characteristic pattern both
in the primary and permanent dentition, but this does not
reflect differences in chemical composition of the enamel
between parts of the dentition where caries lesions rarely or
never develop compared with sites where lesions frequently
appear [49]. Dental caries develops where microbial deposits
are allowed to form biofilms that are not frequently removed
or disturbed by mechanical wear (mastication, attrition, and
abrasion from brushing, flossing, or toothsticks).

level, however, there are distinct signs of direct dissolution of
the outer enamel surface (compare Figs 5.15 and 5.16). The
intercrystalline spaces are wider, which is indicative of a
partial dissolution of the crystal surfaces. Histological exam-
ination of sections of the enamel in polarized light shows a
slight increase in enamel porosity, indicating an extremely
modest loss of mineral to a depth of 20-100 pm from the
outer surface.

The graph in Fig. 5.17 illustrates the principal
distribution of porosity in enamel that has been subject
to a cariogenic challenge for 9 weeks in vivo. The sur-
face porosity has increased in accordance with the
aforementioned enlargement of the intercrystalline
spaces. In addition, the enamel immediately beneath
the outer surface appears more porous than the surface
itself.

After 14 days covered by undisturbed microbial plaque
the enamel changes are clearly visible after air drying as
whitish, opaque changes. A further increase in enamel
porosity by preferential removal of mineral from the tissue
deep to the outer surface has occurred. A subsurface lesion
starts to form.

After 3 and 4 weeks the outermost surface exhibits
dissolution of thin perikymata overlappings (Figs 5.18 and
5.19) and more marked dissolution corresponding to larger
developmental irregularities, such as Tomes’ processes pits
and focal holes. It is important, however, that intercrystal-
line spaces of the entire involved enamel surface are
enlarged and hence contribute to the overall increase in

How rapidly may changes be recorded
(microscopically and clinically) in enamel
covered by dental plaque?

This section demonstrates what occurs in the mouth at any
site if a protected area is created at a part of the tooth sur-
face [26], so that dental plaque is allowed to accumulate
undisturbed by mechanical forces for days and weeks. G.V.
Black did this experiment and reported it in his textbook of
1908 [7]. He was explaining to his colleagues that there is no
such thing as inherently susceptible sites but that what
matters is accumulation of plaque.

After 1 week no changes can be seen microscopically even
after a careful air-drying procedure. At the ultrastructural

Figure 5.16 Scanning electron micrographs of enamel surface after 1 week
with local protection against mechanical wear and biofilm allowed to form.
Note initial dissolution of the outer enamel surface beneath the undisturbed
plaque. Reproduced with permission of Karger Publishers.

Figure 5.15 Scanning electron micrograph of enamel surface prior to estab-
lishment of protected area by cementing orthodontic band. Note the rounding
out of structural details by functional wear. Reproduced with permission of
Karger Publishers.
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Figure 5.17 Diagram illustrating the distributions of enamel porosity at different stages of caries dissolution from the surface towards the enamel-dentinal
junction. Parts (a) to (d) illustrate the gradual increase in pore volume after (a) 1 week to (d) 4 weeks of experimental caries in vivo. From [23].
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porosity of the enamel. From this stage of lesion
development, when the clinical changes can be readily seen
without air drying, the more extensive loss of mineral
beneath the outer surface is constantly increasing, as illus-
trated in Fig. 5.17.

Such experiments demonstrate that the surface partly
dissolves from the very beginning of lesion formation
with enlargement of intercrystalline diffusion pathways
[20, 22, 24, 43-46].

Why does mineral loss predominantly
occur underneath the enamel surface?

The precise mechanisms behind the relative protection
against further dissolution of the outer 10-50 pm of the
enamel as removal of mineral from the subsurface region
continues is understood from a physico-chemical point
of view (see Chapter 9), but several other explanatory
models have been proposed. For example, a protective
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precipitation of calcium phosphate or crystal growth of
these salts directly onto the enamel surfaces, and they
also tend to inhibit demineralization. Since the inhibi-
tors are macromolecules, which cannot penetrate into
the deeper parts of the enamel, their stabilizing role
appears to be limited to the surface enamel.

The specific and inherent properties of the outer surface
itself in terms of ultrastructural and chemical composition
may play a role in the relative protection of the surface layer
[49]. However, as will be described later in this chapter, even
after visible cavity formation in the enamel there is still a
tendency to form a better mineralized zone at the plaque-
enamel interface relative to the interior part of the enamel.
Finally, the fact that dental caries also develops as subsurface
mineral loss in exposed root surfaces (see ‘Histopathological
features of root caries lesions’ section) indicates a physico-

chemical explanation common to all surfaces, irrespective
of structure and chemical composition.

This observation, along with many experimental data,
suggests that the relative protection of the outermost
enamel, being in close proximity to the plaque fluid, is
predominantly a result of the dynamic chemical processes
taking place at the solid-solution interface, as described
in Chapter 9. The fluoride concentration in the oral fluids
will have a strong influence on maintenance and width of
the surface zone (see explanation in Chapter 9 and
Fig. 9.11).

An important question that arises at this stage is the
development of carious lesions depends on structural
and inherent factors of the tooth itself or whether lesion
development is mainly dictated by environmental factors.
Essentially, this question parallels the classical philosophical
discussion of the relative role of genetic versus environmental
factors. Carious lesions are a result of the interaction bet-
ween the two mutually dependent factors: the enamel itself
(the genetic factor) and the external environment (the envi-

ronmental factors - where in fact part of the salivary compo-
sition may be genetically determined). Thus, in theory, both
aspects eventually determine lesion development or caries
resistance. Because the major concern in this context is linked
to the treatment of the disease and its symptoms in individ-
uals, the relative importance of the two factors ought to be
considered. So far as dental caries is concerned, the most
important factors are the environment, in terms of microor-

ganisms adhering to the tooth and their products, and
metabolism, which is highly influenced by nutrients (fer-
mentable carbohydrates). From a practical point of view this
insight is very useful, as our opportunities for influencing
genetic factors in terms of tooth development and chemical
composition of the tissues are negligible so far, in contrast to
efforts directed towards affecting the environmental factors.
This point of view also explains why the following sections
highlight the role of local environmental conditions in enamel
reactions.

Figure 5.18 After 4 weeks of undisturbed biofilm the surface dissolution
becomes more marked with loss of larger parts of perikymata overlappings.
Reproduced with permission of Karger Publishers.

Figure 5.19 Detail of eroded perikymata overlappings with exposed
underlying rod and interrod enamel at different stages of dissolution.
Reproduced with permission of Karger Publishers.

role of salivary proline-rich proteins and other salivary
inhibitors, such as statherin, during enamel demineral-
ization has been suggested [21]. These inhibitors, which
are particularly prevalent in the pellicle, have a dual
function as they prevent spontaneous and selective
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How do such early lesions change when dental
plaque is removed?

After 4 weeks an active enamel lesion, the white spot lesion, has
a characteristic chalk)' surface, as seen in Fig. 5.20a and c. This
is partly because an increase in the internal enamel porosity,
due to demineralization, causes a loss of translucency and this
makes the enamel appear opaque. It is also partly caused by
the direct surface erosion. The enamel loses its shiny appearance
because the irregular surface generated by the erosion of the very
outermost surface gives rise to a diffuse reflection of light.

Owing to the surface erosion it is also possible to make
small scratches with a probe in the surface of active lesions.
When such lesions created experimentally were re-exposed
to the oral environment none of them continued to progress
[26, 35]. After only 1 week they showed signs of clinical
regression; that is, the whitish appearance had diminished
(Fig. 5.20b and d). After 2 and 3 weeks where the surfaces
were brushed, these surfaces had almost resumed the hard-
ness as well as the shiny appearance of normal enamel. How
can the clinical observation of arrest of lesion progression,

and even regression, be interpreted?
Examination of the surfaces in relation to time after

re-exposure to the oral environment showed a rapid and
gradual increase in wear of the eroded surface. This indicates

that mechanical brushing and removal of the cariogenic and
acid-producing plaque is the dominating factor for lesion
arrest in vivo. The clinical impression of the surface of the
arrested lesion as shiny and hard’ is therefore the result of
abrasion or polishing of the dull, partly dissolved surface
of the active lesion (Figs 5.21, 5.22, 5.23, and 5.24). The
mechanical removal of the outermost, partly dissolved, crys-

tals ( polishing’) results in exposure of more tightly packed
crystals, explaining the clinical impression of resumed sur-

face hardness. The polarized light examinations revealed that
the porosity of the deeper parts of lesions was reduced after
removal of the acid-producing plaque. The complete end of
acid production at the surface results in a gradual return
to neutral pH in the inner part of the lesion. For this reason
there is an outward diffusion of protons. The reduced enamel
porosity in the inner part of the lesion is therefore probably
the result of a gradual return of enamel fluids to a stage of
supersaturation with respect to apatites, causing a shift
in equilibrium and reprecipitation of minerals in the
sites of demineralization (see also Chapter 9). Detailed
histological examination, however, particularly at the
surface, suggests that the repair of the inner part of the
lesion is not fully completed even 3 weeks after cessation
of a cariogenic challenge [25] .

Frequently, orthodontic treatment with fixed appliances
gives rise to side effects in terms of caries lesions around
the brackets because the patients are not instructed in

proper oral hygiene (Fig. 5.25). After removal of the
appliance and professional plaque removal, further
lesion progression ceases, and after 3 months (Fig. 5.26)
the lesion shows features of a typical arrested lesion with
a hard and shiny surface, but still with a maintained
interior opacity [1, 2]. Scanning electron micrographs
at low magnification of replica models clearly show
that the transition from an active to an inactive stage is
associated with wear as the mark made in the sound
enamel has almost been worn away during a period of
3 months (Figs 5.27 and 5.28). The active lesion was a
result of a prolonged period with partly undisturbed
plaque accumulation, and the marked distinct border bet-
ween sound enamel and the surface of the active lesion is
therefore a clear indication of the degree of surface erosion
during caries progression.

The approximal white spot lesion
The shape of the white spot lesion is determined by the
distribution of the microbial deposits between the contact
facet and the gingival margin, which results in a kidney-
shaped appearance. On the proximal smooth surface there
will typically be an interdental facet-area partly surrounded
by an opaque area extending in the cervical direction. The
cervical border of the lesion is formed according to the
shape of the gingival margin (Figs 3.11 and 3.12). It is often

Figure 5.20 (a) Experimental tooth immediately after removal of the 4 week
local protection by an orthodontic band. Note the typical appearance of an
active enamel white spot lesion, (b) The same tooth 1 week after re-exposure
to the oral environment. The inactive or arrested lesion appears less whitish
due to wear and polishing of the external partly dissolved surface,

(c) Experimental tooth immediately after cessation of 4 weeks of local protection.
Note a typical opaque white, active enamel lesion, (d) The same tooth 2 weeks
after re-exposure to wear in the oral environment. The arrested lesion is not

readily visible in the clinic. Note the more shiny appearance of the surface.

Reproduced with permission of Karger Publishers.
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Figures 5.21-5.24 Scanning electron-micrographs of enamel caries lesions after removal of local protection. Overview (left) and high-magnification detail (right).
Figure 5.21 shows typical features of active enamel lesion with partial and complete dissolution of outermost crystals immediately after removal of 4 weeks' local
protection. Courtesy of Scandinavian University Press. Figure 5.22 is after 1 week of exposure to the oral environment: multiple microscratches can be seen in the
outermost partly dissolved crystal layer. Loosely bound crystals have been worn away (right). Courtesy of Scandinavian University Press. Figure 5.23 shows micro-
wear after 2 weeks. Parts of the porous external micro-surface have been removed by wear. The exposed underlying crystals appear more tightly packed (right).
Courtesy of Scandinavian University Press. Figure 5.24: After 3 weeks the surface appears smoother, with classical wear striation patterns owing to more complete
removal of the eroded microsurface.The complete removal of loosely bound and partly dissolved crystals has exposed tightly packed crystals separated by a distinct
network of intercrystalline spaces. Courtesy of Scandinavian University Press.

Surface features of the clinical white spot lesion
When examining the surface of an active white spot lesion
(Fig. 5.29) characteristic changes can be observed on approx-
imal surfaces, in principle corresponding to those described
previously. The contact facet has a smooth appearance where

possible in such surfaces to see thin extensions of the opaque
area, in buccal and lingual direction running in parallel with
the gingival margin. Some of these lesions will be active and
others inactive due to different efforts to control the micro-

bial accumulations, for example with dental floss.
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Figure 5.25 Clinical features immediately after removal of orthodontic appli-
ances and cleaning.The orthodontic treatment had lasted for 2 years. Note the
marked gingival reaction and the characteristic chalky surface appearance of
the active enamel lesion.

Figure 5.28 Scanning electron micrograph of replica of the arrested lesion.
After 3 months, the furrow (arrow) has almost disappeared, and the step
between the sound and arrested surface is slightly enhanced (open arrows).
Courtesy of A. Thylstrup and J. Artun.

Figure 5.29 Scanning electron micrograph of early surface dissolution cervical
to contact facet (CF) in a natural, active enamel lesion. Courtesy of IRL Press.

Figure 5.26 After 3 months with careful oral hygiene the gingival tissues
have recovered and the active lesion has been completely arrested.The white
appearance of the lesion has diminished markedly due to polishing away of the
eroded outermost enamel surface. the perikymata pattern has been abraded, but irregular

fissures and other small defects can be observed along the
periphery of the facet. Innumerable irregular holes are seen
in the opaque surface enamel cervical to the facet; these are
deepened and more irregular Tomes’ processes pits and also
an increased number of eroded focal holes. In other areas the
deepened Tomes’ processes pits appear to merge together,
forming larger areas of irregular cracks or fissures (Figs 5.30,

5.31, and 5.32). The surface enamel exhibits distinct patterns
of dissolution with widened intercrystalline spaces, and
minor fractures of the perikymata edge are frequently found.

In other lesions these fractures may be so extensive that
they involve two, three, or more perikymata whereby micro-
cavities are formed. At the bottom of such microcavities,

the classical honeycomb pattern of enamel rods is seen. The
overlapping character of the enamel in these defects is
evident with the opening of striae of Retzius corresponding
to the bottom of each ‘step.’

When examining inactive, arrested lesions, which still
clinically appear as white spot lesions, some of these may

Figure 5.27 Scanning electron micrograph of replica of the active lesion.

Note the distinct step between the eroded surface of the active lesion and the
adjacent sound enamel (open arrows). A furrow has been made in the sound
enamel area (arrows).



Pathology of dental caries 61

Figure 5.33 Scanning electron micrograph of part of an inactive enamel
lesion with microcavity. At the bottom of the cavity, openings of striae of
Retzius are seen. The rod pattern is clearly evident in the exposed enamel, in
contrast to the abraded surface enamel.

also comprise microcavities (Fig. 5.33). The surface enamel
surrounding such cavities exhibits marked abrasion with
irregular scratches, but irregular deeper holes may be seen
in-between rows of Tomes’ processes pits. The rod and
interrod enamel in such areas, however, is also smooth
(Fig. 5.34). In contrast, the enamel surface in sheltered
areas, such as the bottom of the microcavities, appears
densely granular (Fig. 5.35), indicative of merging ends of
the individual crystals.

In conclusion, the early stages in enamel dissolution
involve a distinct disintegration of the actual enamel sur-

face, even leading to microcavities. It is also evident that
approximal abrasion and attrition, caused by mechanical
oral hygiene, significantly interfere with the surface fea-

tures, because the outermost enamel surface, only a few
micrometers thick, is soft as a result of demineralization
(erosion).

Histology of the white spot lesion
By sectioning the enamel perpendicular to the surface it is
possible to produce 80-100 pm thick ground sections and
examine these by microradiography and polarized light
microscopy. When examining air-dried sections (air has
RI =1.0) in the polarized light microscope the porous lesion
(area in the tissue where pore volume is exceeding 1%)
appears as a wedge-shaped defect with the base at the enamel
surface. When examining the same section with the inter-

crystalline spaces filled with water (RI =1.33), areas where
there is more than 5% pore volume in the tissue are observed
mainly beneath the enamel surface, but still extending in
a triangular shape into the tissue (Figs 5.36 and 5.37). In
this way it is possible to distinguish between the appar-

ently relatively intact surface zone, which varies in width
from 20-50 pm, and the so-called body of the lesion whereFigures 5.30-5.32 Details of surface dissolution patterns seen in Fig. 5.29.
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Figures 5.36 and 5.37 Ground section cut through the center of small
enamel lesion examined in polarized light after imbibition in water (Fig. 5.36)
and quinoline (Fig. 5.37): (1) surface zone; (2) body of the lesion; (3) dark zone;
(4) translucent zone.

Figures 5.34 and 5.35 Variations in surface features of rod (R) and interrod
(IR) enamel in inactive lesions caused by variations in wear. Courtesy of IRL
Press.

the pore volume exceeds 5%. The principal distribution
of pore volume in an enamel lesion is illustrated in
Fig. 5.38.

Two other histological zones are of interest in enamel
caries lesions. These zones are only visible when the
ground sections are examined imbibed in a clearing agent
such as Canada balsam or quinoline. The latter in particular
is very suitable since its RI is identical to that of enamel.
When a ground section is examined in transmitted light
after imbibition with quinoline, an apparently structureless
translucent zone may be seen at the advancing front of the
lesion (Fig. 5.37). This zone may vary from 5-100 pm in
width and is located corresponding to that part of the
lesion with a pore volume of slightly more than 1% when
examined in dry air. Detailed microdensitometry studies
of microradiograms have shown that there is a slight loss of
mineral in this zone. The explanation for the translucent

Figure 5.38 The principal pore volume distribution in the section examined
Figs 5.36 and 5.37.

appearance of this zone with the enamel structures being less
evident appears to be that initial dissolution of the enamel
occurs mainly along the gaps between rod and the interrod
enamel in the tissue. For this reason the quinoline is
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assumed to penetrate more easily into these enlarged
pores; and as the medium has the same RI as that of the
enamel crystals (RI =1.62), the final result will look like a
structureless zone.

The dark zone is a more constant feature of the advancing
front of carious lesions than the translucent zone is. Thus,

the dark zone occurs in 90-95% of lesions; and if the trans-
lucent zone is present, the dark zone is located between this
and the body of the lesion (Fig. 5.37). Polarized light studies
of the dark zone indicate a pore volume between 2 and 4%,
and Silverstone has suggested that this zone possibly repre-

sents the results of a multitude of demineralization and
repredpitation processes [41]. The designation ‘dark zone’

originates from early studies showing that the zone appears
dark brown in ground sections when examined in trans-
mitted light after imbibition with quinoline. The dark
appearance of the zone indicates that large quinoline mole-

cules have not penetrated all micropores. The fact that
quinoline is unable to penetrate the dark zone indicates
that this contains very small pores in addition to the
relatively larger ones that were present in the previous stage,

the translucent zone. The occurrence of micropores imper-
meable to the large quinoline molecule are thought to be a
result of precipitation of minerals in the sites of previous
demineralization within the lesion, whereby parts of the
large pores may be reduced by deposition of material (com-
pare Fig. 9.3). Supporting this concept is the observation
that in vivo caries lesions with a long history (i.e., slowly
progressing or inactive lesions) frequently exhibit very wide
dark zones.

Microradiographically, the increased pore volume as
observed in the polarized light microscope is reflected as
a loss of mineral deep to the relatively unaffected surface
zone (Fig. 5.39). In principle, the loss of mineral is most
pronounced corresponding to the body of the lesion, with
a gradual decrease in loss toward the advancing front.
However, the distribution of minerals within the enamel
lesion varies greatly. Frequently, very thick surface zones
are found. Similarly, deep within the body of the lesion a
laminated appearance of the mineral distribution may be
observed, indicative of periods with lesion arrest fol-
lowed by new periods with active demineralization. This
phenomenon is often particularly evident in the occlusal
part of approximal lesions corresponding to where the
interproximal attrition facet gradually develops (see also
Chapter 9).

Within the enamel the spread of dissolution takes place
particularly along the rod boundaries, as seen in the elec-
tron microscopes (Figs 5.40 and 5.41). At higher magnifi-
cations larger rhomboid irregular crystals, caries crystals,’

may be found along these diffusion pathways (Chapter 9,
Fig. 9.3). These crystals are interpreted as being a result
of redeposition of minerals. In actively ongoing lesions,

however, the apatite crystals exhibit various degrees of
peripheral dissolution. But central dissolution along the
c-axis of the crystals may also occur in the central lesion
part (Chapter 9, Fig. 9.3).

Assuming a constant but high cariogenic challenge,
there will be gradual subsurface dissolution of enamel, this
being most pronounced deep to the enamel surface and
spreading into the enamel following the rod directions. If,
however, the cariogenic challenge varies as a result of, for
instance, improved oral hygiene, topical fluoride applica-

tion, and so on, such phases of remission and recurrence
may result in a much more irregular pattern of mineral
distribution within the lesion.

Progression of the enamel lesion
The classical description of the enamel lesion histology has
been based on the white spot lesion positioned at the cervical
margin of the interdental facet on the proximal surfaces.
Typically, as described in the previous section, the lesion
appears triangular in sections cut through the central lesion
part. Carious dissolution follows the direction of the rods.
Systematic measurements of enamel porosity along tra-

verses following the rod direction make it possible to
understand the morphogenesis of the conically shaped
approximal lesion [6]. Figure 5.42 shows the principal
morphological characteristics of a typical lesion. A line
is drawn that has been designated the central traverse
(CT), in the rod direction from the deepest point of lesion
penetration to the surface. The highest degree of tissue
porosity is always observed along this line irrespective of
lesion depth.

Initiation, spread, and progress of the approximal lesion
is a simple reflection of the specific environment created by
the microbial communities (the biofilm) on the enamel
surface in the approximal space. Conversely, if bacteria are
offered similar growth conditions anywhere in the denti-
tion by allowing biofilms to become established then the
metabolism in this biofilm produces similar types of
lesions.

Arrest of the caries lesion
For several years it has been common to use the word
‘remineralization’ synonymously with arrest of caries
lesion progression. This is misleading for several reasons,
however. Most important, of course, is the fact that the
first step in arrest of further lesion progress is removal of
the acid-producing origin of the disease, the cariogenic
plaque. Second, clinical changes associated with lesion
arrest are partly explainable in terms of wear and polishing
of the partly dissolved external microsurface of the active
lesion. Thus, there is no sign of salivary surface repair of
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Figures 5.39 Microradiograph of ground section from enamel lesion demonstrating preferential subsurface loss of mineral. Note the variation in mineral loss,but

the structure of prism pattern remains.
Figures 5.40 and 5.41 Scanning and transmission electron micrographs from body of the lesion showing partly dissolved enamel with enlarged gaps between

rod (R) and interrod (IR) enamel. Note in Fig. 5.41 that the wide empty spaces represent artifacts caused by tissue preparation (sectioning). Figure 5.41 courtesy of

Arch Oral Biol.
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Figure 5.42 Schematic illustration of progressive stages of lesion formation: (1) reactive dentin; (2) sclerotic reaction or translucent (transparent) zone; (3) zone
of demineralization; (4) zone of bacterial invasion and destruction; and (5) peripheral rod direction. CT( central traverse line. Modified from [6].

the arrested surface lesion in accordance with surface alter-
ations in vivo after artificial etching with acid (Chapter 9).
Collectively, these studies demonstrate that the clinical
impression of repair after acid etching of the surface is not
due to mineral deposition but instead is the result of sali-
vary deposits (the pellicle) masking the characteristic etch
pattern. In 1960, Mannerberg [31] demonstrated in a series
of studies that changes in surface enamel micromor-
phology after etching were a result of abrasion, and not

precipitation of salivary minerals. In vivo, the enamel sur-
faces are not restored by salivary repair mechanisms after
direct loss of surface minerals. This is likely to be a
result of the aforementioned salivary inhibitors, which
prevent spontaneous and selective precipitation of calcium
phosphate or crystal growth of these salts onto the enamel
surface.

Concerning redeposition of mineral through the surface
layer into the internal (subsurface) lesion in vivo, available
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data suggest that the surface layer in itself forms a diffusion
barrier against subsurface uptake of mineral [29]. For this
reason, it is a well-known clinical phenomenon that arrested
lesions with an intact surface layer remain as scars in the
tissue (Figs 3.13 and 9.17). This does not preclude that there
are subtle alterations at the crystal level between oral fluids
supersaturated with respect to dental apatites (see
Chapter 9) and enamel crystals. However, it is worthwhile
briefly considering the clinical elements of the most oft-
cited study on lesion arrest, because this study convention-
ally has been taken as proof of the so-called ‘remineralization
phenomenon.’

Backer Dirks [3] studied 184 buccal surfaces of maxil-
lary first molars in the same children at 8 years of age and
again at 15 years. Table 5.1 indicates the clinical diagnoses.
The last column shows the diagnoses at age 15, and the
arrows point to the changes that have taken place with the
individual lesion during the study period. Of the 72 sur-

faces with white spot lesion at 8 years of age, 37 (51%)
were sound at age 15, while 26 (36%) remained unchanged
and 9 progressed to cavitation stage. To understand these
results it is important to remember that the gingival level
at the buccal surface of the maxillary first molars
undergoes a marked change between the ages of 8 and
15 years. During this period there is a gradual recession of
the gingival margin along the surface of the tooth and a
continuing exposure of the clinical crown. Also during
this period the second maxillary molar erupts, leading to
a further repositioning of the gingival attachment on the
distal part of the first molar. Thus, the physiologic passive
exposure of the tooth leads to a change in local conditions
for plaque accumulation. For this reason, in his original
report Backer Dirks considered the lesion arrest and lesion
regression to be mainly a result of the altered environ-
mental conditions due to better use of the fully erupted
teeth, which promoted natural removal of bacterial accu-

mulations, and hence lesion arrest. Prolonged wear of par-

ticularly superficial enamel lesions eventually leads to a
complete wearing away of opaque enamel, giving the
impression of a repaired lesion (as seen corresponding to
the wear facet approximally).

In short, this means that lesion arrest in vivo is always
the result of mechanical removal of cariogenic plaque.

Toothbrushing and professional plaque removal not only
result in arrest of further progression, but also in enamel
lesions often regressing to an extent where they are not
readily recognized in the clinic.

The use of the word remineralization as being synony-
mous with lesion arrest is particularly unfortunate because
it is often stated that remineralization only occurs in cases
with an intact surface layer. However, as will be seen later in
this chapter, cavitated lesions can still arrest when plaque
accumulation is sufficiently controlled [30]. Because the
surface layer acts as a diffusion barrier against subsurface
uptake of mineral, its removal may promote mineral depo-

sition in the exposed porous enamel.
Careful clinical examination, particularly of adults,

often reveals several arrested lesions at various stages.

Most often the arrested approximal lesion is seen on teeth
where the adjacent tooth has been extracted, whereby the
local environmental conditions have been changed com-

pletely. Often, opaque bands can be discerned on the labial
surface of incisor teeth indicating arrested lesions that
developed during eruption of the teeth. Inactive lesions
with a long history are often discolored due to the uptake
of dyes (Chapter 3). Classically, such lesions are designated
chronic lesions, arrested lesions, or brown spot lesions.

Typically, gentle probing will reveal that they have the
same hardness as normal enamel, in contrast to the more
soft and rough surface of the active lesion. Therefore, they
are often described as remineralized lesions as well.
However, as previously mentioned, remineralization is not
the cause of the arrest of further progress of the lesion,

although reprecipitation of mineral from oral fluids may
be a consequence of lesion arrest.

The chemical and structural aspects of these particular
de- and remineralization phenomena are addressed in
detail in Chapter 9.

Table 5.1 Distribution of buccal surfaces of maxillary first permanent molars
in three categories of diagnosis at age 8 and age 15 of the same surfaces.

From [3] . Reproduced with permission of Sage Publications.

Age (years) TotalDiagnosis Occlusal caries
8 15 Numerous epidemiological data and common clinical

experience have repeatedly taught us that occlusal surfaces
of posterior teeth are the most vulnerable sites for dental
caries. Conventionally, the high incidence of caries on these
surfaces has been directly related to the narrow and inac-
cessible pits and fissures on occlusal surfaces (see Chapter 3),

and for that reason it has been natural in the past simply to
refer to occlusal caries as ‘fissure caries.’ Recent clinical and
structural studies combined with accepted knowledge,

Sound 111

White-spot lesion 41

Caries with cavitation 32

84
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however, have made it possible to dismiss the narrow fis-

sures as being per se the focus for caries initiation on poste-

rior surfaces, and for that reason we prefer the term occlusal
caries in this chapter [9-11, 14].

It is a common clinical experience that caries on occlusal
surfaces does not involve the entire fissure system with the
same intensity but merely occursas a localized phenomenon.
This can be understood when looking at a permanent molar
occlusal surface in a stereomicroscope, where it presents
itself as an elaborate landscape, with high mountains
separated by a variety of valleys, some of which are deep
rifts and others appear like open river valleys. Each tooth
type in the dentition has its own specific occlusal surface
anatomy, and caries is usually detected in relation to the
same specific anatomical configuration in identical tooth
types. In the maxillary molar, for example, the central and

the distal fossae are sites that typically accumulate plaque,
and hence are also sites where caries most often occurs. In
general terms, occlusal caries initiation takes place in loca-

tions where bacterial accumulations are best protected
against functional wear [9]. Thus, two factors have been
considered of importance for plaque accumulation and car-
ies initiation on occlusal surfaces: (1) stage of eruption or
functional usage of teeth and (2) tooth-specific anatomy
[9-11].

Figures 5.43, 5.44, 5.45, 5.46, 5.47, and 5.48 show six
different stages of occlusal caries. Progressive destruction of
the occlusal surface is initiated by a local process either in
the deepest part of the open groove-fossa system (see
Fig. 5.56) due to accumulation of bacterial deposits and/or
along the entrance to deep, narrow fissures (Fig. 5.49). In
such areas, which already offer protection against physical

5 46 '

Figures 5.43-5.48 Histological sections through teeth exhibiting different stages of progression of occlusal caries lesions. By comparing these natural lesions
with the diagram in Fig. 5.56 it will be appreciated why occlusal caries presents itself as undermining the enamel. If left 'untreated' a caries lesion stimulates the
pulpo-dentinal organ to carry out reparative processes in the form of sclerotic (hypermineralized) dentin and at the pulpal interface reactive (tertiary) dentin. If the
microbial mass is not removed then the final outcome will be necrosis of the pulp and periapical inflammatory reactions (Fig. 5.48). Courtesy of Professor
T. Yanagizawa from the Hanagawa collection.
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To understand the (rarely rapid) progression of occlusal
caries under natural conditions (i.e., in people living in

communities without provision of dental health care) it is

necessary to appreciate the particular anatomical configu-
ration of the occlusal surface where caries is initiated. It is

crucial to understand the process in three dimensions as
caries on occlusal surfaces most often is initiated in fossae,

which are the depressions where two or more interlobal
grooves meet. For this reason, several surfaces are involved
in the initial dissolution. Because enamel demineralization
always follows the rods, it is natural that the enamel lesion
initiated in a fossa gradually assumes the shape of a cone

with its base towards the enamel-dentinal junction (see the
schematic drawings in Fig. 5.56). The dentin reaction

reflects basically the rod direction in the enamel involved.

Sections cut through such a lesion thus give the two-

dimensional impression of two separated and independent
lesions. In a fossa, however, where several surfaces are

involved, the lesion entity is, in reality, shaped as a cone in

three dimensions. It is no wonder, then, that textbooks over

the years have paid special attention to the undermining’

character of occlusal caries. However, in the light of the
structural arrangement of the rods in the various parts of an

occlusal surface in molars in particular, the mode of lesion
growth in these surfaces is not particularly surprising. With

progressing enamel destruction a proper cavity is formed,

and again the outlines of the cavity reflect the arrangement
of rods in the area. The cavity is thus shaped as a truncated

wear (Figs 5.44) the formation of microcavities (e.g., result-

ing from vigorous probing!) further improves local condi-
tions for lodgment and growth of oral bacteria. Compare in

this context Figs 5.50 and 5.51 with Fig. 5.49. When a stan-

dard probe is forced into a fissure entrance that is partly
demineralized this easily results in minor surface disrup-

tions. This accelerates demineralization and destruction,

which again improves local conditions for bacterial growth
(Fig. 5.45).

Caries lesions at the entrance to occlusal fissures may not

develop with the same intensity on both sides of the fissure
wall ( Figs 5.52 and 5.55). They develop as subsurface lesions
and spread in the directions of the rods (Fig. 5.49), and at a

certain stage the lesions on either side join along the bottom
of the fissure (Fig. 5.51) or they may first merge when the
dentin is involved (Figs 5.54 and 5.55). Thereafter, the

spread is similar to lesions that develop in the fossa-groove
system. The lesions appear as truncated cones, and the
dentin demineralization along the enamel-dentin junction

spreads along the mantle dentin once the cavities are filled
with microorganisms. This enhances the clinical impres-

sion of ‘undermining’ of the enamel margins (Figs 5.49 and
5.50). Thus, opening up of an occlusal caries lesion often
gives the less-experienced dentist the impression of ‘much

larger demineralization’ than they anticipate from the
immediate clinical inspection (compare clinical features in

figures of occlusal caries in Chapter 3 with these histolog-
ical pictures).

Figures 5.49-5.51 Sections through occlusal fissures examined in polarized light. When examined dry in air an early subsurface caries lesion and surface poros-

ities are seen in Fig. 5.49. The arrow shows a surface defect probably caused by vigorous probing. The dotted lines indicate prism direction. The bottoms of such

fissures are having a structural complexity often with increased amount of developmental proteins which should not be considered as dental caries! In Fig. 5.50 a

standard clinical probe is located at the entrance of a fissure. In Fig. 5.51 a caries lesion is confined to the enamel at both sides of the fissure. The section is examined

dry in air and the lesion is thus reflecting areas where the pore volume exceeds 1%.
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Figures 5.52 and 5.53 Microradiograms from two consecutive sections of the same fissure. Note the uneven distribution of demineralization.

Figures 5.54 and 5.55 Microradiogram and polarized light microscopic illustration of pattern of spread of a caries lesion. At sectioning the tissue was intact! In
Fig. 5.55 a probe is located at the entrance to the fissure. Note the apparent undermining character of demineralization. See the text for explanation.
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Figure 5.56 Schematic illustration of progressive stages of occlusal lesion formation in an occlusal fossa: (1) reactive dentin in the interface to the pulp; (2)

sclerotic reaction or translucent (transparent) zone;(3) zone of demineralization;(4) zone of bacterial invasion and destruction;(5) dotted lines indicate the direction

of the prisms. Modified from [14].

As previously mentioned, the major part of clinical and
scientific concern with regard to occlusal caries has been
devoted to the possible events taking place in the deep and
inaccessible fissures. However, caries destruction is almost
always initiated at the entrance due to metabolic activities

in bacterial accumulations on the surface. It is interesting in

this context that the structural organization of dental plaque
in a distinct biofilm is not observed in the fissures but along
the entrance of fissures. The consequences for diagnosis

cone. The particular anatomical configuration of that part
of the occlusal surface where caries begins explains why the

openings of occlusal cavities are always smaller than the
base. The closed’ nature of the process obviously favors
undisturbed growth of bacteria, and hence accelerated

destruction of the tissue. Occlusal enamel breakdown is the
result of further demineralization from one or more initially
established foci rather than being a general demineraliza-

tion involving the entire fissure system.
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and prognosis of ocdusal cavities will be dealt with in
Chapters 10-12.

Dentin reactions to caries progression
Conventionally, enamel caries and dentin caries are
described as two independent entities. This convention is to
some extent understandable, because the two tissues differ
markedly from each other in terms of both developmental
origin and structure. The enamel is derived from the
ectodermal component of the tooth germ, while the
pulpo-dentinal organ is developed from the mesenchymal
component. The enamel is avascular and acellular and
cannot respond to injuries, whereas the dentin and the den-
tinal cells, the odontoblasts, are integral parts of the pulpo-
dentinal organ and thus to be considered a vital tissue
possessing specific defense reactions to external insults.
Remember, the enamel is a microporous solid and hence it
is understandable that stimuli from the oral cavity pass
through the tissue into the pulpo-dentinal organ even in
clinically intact enamel. With increasing porosity as a result
of enamel demineralization it is to be expected that the
underlying pulpo-dentinal organ reacts (Figs 5.43, 5.44,
5.45, 5.57, 5.58, and 5.59).

Therefore, changes in dentin during caries progression
cannot be understood without taking the spread of the
enamel lesion into account. The most common defense
reaction by the pulpo-dentinal organ is tubular sclerosis,
which is deposition of mineral along and within the dentinal
tubules, resulting in their gradual occlusion (Figs 5.60-5.65,
and 5.66) [28, 30, 32, 33, 42].

Age changes in the dentin are commonly described as a
gradual mineralization of the peritubular dentin, eventually
resulting in complete obturation of the tubules or tubular
sclerosis. Wear of teeth accelerates tubular sclerosis. It is
reasonable, therefore, to consider age-related tubular
sclerosis as being the result of mild stimuli from the oral
environment mediated through the enamel. Caries is
another stimulus that accelerates tubular sclerosis, a process
that requires the presence of a vital odontoblast (Figs 5.58,
5.59, and 5.67). The tubular sclerosisobserved in conjunction
with caries has been described as being either a result of
initial mineralization of the peritubular space followed by
calcification of the odontoblast process, or by an initial
intracytoplasmic calcification followed by a secondary
periodontoblastic mineralization [19]. In addition to the
presence of intratubular hydroxyapatite crystals, large
rhombohedral crystals have often been observed and iden-

tified as whitlockite crystals [13, 19]. At the light micro-

scopic level it is not possible to distinguish between the
different forms of sclerosis, and in sections the obturated
dentinal tubules appear translucent because the mineral in
the tubules makes the tissue more homogeneous, reducing
the scattering of light passing through the affected tissue.

Figure 5.57 Ground section of active approximal lesion examined in trans-
mitted light. The triangular enamel lesion reaches the enamel-dentin junction,
with demineralization of the outer dentin (ZD) and sclerotic reactions (TZ)
corresponding to the less advanced peripheral parts of the enamel lesion.

Sclerotic dentin is therefore often referred to as translucent
(transparent) dentin or a translucent zone (Fig. 5.57).

Pulpo-dentinal reactions

Pulpo-dentinal reactions before bacterial
invasion into the dentin
The first signs of dentin reactions beneath an enamel lesion
that can be seen in the light microscope are aggregations of
a few inflammatory cells and tubular sclerosis which forms
corresponding to the deepest part of the progressing enamel
lesion (Figs 5.58 and 5.59). Enamel demineralization
increases enamel porosity, and hence also the permeability
of the enamel, and it is therefore no wonder that the first
mild stimuli initiating the defense reaction reach the dentin
corresponding to the most porous part of the enamel lesion.
Because the light microscope is a relatively coarse level of
examination, it is obvious that much earlier dentin reactions
have been noted at the biochemical and histochemical level.
Initial tubular sclerosis is seen before the advancing front of
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Figures 5.58 and 5.59 Histological ground sections in the mesiodistal direction through human mandibular premolars and molars. In the approximal surfaces

caries lesions extend at a varying depth towards the dentin. Note how sclerotic reactions in dentin (the translucent zone) and pulp may appear even at these stages

of lesion development. Figure 5.59 is a higher magnification of the approximal space between the premolars. Note how the lesions penetrate in depth below the
contact area. The approximal space appears partly empty because substantial shrinkage occurs during tissue preparation (the gingiva has been edematous and

swollen) and some of the microbial deposits are lost. Courtesy of Professor T. Yanagizawa from the Hanagawa collection.
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Figures 5.60 and 5.61 Microradiographs of the border between the translucent zone (TZ) and normal dentin,with open dentinal tubules seen as dark lines. The

dotted line in Fig. 5.60 indicates plane of view in Fig. 5.61.
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the enamel lesion reaches the enamel-dentinal junction.
When contact between the enamel lesion and the enamel-
dentin junction is established, the first sign of dentin demin-
eralization can be seen along the junction in terms of
brownish discoloration (see the front cover). For many years
it has been common in textbooks to read that the dentin
demineralization is spreading in a lateral direction along the
enamel-dentin junction because it has been implicitly
assumed that the anatomical discontinuity between the
two tissues favors penetration of destructive agents.

However, systematic studies on this issue - in smooth
surface caries - concluded that brownish dentin demineral-
izations never extend beyond the limits of the enamel lesion
contact area with the enamel-dentin junction [6] before a
caries cavity extending into dentin is developed. The tubular

Figure 5.62 Transmission electron micrograph from translucent zone show-

ing two completely occluded dentinal tubules (ODT). Reproduced with permis-

sion of Karger Publishers.

Figures 5.63 Figure 5.63: Transverse section of a dentin tubule showing advanced mineralization of the periodontoblastic space (PS). OP: Odontoblast process;
ID: intertubular dentin. Reproduced with permission of Karger Publishers.
Figure 5.64 Transverse section of odontoblast process (OP) and partly mineralizaed peri-odontoblastic space (PS). Reproduced with permission of Karger
Publishers.
Figure 5.65 Transverse section of mineralized odontoblast process (OP) and large, periodontoblastic space (PS) in which the majority of collagen fibers are min-
eralized. Reproduced with permission of Karger Publishers.

Figure 5.66 Completely mineralized dentinal tubule (DT). Reproduced with permission of Karger Publishers.
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Figure 5.67 Four consecutive micro-computed tomography scans through deep caries lesion in a 2000-year-old tooth from Imperial Rome. The lesion had

penetrated into the pulp where reactive dentin is indicated with an asterisk (a). Note the very pronounced sclerotic dentin reactions (hypermineralization) that
delineate the base of the dentin caries cavity - indicated by arrows on (b), (c), and (d). The framed area in (b) shows an early caries lesion through enamel with
a dentin demineralization at the enamel-dentin border.

(a) J . '

sclerosis observed early on corresponding to the central
demineralization in the enamel part of the lesion may be an

attempt to wall off ’ the lesion. It seems logical to interpret
the dentinal sclerosis lateral to the central demineralization
as a reaction to stimuli processed along the direction of the
rods from the less advanced parts of the enamel lesion
approaching the enamel-dentin junction. The dentinal
changes represent a continuum of pulpo-dentinal reactions
to variations in acid challenge at the enamel surface with
transmission of the stimulus through the enamel in the
directions of the rods [6]. The implication of this under-
standing, of course, is that when acid production ends at the
surface, due to regular disturbance or removal of the cario-

genic microbial biomass, then further demineralization is
stopped, resulting in arrest of further lesion progression. As
previously mentioned, the mineral uptake in the enamel and
in the dentin from the saliva is very limited after arrest of the
disease, and for that reason demineralized enamel as well as
demineralized dentin remain as scars in the tissue (Fig. 5.68).

Conventionally, dentin involvement has been assumed to be
a stage in caries progression that required operative treatment
in order to arrest further destruction, and many studies have
therefore focused on possibilities to detect this stage on radio-

graphs. The common use of ‘dentin involvement’, however, is

too vaguely defined to cover the continuum of changes occur-
ring in the pulpo-dentinal organ during caries progression
and, therefore, is useless as an indicator for operative treatment.

In the next section we will look at the gradual destruction
of the enamel and the eventual exposure of the pulpo-dentinal
organ to the oral environment.

Enamel destruction and bacterial invasion
In order to understand the gradual exposure of the pulpo-
dentinal organ during progressive lesion formation it is

important to appreciate that even though substantial
amounts of minerals have been removed from the enamel,
and the lesion thus characterized as porous, the remaining
mineral still preserves the overall structural composition of
the enamel (Figs 5.57 and 5.59). We are not dealing with an
empty’ space beneath the surface zone but with a certain

Figure 5.68 Microradiograph of ground section through inactive approximal
lesion that has been arrested for several years. The small cavity in the surface
of the enamel may have facilitated some redeposition of mineral, but other-
wise this degree of demineralization can remain unchanged lifelong.

degree of mineral loss in a still highly mineralized tissue.

The first signs of surface breakdown are therefore limited
to the outermost enamel and presumably created by
mechanical injuries during mastication, microtraumas dur-

ing interdental wear, or by careless probing. If such areas are
not kept relatively free of dental plaque, the process will
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continue because the bacteria harbored in the microcavity,

all other matters being equal, will receive more protection
than those on the surface, which again will favor the ecolog-

ical shift toward anaerobic and acid-producing bacteria, as
described in Chapter 7. The progressive destruction of the
enamel or the gradual enlargement of the cavity is therefore
the combined result of continued acid production in the
protected microbial biomass and mechanical microtraumas.

Considering the role that bacteria and their metabolic
products play in inflammatory reactions it is no wonder
that questions about the time for ‘bacterial invasion have
been the focus of attention for many clinicians in order to
define more precisely the time for operative intervention.
Because major interest has been devoted to initial caries or
to advanced stages with dentin destruction, little is known
about the events taking place during the progressive
destruction of the enamel before exposure of the dentin. It
is therefore relevant to distinguish between the limited (if
any) destructive capacity of isolated groups of bacteria in
the tissue and that of the protected microbial biomass in the
enamel cavity growing with direct access to the nutrient-
rich oral environment [47]. Occasionally, bacteria may be
found within the porous enamel and some may penetrate
along the organic meshwork in the enamel (e.g., the
lamellae). Proper superficial tubular invasion of bacteria in
coronal dentin has not been documented before direct
exposure of the dentin to the bacterial biomass in the cavity.

In principle, this stage in dentin exposure can be com-

pared with conditions occurring when bacteria accumulate
directly on exposed root surfaces and lead to active root-

surface caries. The outermost dentin - mantle dentin - in
both coronal and root dentin does not immediately allow
microorganisms to invade dentin tubules. Since initial root-
surface lesions can be arrested by proper nonoperative
treatment [34], it is possible to conclude that superficial
bacterial invasion into the dentinal tubules cannot per se be
used as an indication for operative treatment. It is relevant,
therefore, to raise the question: What is the possible harm-

ful effect of these invaders into an environment showing
little evidence of hospitality compared to the masses of
acid-producing surface bacteria? There is no doubt that the
microbiota in the dentinal tubules are able to excrete meta-

bolic end-products that may be associated with destruction
(see Chapter 7). However, their relative contribution to the
destruction compared with bacteria in the necrotic dentin
and bacteria harbored in the cavity may be extremely
limited. It is reasonable, therefore, to assume that bacterial
invasion also into the dentinal tubules is merely a sign of
lesion progress rather than being an integrated and
significant part of the destruction [47].

Following exposure of the dentin to the masses of bacteria
in the cavity, the most superficial part of the dentin will
soon be decomposed due to the action of acids and pro-

teolytic enzymes. This zone is referred to as the zone of

destruction (Fig. 5.42). Beneath this zone, tubular invasion
of bacteria may be seen in rapidly progressing lesions
(Figs 5.69 and 5.70). In such lesions, which in contempo-

rary populations may be rather rare, it is not uncommon to
see so-called dead tracts in the dentin, which means that the
odontoblast processes are destroyed without having pro-

duced tubular sclerosis. Such empty tubules are particularly
invaded by bacteria, and occasionally groups of tubules
coalesce to form so-called liquefaction foci (Fig. 5.71).
Between the zone of bacterial penetration and the sclerotic
dentin, the translucent zone, there is a zone of demineraliza-

tion resulting from acids produced in the biomass of anaer-
obic and aciduric bacteria in the cavity.

The first reaction in the pulpo-dentinal organ was tubular
sclerosis. When the apex of an enamel lesion reaches the
enamel-dentinal junction, the superficial part of the dentin
undergoes demineralization, which clinically can be seen as
a yellow-brownish discoloration of the soft tissue. The dis-

coloration may be a result of the biochemical changes of the
collagenous dentin due to the demineralization. As the pro-

cess continues, the defense mechanism in terms of tubular
sclerosis will proceed both along the advancing front and
along the borders of the cavity (Figs 5.67 and 5.72). This
assumes that the rate of lesion progress is such that the pre-

dominant number of odontoblasts remains viable in order
to be able to mount the hypermineralization defense and
seal off the process. This is evident in the example shown in
Figs 5.67 and 5.72, which originates from individuals who
lived 2000 years ago in Imperial Rome - and in areas of
Tanzania a few decades ago where there is a natural fluoride
content in the water of 2-2.5 ppm. In both cases oral
hygiene has been limited, but the Roman teeth have most

Figure 5.69 Histological section of carious dentin from a deep, active lesion
showing the zone of destruction (ZD) and zone of bacterial invasion (ZB).
Figures 5.70 and 5.71 Clusters of bacteria penetrating dentinal tubules and
forming liquefaction focus.
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Figure 5.72 Drawing showing the location of where two microradiograms are made along the walls of two different deep caries lesions that had never been
interfered with. The teeth, originating from Tanzanians, exhibited dental fluorosis, which explains the hypermineralized Owens contour line (OL) in (a). It is striking

that the zone of demineralization (ZD) is not very thick and delineated by the sclerotic zone (SZ) - compare with Fig. 5.67. RD: reactive dentin. In (b) the base of a

very deep occlusal cavity is shown again with a relatively narrow zone of demineralization (ZD). It should be noted how the dentin towards the pulp shows 'clouds'

of hypermineralization in the sclerotic zone (SZ).
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Figure 5.73 Top: schematic drawing of the relationship between Knoop hardness, the outer carious dentin, the translucent zone, and the inner sound dentin.

Bottom: the relation to bacterial invasion and mineralization phenomena in the dentinal tubules. Modified from [39].

wish to enhance the risk for pulpal death (see Chapter 20).
It is clear then that the demineralization will take place in
dentin with partly obturated tubules, explaining why the
superficial part of the translucent zone is softer than the
sound dentin (Fig. 5.73).

likely been treated with various pain relief interventions
[17]. The message to be drawn from these examples is that
even in deep, slowly progressing cavities utmost care should
be taken if there are vital pulps when removing soft, partly
dissolved carious dentin - avoid rotating burs unless you
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Pulp reaction
There is still some uncertainty in the literature concerning
the degree of pulp reactions in relation to various stages
of caries development. It is known that reactionary
(reparative or tertiary) dentin may form even before
bacterial invasion into the dentin [6] . And some immune
cells may be found close to the dentin. The reactionary
dentin is less well mineralized and contains irregular den-

tinal tubules. When the demineralization of the dentin
approaches the pulp at a distance between 0.5 and 1 mm,

varying inflammatory reactions may be seen in the
subodontoblastic region. It is important to realize that
there is no infection of the pulp, and the inflammatory
cell reactions are therefore believed to be a result of
bacterial products [32, 40, 42].

Dental caries is a slowly progressing demineralization
with gradual cavity formation and a partly dissolved outer
layer of dentin (Fig. 5.68) containing bacteria. Pulpal
inflammation therefore, is for a long time a low-grade
immunologic response characterized by a chronic
inflammatory cellular response. Once the total bacterial
load in a caries cavity is reduced, such a reaction may grad-
ually regress. However, if microorganisms invade the pulpal
tissue then an acute inflammatory response is created with
neutrophil leukocyte accumulation and the beginning of
micro abscess formation. Now a point of no return has been
reached. For detailed information on pulpal reactions the
reader is referred to standard endodontic texts.

Root -surface caries comprises a continuum of
clinical manifestations ranging from small, slightly
softened and discolored areas to extensive, yellow-
brown soft or hard areas that may eventually encircle
the entire root surface (see Chapter 3). The lesions may
or may not be cavitated. However, even in the case of
rather extensive lesions, cavitation does not necessarily
involve the pulp.

As with enamel lesions, root-surface caries lesions may
be classified as active or arrested’ (‘inactive’) according to
the following diagnostic criteria:

• An active root-surface lesion is a well-defined, softened
area on the root surface that shows a yellowish or light-
brown discoloration. The lesion is most likely covered by
visible plaque. Some slowly progressing lesions may be
brownish or black and reveal a leathery consistency on
probing with moderate pressure.

• An arrested (inactive) root-surface lesion appears shiny
and is relatively smooth and hard on probing with
moderate pressure. The color may vary from yellowish to
brownish or black. In both active and inactive lesions,
cavity formation may be observed, but in the latter case
the margins appear smooth. No visible microbial deposits
are seen to cover such lesions.

Although characteristic in its classical’ manifesta-

tions, there will be a range of transitory stages between
active and arrested lesions. Thus, it is important to
appreciate that when using the diagnosis arrested (or
inactive), this is a reflection of a clinical judgment that
no further progression of that lesion is expected to take
place. This does not, of course, imply that there may not
be minute niches within certain areas of the lesion that,
if examined for example in a microscope, show bacteria
and very localized demineralization. However, if at the
time of examination a lesion is judged to be arrested, the
lesion is considered likely to remain clinically unchanged
unless the patient’s oral hygiene deteriorates at that
particular site [36] .

If there is doubt whether to assign a lesion into the active
or the inactive category, the surface texture of the lesion
(soft/leathery or hard) is a more valid criterion than is the
mere color of the lesion.

It is clinically important to distinguish between active
and inactive lesions because root surfaces also respond to
the dynamic metabolic processes in the plaque. Thus, if
these processes are interfered with (e.g., by regular distur-
bance of the plaque), active lesions can become arrested
with associated changes in surface texture and color of the
lesions.

From a differential diagnostic point of view a root-sur-
face caries lesion is easy to distinguish from other root-sur-

face discolorations because the latter usually are widespread
and ill-defined.

Root-surface caries

Clinical appearance of root caries lesions
Recession of the gingival margin is an inevitable result of
poor oral hygiene and loss of periodontal attachment with
age [4, 5]. Even in populations with regular oral hygiene
some recession occurs, and its pattern of distribution within
the elderly population is very characteristic [16]. In today’s
populations it is frequent that even adolescents experience
some exposure of the cervical root surfaces in several teeth
due to inappropriate plaque control procedures.

As the gingival margin recedes, the enamel-cementum
junction becomes exposed. This region of the tooth is

highly irregular and represents a particular bacterial reten-

tion site. Therefore, a majority of root caries lesions develop
at this site.

It is occasionally claimed that root-surface caries may
occur within a deep periodontal pocket. From a biological
point of view this is not very likely as the pH of the gingival
exudate flushing the pocket is above 7. It seems more likely
that in such cases the carious process has originated along
the gingival margin. Gingival inflammation and swelling of
gingiva may subsequently lead to the impression that the
lesion is ‘hidden in the pocket.’
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Figures 5.74 and 5.75 Microradiograms of early stages of root-surface caries. Distinct demineralization is observed throughout the cementum but also extending
into the underlying dentin deep to a relatively well mineralized cementum zone. Note the laminated appearance of the cementum in Fig. 5.75, which reflects
variations in the mineral content of the imbrication lines.

Histopathological features of root-caries lesions

The early root-surface caries lesion appears as a radiolucent
zone in the root cementum (Figs 5.74 and 5.75). Improper
toothbrushing or scaling of root surfaces often damages or
removes the cementum, thus exposing the dentin.

Therefore, in real life, root-surface caries often develops in

the exposed dentin.

Microradiographically, mineral loss occurs deep to a
relatively well-mineralized surface zone ( Figs 5.76, 5.77,

and 5.78) which frequently exhibits a mineral content
that is higher than that of the unaffected dentin. As in
enamel lesions, the surface zone varies in thickness and
mineral content depending on the cariogenic challenge of
the covering microbial plaque. Experimental studies have
shown that, under suitable conditions, the surface zone
forms within a relatively short period of time [39]. Thus,

if root surfaces are covered by undisturbed plaque for
1-3 months in the oral cavity, a progressive subsurface
loss of mineral occurs in the dentin concomitant with the
buildup of a surface zone (Figs 5.76, 5.77, and 5.78). The
high mineral content of the surface zone may reflect a
selective redeposition of minerals in this region as it has
been shown that the size of the apatite crystals in the sur-
face zone is significantly larger than in normal cementum
[48]; see Chapter 9.

In distinct contrast to the early enamel lesion, however, is
the finding that at an early stage of root-surface caries

development the surface may appear softened. This is due
to microorganisms penetrating the surface zone of the
lesion [37] between partly demineralized collagen fibers
(Fig. 5.79). Therefore, probing of the vulnerable surface
zone should be avoided as destruction of the surface may
facilitate further penetration of bacteria into the dentin and
impair the possibility for proper plaque control. In any case,

vigorous scaling of root surfaces in caries-active patients
should not be performed before it is ascertained that active
carious lesions have been arrested.

Figures 5.76-5.78 Microradiograms of sections through root caries lesions
that have been developed experimentally in the oral cavity during 1, 2, and 3
months. Note how the mineral content in the surface zone increases with
increased duration of the cariogenic challenge while there is a progressive
subsurface loss of mineral in the dentin [38].

Figure 5.79 A 1 pm thick section through the surface layer of an active root

surface caries lesion covered by microbial deposits. At this early stage, the
microorganisms penetrate into the superficial layer of the cementum (arrows),
which explains why the active root-surface caries lesion appears soft on
probing. P: microbial plaque; C: cementum; D: dentin.
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At more advanced stages of destruction the demineral-

ization spreads into the underlying dentin, often extending
several hundred micrometers below the surface (Fig. 5.80).
However, even when shallow cavities are observed, the
exposed dentin surface may exhibit a relatively well miner-

alized surface layer below which the demineralization
takes place. The dentin response is similar to that described

for coronal caries; that is, the pulpo-dentinal organ
responds with a zone of increased mineral deep within the
tissue corresponding to the width of the carious lesion at
the surface. Likewise, tertiary (reactive) dentin may be
formed towards the pulp, corresponding to the tubules
involved.

Arrested lesions (Fig. 5.81) demonstrate that a pro-
nounced surface abrasion has taken place. Furthermore,
redeposition of mineral may have occurred deep within the
dentin. In such lesions it may be possible to identify local
ized radiolucencies which apparently, at the time of exami
nation, have been active sites.’ In view of the knowledge
presented above it is clear that regular plaque removal from
the surface of active root surface caries lesions is not likely
to eliminate the microorganisms that have penetrated deep
into the dentin. However, based on the clinical experience
that root caries lesions can be converted from active into

Figure 5.80 Approximal active root-surface caries lesion covered by dental
plaque (inset). A microradiogram of a section through the center of the lesions
shows loss of cementum (C) corresponding to the part of the surface where
extensive loss of mineral has occurred. The body of the lesion is located deep
to a surface zone which varies in mineral content.The dentinal tubules affected

Figure 5.81 (a) Section through an inactive root-surface caries lesion. When
examined in transmitted light (b) and by microradiography (c), it is apparent
that a considerable surface abrasion has occurred. Part of the lesion has been
abraded away, but a localized radiolucent area remains, possibly reflecting a
caries-active site [36].

by the caries attack show the zone of sclerosis (SZ), and towards the pulp
tertiary dentin (reactive dentin) has formed (TD) [36] . E: enamel.
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inactive stages by nonoperative treatment [34] (see
Chapter 3), it may be appreciated that neither antimicrobial
nor operative treatment are required to control the microor-

ganisms within the root dentin. In fact, a change in the envi-

ronmental conditions prevailing in the dental plaque
covering a root caries lesion may result in mineral deposi-
tion within the microbial mass (calculus formation). Thus,

calculus may be found partially occluding root-surface
defects corresponding to the arrested caries lesions
(Fig. 5.82).
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The role of saliva cannot be attributed to a single function
of saliva, but to a complex interplay among several salivary
functions. Because some of these functions are maintained
by different salivary components, it becomes complex
to describe the functions of saliva on dental caries.
Furthermore, which functions are important vary throughout
different stages’ of biofilm formation and subsequently caries
lesion development. One function may be highly important
in the initial stages, but almost irrelevant in later stages. The
shift in saliva protection against caries is caused mainly by
changes in the biofilm structure during its formation. As an
example, during biofilm formation the aqueous environment
near the enamel surface becomes progressively different and
isolated from saliva and, therefore, some salivary compo-

nents lose their ability to protect the enamel while other
components gain more effect.

This chapter describes the effects of saliva on caries
lesion development within a theoretical framework where

Introduction
In the oral cavity the enamel will be influenced by interactions
between the enamel surface and the aqueous environment
surrounding it (see also Chapter 9). Under physiological con-
ditions this aqueous environment consists mostly of saliva,
which makes saliva a key element in understanding the biology
of dental caries. Normally, saliva can protect the enamel
throughout life and, therefore, its effects are taken for granted.
However, under pathological conditions, without saliva, the
lack of its protective effects becomes clearly visible. Thus, most
clinicians have seen patients with impaired salivary gland
function who develop severe dental caries in a rapid manner
and in areas of the enamel that are normally not affected by
caries. Between the pathological condition of reduced or
abolished saliva secretion and the normal condition of a
constant flow of saliva while awake, the relationship between
saliva and dental caries is, however, far from straightforward.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



84 The caries lesion and its biological determinants

the major functions are related to different stages or phases’
of the caries process. To provide practical approaches for
identification of patients in whom high caries levels may be
attributed to salivary factors, this chapter also includes a

description of the etiology, diagnosis, and management of
salivary gland hypofunction along with brief presentations
of some of the most common causes of this condition.

water, normally sterile, and contains less than 1% solids
composed of electrolytes and proteins. The remaining more
than 99% of saliva is just water.

The viscosity is the only visible difference among
secretions from different glands. Some glands produce a
watery (serous) and some a more or less sticky (mucous)
secretion. The difference in viscosity is caused only by
the salivary proteins, which are highly specific for each
gland and determine many characteristics of its secre-

tion. Immediately after entry into the mouth the various
secretions become mixed and contaminated with shed
mucosal cells, food debris, vast amounts of bacteria, and
gingival crevicular fluid, the amount of which is highly
dependent on the degree of gingival inflammation. It is
this compound and cloudy fluid that is mostly referred to
as saliva, although, the term whole saliva more correctly
distinguishes it from the gland-specific secretions.

During the day between 0.5 and 1.0 L of whole saliva will
have passed through the mouth, with almost no saliva
during sleep.

In the unstimulated state, it is mainly the submandibular
and sublingual glands that are active [51, 53] producing the
majority of whole saliva (Table 6.1). Together with the
numerous minor salivary glands situated in the mucosa, the
submandibular and sublingual glands are the main contrib-
utors of mucous proteins (mucins) to whole saliva [41]
because these glands contain mucous cell types that are able
to produce mucins (Fig. 6.2). It is the mucins that are
responsible for the characteristic viscous and ropy
properties of whole saliva. In contrast, the parotid gland
lacks the mucous cell type. Without the mucous cell type
the serous cells in the parotid gland ( Fig. 6.2) produce saliva
with a viscosity like water, even though the protein
concentration often is higher in parotid than in submandib-
ular saliva. The importance of the parotid secretion is

mainly during meals, where the parotids may produce more
than half of whole saliva, compared to only one-fifth of
unstimulated saliva (Table 6.1).

Saliva and salivary glands
Saliva is the fluid that constantly under awake and
physiological conditions flows into the oral cavity from the
many different salivary glands situated in and around the
orofacial region. The majority of saliva is secreted from the
major salivary glands, comprising the parotid, the subman-
dibular, and the sublingual glands (Fig. 6.1). At the time of
entry to the mouth this glandular saliva is as transparent as

~ v
^ Parotid gland

Sublingual gland

Submandibular gland

Figure 6.1 Location of the major salivary glands in humans: the parotid
(strictly serous), the submandibular (seromucous), and the sublingual gland
(mucoserous). The parotid gland (14-28 g), the largest salivary gland, is
located bilaterally before and under the ear. The main excretory duct (parotid
duct or Stenson's duct) ends in the cheek at the height of the upper molars. The
submandibular gland (7-8 g) is located bilaterally under the jaw just medially
of the mandibular angulus. The main excretory duct (Wharton's duct) has its
orifice in the floor of the mouth, just behind the lower incisors. The sublingual
gland (3 g) is located bilaterally in the floor of the mouth between the mandib-
ular corpus and tongue. The sublingual gland secretes with numerous ducts
directly to the floor of the mouth in the area where the gland is located and
also via a main excretory duct (Bartholin's duct) that runs with the submandib-

ular duct and also ends in the floor of the mouth at the level of the lower
incisors. The minor salivary glands (<10 mg/gland), whose number is estimated
at several hundred, are scattered among the oral mucosa of the palate (the
palatinal glands that are strictly mucous), the lip (the labial glands), the cheek
(the buccal glands), and tongue (the lingual glands). In the region of the
papillae vallatae on the tongue are the von Ebner glands, which are strictly
serous.

Table 6.1 Normal range for whole saliva flow rates and relative contribution
of different gland types to whole saliva under various conditions [52].
Reproduced with permission of Thieme Publishing Group.

Sleep Unstimulated Stimulated Stimulated
whole saliva (mechanical) (sour taste)

whole saliva whole saliva

Flow rate (mL/min) 0

Salivary gland contribution
Parotid (%) —
Submandibular (%) —

Sublingual (%) —
Minor glands (%) —

5.0-10.0*0.2-0.5 1.0-2.0

58 4521
70 33 45

22 2
87 7

d Indicates extreme flow rates obtained with strong acidic taste and
mechanical stimulation combined.
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Figure 6.2 Salivary gland structure showing both serous and seromucous end-pieces, intercalated ducts, myoepithelial cells, striated ducts, and excretory ducts
and their relation to the autonomic nervous system afferents and efferents. The left-side schematic drawings show the main ion channels of the acinar and ductal
cells. The ductal tissue has a low water permeability, as opposed to the highly water-permeable acinar tissue. Upon stimulation, neurotransmitters bind to specific
receptors that activate cell signaling pathways, which result in an increase in intracellular calcium and opening of calcium-activated ion channels in the cell mem-

brane. Average values for the ionic composition are given for primary saliva as well as unstimulated and stimulated whole saliva.

Stimulation and control of secretion

The secretion of saliva is regulated by the autonomic ner-

voussystem [16], with bothsympatheticand parasympathetic
stimulation activating the salivary glands, although in a dif-

ferent manner (Fig. 6.2). Parasympathetic stimulation
clearly provides the strongest stimulus for salivation, giving

rise to high flow rates of watery saliva, whereas sympathetic
stimulation leads to lower flow rates, with a more viscous
and protein-rich saliva. These differences of autonomic
stimulation are due to neurotransmitter-specific activation
of different receptors on the glands by either sympathetic or
parasympathetic stimulation.
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pieces are the most numerous histological structures within
the gland (like leaves on a tree) and comprise about 80% of the
gland mass. Each end-piece consists of polarized cells that
surround a central lumen. Depending on the gland, these cells
can be solely serous, solely mucous (minor palatal glands), or
a mixture of both (Fig. 6.2). It is within the end-pieces that the
water content of saliva is produced, and thereby the acinar
cells determine the volume and flow rate of saliva. In addition,

many ions and proteins are also added to the saliva from the
acinar cells by autonomic nervous stimulation. Within this
part of the gland, the newly secreted saliva is called primary
saliva. Before this primary saliva becomes whole saliva in the
mouth it is subjected to major compositional modification
within the ducts.

The reflex pathways are unilateral: stimulation of one
side of the mouth induces secretion from the glands in that
side of the mouth. The strongest stimuli for saliva secretion

are mechanical stimulation obtained by chewing and taste
(chemical stimulation). Taste stimuli can be divided into

sour, salt, bitter, and sweet in descending order according to

how much each taste stimulates saliva secretion [47] . Sour
taste induces more than twice as much saliva secretion as
salty taste and many times more saliva secretion than the
sweet taste of sugar. Compared with mechanical stimula-

tion by chewing, sour taste is also a much more potent
stimulant of saliva secretion. Combined mechanical stimu-

lation by chewing and the sensation of sour and salty taste
may lead to very high saliva flow rates that are sometimes

thirtyfold the unstimulated level. It is relevant to know that
the effect of other stimuli, like the sensation of smell and/or
the sight or thought of food, is minor in humans, even

though these stimuli have pronounced effects on saliva
secretion in many other primates and mammals. Table 6.1
shows saliva flow rates for whole saliva under different
conditions.

Chewing activates the masticatory-salivary reflex by
sensory inputs mainly from mechanical receptors in the
periodontal ligament, tongue, and oral mucosa via the
trigeminal nerve. The sensation of taste activates the
gustatory-salivary reflex by sensory signals from chemo-
receptors in the taste buds within the lingual papillae,

the tonsilar region, the epiglottis, the pharyngeal wall,
and esophagus. These signals are conducted along the
facial, glossopharyngeal, and vagal nerves to the saliva-
tory nuclei in the medulla oblongata and the brain from
where the glands are controlled by the salivatory nuclei
( Fig. 6.2).

The glands
The parotid, the submandibular, and the sublingual glands are
relatively large organs, but still they can be difficult to localize
within the orofacial area (Fig. 6.1). The salivary glands may,

however, become clearly noticeable when enlarged due to
pathological conditions such as salivary gland inflammation
(sialadenitis), stones (sialolithiasis), and mumps. Structurally,

the glands are composed of a highly branched interior lumen,

which is connected to the oral cavity via the ducts. From the
glands the main excretory ducts (Stensons, Whartons and
Bartholin’s) lead saliva to the oral cavity. Within the glands the
ducts become branched, so that the main excretory ducts
divide into intralobular ducts. These ducts divide into smaller
striated ducts that divide into even smaller intercalated ducts,
which terminate at the acini, which is also named the secre-

tory end-piece (Fig. 6.2). The luminal surfaces of the secretory
end-pieces and the ducts within a salivary gland are lined with

specialized epithelial cells. These can actively generate fluid,

modify fluid, and secrete proteins, carbohydrates, and lipids.

Owing to the high degree of branching, the secretory end-

Formation of primary saliva
Formation of primary saliva is not the result of pressure fil-
tration of blood. On the contrary, saliva secretion is the
result of energy-consuming loss of ions from the acinar

cells into the lumen of the end-pieces. In the lumen, these
ions will drag water with them by osmosis. Because primary
saliva is generated by osmosis against plasma, this fluid will
be isotonic, having concentrations of the major ions that are
similar to plasma.

After stimulation by the autonomic nervous system, the
actual formation of saliva requires a number of complex
intracellular events. The key element in these events is an
intracellular rise in the free calcium concentration within
the acinar cells in the secretory end-pieces. This intracel-
lular rise in calcium occurs as a result of binding of neuro-
transmitters released from both sympathetic and
parasympathetic nerve endings to G-protein-coupled
receptors in thesalivarygland cell membranes. Acetylcholine
released from parasympathetic nerve endings will
bind to the muscarinic cholinergic receptors, and noradren-
aline released from sympathetic nerves binds to the oq -
adrenergic receptors. Binding of neurotransmitters to both
these receptors gives rise to a cascade of intracellular events
that lead to rapid oscillatory increases in intracellular free
calcium. Each calcium increase opens calcium-activated
potassium channels located away from the lumen into the
bloodstream, as well as calcium-activated chloride channels
leading into the lumen (Fig. 6.2). The accumulation of chlo-
ride ions in the acinar lumen creates a negative intraluminal
potential that drives interstitial sodium into the lumen from
between the acinar cells. Owing to increased osmotic
pressure within the lumen, this movement of salt drives
water, also from between the cells as well as from the cells
via aquaporins (AQP5), the latter making the acinar cells
shrink during the process of secretion [38]. To maintain
continuous secretion, the chloride loss from the acinar cells
needs to be compensated by an uptake of chloride, an
uptake that is dependent on the sodium gradient generated
by the sodium-potassium pump. This dependency on the
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sodium gradient makes saliva formation a highly energy-

consuming process for the acinar cells.
Together with the primary saliva water content, many

proteins are also secreted. Stimulation of the muscarinic
cholinergic and the a

]
-adrenergic receptors will cause some

protein secretion from the acinar cells into the primary
saliva. In addition, protein secretion is also highly
activated by binding of noradrenalin to (3-adrenergic G-

protein-coupled receptors in the acinar cells. Especially in
the salivary glands, the P-adrenergic pathway seems to be
the principal signal for exocytosis of protein-containing
granules, and is thus important for establishing the
physiological saliva protein concentration. In a simplified
perspective, binding of acetylcholine (parasympathetic) to
its cognate receptor on the acinar cells stimulates the secre-
tion of large volumes of watery saliva, whereas the combined
activation of P-adrenergic and a

]
-adrenergic receptors by

binding of noradrenaline (sympathetic) stimulates a smaller
volume of saliva, but with a high concentration of salivary
proteins.

Modification of primary saliva
The movement of saliva from the secretory end-piece to
the duct is caused by the continuous formation of new pri-
mary saliva and contracting forces from myoepithelial
cells surrounding the end-pieces (Fig. 6.2). Within the
striated ducts a drastic compositional modification takes
place without changes to the saliva water content. This can
occur because the membranes of the duct cells have low
permeability to water, and the tight junctions connecting
the duct cells have a very low permeability to both ions
and water. The modification comprises both reabsorption
of some ions from primary saliva and excretion of other
ions into the ductal saliva as well as the secretion of impor-

tant proteins into saliva. The main event is reabsorption of
sodium and chloride as the isotonic primary saliva passes
through the striated ducts. In the resting state with low
flow rates, the sodium concentration may be reduced a
hundredfold after passage through the striated ducts
compared with primary saliva. Chloride also decreases
manyfold at low flow rates due to reabsorption, although
not as much as sodium. As a result, low flow rates with a
long passage time in the ducts allow for a nearly complete
reabsorption of the ions that were the driving force for the
formation of primary saliva in the secretory end-pieces. In
contrast, high flow rates result in increased sodium and
chloride concentrations (Fig. 6.3), not because of compo-
sitional changes in primary saliva, but because short
passage times reduce the time available for reabsorption
[49]. Thus, high concentrations at high flow rates are
related to the structure of the glands, where a high number
of end-pieces secrete primary saliva into a lower number
of striated ducts, which at some point reach their maximal
capacity for reabsorption.
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Figure 6.3 Concentrations of different inorganic constituents in saliva as a
function of the saliva flow rate. Upper curves: parotid saliva; lower curves: sub-
mandibular/sublingual saliva. Note that the ordinates have logarithmic scales.
The red line represents the saliva pH (-log [H+]).

Saliva and caries development:
biological aspects

Naturally, saliva interacts with normal and healthy tooth
surfaces and influences all metabolic processes in the
biofilm as well as the physicochemical processes following
the caries lesion formation. However, it is not the same
salivary functions and components that are important at
different stages’ of caries lesion development. Indeed, the
salivary functions and components that are relevant against
caries are determined by the thickness, permeability, and
acid-producing capacity of the biofilm (Fig. 6.4). Thus,
distinguishing between different stages’ of biofilm formation
and caries development, each function and its benefit
against dental caries can be placed at a specific time within
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interactions between already adsorbed proteins (immobi-
lized on the enamel surface due to electrostatic interactions)

and proteins as well as protein aggregates from saliva.

Normally, the pellicle becomes around 1 pm in thickness
and will not continue to grow unlimited, but enters a
balance between adsorption and desorption of saliva pro-
teins. At this point most salivary proteins can be identified
in the pellicle, although regional variations in the salivary
film composition and velocity will make the composition of
the pellicle site-specific [19]. The pellicle is important
because it will be the base for subsequent adhesion or repul-
sion of microorganisms. Experimentally, this generally
results in the adherence of fewer bacteria onto enamel. This
process, however, is highly complex because some proteins
within the pellicle also facilitate specific binding of some
microorganisms by acting as receptors. Thereby, the pellicle
layer, even if thin, plays a critical role by controlling bacte-

rial colonization. Selective colonization by nonpathogenic
bacteria may perhaps impact the progression of caries

already from this early stage of the process.
Within the pellicle matrix, molecule movements are

much slower than in whole saliva. In this way the pellicle

this process. It is relevant, therefore, to describe what
happens in the first minutes and hours of biofilm formation
on clinically sound tooth surfaces separately from what
happens during the caries lesion process (Fig. 6.4).

Formation of the pellicle

When enamel is exposed to saliva a proteinaceous film
called the acquired pellicle will form on its surface; acquired
relates to fact that this film is formed after tooth eruption.

Because the hydroxyapatite crystals in the enamel are nega-
tively charged with a positively charged ionic outer layer,
primarily of calcium, electrostatic interactions will attract

negatively charged macromolecules from saliva to its sur-

face (Fig. 6.5). It has been shown that the first negatively
charged molecules from saliva are nearly instantaneously
adsorbed onto the enamel [18]. Negative charges can be
found in acidic side-chains of many salivary proteins, such
as the sialic acid residues in MUC5B, the larger mucin from
the submandibular and sublingual glands. This protein and
the proline-rich proteins (PRPs), histatin and statherin are
some of the first adsorbed onto enamel. Hereafter, further
pellicle formation takes place by complex protein-protein
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also serves as a diffusion barrier to dietary acids and thereby
protects against dental erosion, the other major disease of
the enamel and dentin. The pellicle probably also facilitates
remineralization as it maintains calcium and phosphate
close to the tooth surface during exposure to acids.
Screening of pellicles from healthy individuals has shown
considerable variations in protection of enamel surfaces
against acids [10]. However, little is known about what type
of pellicle (or pellicle proteins) is protective against dietary
acids, but a thick pellicle will most likely be more protective
than a thin one.

salivary gland cells and have high molecular weight and
contain more than 60% carbohydrates [48]. Often, mucins
are considered synonymous with salivary glycoproteins.
However, the term glycoprotein covers all carbohydrate-
linked proteins, and so this group also includes the serous
saliva proteins. Serous glycoproteins contain less carbohy-
drate than mucins do and are produced by the serous acinar
cells (Fig. 6.2).

PRPs secreted from human parotid and submandibular
glands are very abundant proteins in saliva and the pellicle,
and may constitute as much as 25-30% of all proteins in
saliva. This salivary protein fraction can be further
subdivided because PRPs form a complex group with a
large number of genetic variants. PRPs can promote
selective attachment of bacteria to apatitic surfaces. Studies
have shown that racial genetic differences in PRPs between
Caucasians and African-Americans may be related to dif-
ferences in colonization by Streptococcus mutans and caries
incidence [56], so that genetic differences in pellicle pro-
teins could be related to caries incidence [32]. Another
important pellicle precursor protein is statherin. This protein

Important pellicle proteins
Almost all salivary proteins are glycoproteins; that is, they
contain variable amounts of carbohydrates linked to the
protein core. Glycoproteins are often classified according to
their cell origin and are further subclassified based on their
biological properties. A characteristic feature is that one
glycoprotein may occur in multiple forms (polymorphism)
having several functions and functional differences.
Mucous glycoproteins (mucins) are produced by mucous
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Table 6.2 Major antimicrobial proteins of human whole saliva.has many properties similar to PRPs and is present in both
parotid and submandibular saliva. In the pellicle, statherin
is known to promote the adhesion of Actinomyces viscosus
to tooth surfaces. Although bacterial proteases degrade
many pellicle proteins, PRPs and statherin concentrations

are so high that these proteins have time enough to exert
their function before being degraded by enzymes.

In spite of the pellicle being nearly always present on the
enamel, professional polishing with rubber cups and pow-
ders, as well as acid etching and bleaching, will remove the
pellicle proteins from its surface. In contrast, the pellicle is

generally not removed by the everyday mechanical action

of toothbrushing. The fate of the pellicle during tooth-
brushing, however, may depend on the type of toothpaste
used. Thus, anionic detergents like sodium lauryl sulfate
(SLS) often used in toothpaste may delay adsorption of new

pellicle proteins to the enamel surfaces after cleaning [43].
Here, negatively charged molecules like SLS can interact

with the electrostatic mechanisms of the molecules involved
in pellicle formation (Fig. 6.5). Removal and/or delayed pel-
licle formation, resulting in a thinner pellicle, may leave the
tooth surface more vulnerable than normal to chemical
impact from dietary acids [10].

Functions of saliva on newly formed biofilms

Bacterial strategies for attachment and colonization have
developed through millions of years, and bacterial biofilms
are abundant within the oral cavity and shared by many
mammals. Many bacterial species have become highly
adapted for attachment and subsequently colonization of
the oral surfaces in their aqueous and moist environment.

Such bacteria will be able to override the protection offered
by the pellicle and thereby also manage to colonize the
enamel surfaces. In spite of these highly adapted bacterial
strategies for colonization, the biofilm that is formed
directly on the pellicle is permeable to most molecules. So,

at this early stage, the biofilm allows for passage of most
molecules and proteins from saliva. Many salivary proteins
have antimicrobial properties and reduce the number of
pathogens on enamel surfaces. Equally important is the
flow of saliva passing through the oral cavity. This constant
flow restricts the total number of bacteria and nutrients

available for colonization.

Major target/functionProtein

Non-immunoglobulin (innate) proteins
Lysozyme
Lactoferrin
Salivary peroxidase and
myeloperoxidase
Cystatins
Histatins

Agglutinins
Parotid saliva glycoproteins,
including gp340
Mucins

Immunoglobulins
Secretory IgA
IgG (very low concentrations in
saliva)
IgM (very low concentrations in Enhancement of phagocytosis
saliva)

Gram-positive bacteria, Candida
Bacteria, yeasts, viruses
Antimicrobial, decomposition of H202

Antiviral, protease inhibitors
Antifungal, antibacterial

Agglutination/aggregation of a number
of microorganisms
Same

Inhibition of adhesion
Enhancement of phagocytosis

not seem to reduce dental caries. Thus, antimicrobial sali-
vary proteins seem mainly to be important for the control of
microbial overgrowth in the mouth. Many antimicrobial
proteins probably exert their main biological activities on
surfaces, like the pellicle, rather than in liquid phase.

Lysozyme in whole saliva comes from major and minor
salivary glands, gingival crevicular fluid, and salivary
leukocytes. The classical concept of the antimicrobial action
of lysozyme is based on its muramidase activity; that
is, the ability to hydrolyze the P( l-4) bond between N-
acetylmuramic acid and N-acetyl-glucosamine in the
peptidoglycan layer of the bacterial cell wall, especially in

Gram-positive bacteria. In addition to its muramidase
activity, lysozyme as a strongly cationic protein can activate
bacterial autolysins, which can also destroy the cell walls.
Another antimicrobial protein is lactoferrin, which is an iron-

binding glycoprotein secreted by the serous cells of major and
minor salivary glands. Lactoferrin has bacteriostatic, bacteri-
cidal, fungicidal, antiviral, and anti-inflammatory activity
[ 2]. The biological function of lactoferrin is attributed to its

expropriation of iron from microorganisms.

Peroxidase systems in human saliva comprise two
enzymes, salivary gland-derived peroxidase (SP) and
leukocyte-derived myeloperoxidase (MP), together with
thiocyanate (SCN~) ions and hydrogen peroxide (H202).
Thiocyanate is a filtrate from serum, and most H202 origi-
nates from aerobic oral bacteria. Peroxidases catalyze the
oxidation of SCN- by H20, to the antimicrobial component,

hypothiocyanite (OSCN“):

Antimicrobial proteins and peptides

The major antimicrobial proteins of saliva are listed in

Table 6.2. Most of these proteins can inhibit the adherence,

metabolism, or even the viability of cariogenic microorgan-
isms. A very characteristic feature for salivary proteins is a
high degree of functional redundancy, meaning that differ-
ent proteins have similar functions [31]. Thus, many antimi-

crobial functions of saliva are supported by a concerted
action of several proteins. For this reason, an increase in the
concentration of a single antimicrobial protein in saliva does

H202 + SCN'(SP and /or MP) OSCN~

+ H20

Salivary peroxidase systems have two major biological
functions: antimicrobial activity and protection of host
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oral ecosystem. Thus, an important function of saliva is to
dilute and eliminate pathogenic microorganisms and their
substrates. This is a physiological process usually referred to
as salivary clearance or, more commonly, oral clearance.
Because the flow of saliva is combined with the swallowing
reflex, the clearing effect is highly increased due to actual
elimination of substances away from the oral cavity into the
esophagus. At subnormal unstimulated saliva flow rates
(i.e., <0.2 mL/min) the clearing effect is highly prolonged,

leading to an accumulation of substances as well as bacteria
in the oral cavity. At subnormal saliva flow rates the ecology
of the mouth shifts towards a more acidic environment
where the growth of acid-tolerating and -producing bacteria
is favored (Chapter 10). Bacterial clearance, however, is
not only related to the flow of saliva, but also to its
composition.

Agglutinins are glycoproteins that have the capacity to
interact with unattached bacteria, resulting in clumping of
bacteria into large aggregates (see also Table 6.2). These
aggregates are more easily flushed away by saliva and swal-
lowed than single bacteria are, which increases the overall
oral clearance of bacteria. The most potent one is the high
molecular weight glycoprotein gp340, which has been
found in human parotid saliva. The concentration of this
agglutinin is much lower than other antimicrobial proteins,
but just 0.1 pg (less than l%o of the total saliva protein
concentration) can agglutinate up to 109 bacteria.

The mucins in saliva, which are of acinar cell origin, con-

stitute a family with two members: MUC5B and MUC7 [2].
These are often also designated as high and low molecular
weight mucins, respectively These molecules are asymmet-
rical molecules with an open, randomly organized structure
in which the carbohydrate side-chains often end in nega-

tively charged groups, such as sialic acid. Mucins also
aggregate oral bacteria, thereby accelerating the clearance of
bacteria from the mouth. Several studies have reported an
inverse relationship between the agglutinating activity of
saliva and colonization by S. mutans. The mechanism of
aggregation seems to be oligosaccharides in mucins that
mimic those in the mucosal cell surface and thus competi-
tively inhibit the adhesion of bacterial cells to soft tissues by
blocking reactive groups, adhesins, on bacterial cell surfaces.
By related mechanisms, mucins also mediate specific bacte-

rial adhesion to the tooth surface [46]. Apart from antimi-
crobial effects, an important role of mucins is also that they
hold much water and, therefore, effectively lubricate and
maintain the mucosal surfaces moist.

Human saliva also contains immunoglobulin in the form
of secretory immunoglobulin A (slgA). slgA is a product of
plasma cells that are passing through the gland, and slgA is
modified and secreted by both the acinar and ductal
cells. slgA is a specific defense factor (i.e., the result of
immunization) that is stimulated by the presence of bacteria.
slgA aggregates bacteria so that they are easily swallowed,
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Figure 6.6 Glucose-stimulated acid production in dental biofilm of subjects
with different concentrations of hypothiocyanite [OSCN-] in whole saliva. Gray
circles show physiological levels of [OSCN-] in whole saliva and red circles
show artificially increased [0SCN~] values obtained with oral hygiene prod-

ucts, in this case by enzyme-containing toothpaste.

proteins and cells from the toxicity of H
2Or Peroxidase

systems are effective against a variety of oral microorgan-
isms, many anaerobes (periodontal pathogens), and also
some viruses. In more developed biofilms, the antimetabolic
activity may be of importance, since the more hypothiocya-

nite there is in saliva the less acid is produced by the biofilm
after stimulation with glucose (Fig. 6.6). If the salivary levels
of OSCN~ are increased artificially by peroxidase systems
from oral hygiene products like toothpaste, plaque acidoge-

nicity becomes further decreased after application of the
product (red circles in Fig. 6.6). Thus, the decrease in plaque
acidogenicity and level of OSCN~ obtained by oral hygiene
products are both greater than normal salivary values.
However, owing to the clearing effect of saliva, the effect of
the toothpaste systems is probably mostly temporary.

Cystatins (cystein-containing phosphoproteins) are con-

sidered to be protective by inhibiting unwanted proteolysis
of salivary proteins. Cystatins in saliva and acquired pellicle
inhibit selected bacterial proteases and proteases origi-
nating from lysed leukocytes. Cystatins also affect calcium
phosphate precipitation and may have some antiviral
activity, suggesting multifunctionality of these molecules.
Other antimicrobial peptides in parotid and submandibular
saliva are the histatins (Table 6.2), which have a broad anti-
microbial spectrum against bacteria as well as antimicrobial
properties against oral yeasts [20].

Clearance and aggregation of oral bacteria

Apart from the nonspecific antimicrobial effects (i.e., not a
result of immunization) offered by many salivary proteins,
the sheer flow of saliva also has a major influence on the
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Oral sugar clearance
When dietary sugars enter the oral cavity, saliva concentra-
tions immediately become very high because the volume of
saliva is small. Thus, between meals, the combined volume
of saliva in the mouth usually amounts to only 0.8-1.2 mL
[28] . This volume is spread out in a thin film that covers the
surfaces of teeth and mucosa. Because many oral surfaces
are in intimate contact with each other, the effective surface
area is much smaller than the total area, giving rise to a
saliva film that is about 70-100 pm thick (see also Fig. 6.5)

and which moves towards the throat with a speed from
about 1-8 mm/min [11]. Sugars normally enter the mouth
as part of foodstuffs, mostly as sucrose, or become released
from starch-containing food debris by salivary amylase
activity, especially in the case of boiled or processed starch-

containing food products. Sugars, in the form of mono- and
disaccharides, have to dissolve in the small physiological
volume of saliva, giving rise to very high saliva concentra-

tions, which are not evenly distributed throughout the saliva
film. Thus, a substance placed in one side of the mouth will
mainly raise the salivary levels of that substance on the
same side of the mouth, with very little being distributed to
the other side. Also, the movement of the salivary film is
much slower in the front of the upper jaw than in the lower
jaw. Therefore, some regions will be exposed to ingested
sugar for a relatively long time and other regions, like the
incisors in the lower jaw, for a relatively short time.

Basically, oral sugar clearance is a function of dilution,

caused by the flow of saliva, and elimination caused by
swallowing. High saliva sugar concentrations will induce
taste stimulation of the salivary glands, increasing the saliva
flow rate and resulting in a swallow, which eliminates some
of the sugar from the oral cavity. For each swallow the
concentration of sugar will gradually decrease in a manner
similar to a serial dilution in the laboratory. If the sugar
concentration is plotted against time it shows a fast initial
decrease after which the concentration gradually reaches
zero because equal parts’ keep being eliminated with each
swallow. To compare the clearance rate among different
individuals, a suitable measure of salivary clearance is

needed. The time it takes to reach a certain detectable low
level has been used as such a measure and called clearance
time,’ but other and more complicated measures have also
been used. Nonetheless, regardless of how it is measured,

oral sugar clearance depends mostly on the saliva flow rate.

Figure 6.7 shows the saliva sugar concentration after food
intake in two individuals having different flow rates [33].
Because of differences in saliva flow rates, sugar concentra-
tions differ about 10 times between the two subjects after
10 min, resulting in major differences in biofilm acidifica-
tion exceeding one pH unit after 20 min. Figure 6.7 also
shows that the clearance rate is fastest during the first min-

utes after sugar exposure due to the effect of stimulated
salivary flow.

and slgA also has affinity for other antimicrobial aggregating
components in saliva, like mucins. Studies have shown that
slgA, unlike the unspecific antimicrobial proteins, by itself
seems to offer a measureable effect against dental caries [31].

Functions of saliva on established biofilms

After the initial bacterial attachment, further biofilm
formation depends on the ability of attached bacteria to
produce enzyme systems called glucosyltransferases (GTFs)
and fructosyltransferases (FTFs). In the presence of sucrose,

GTFs and FTFs synthesize several forms of high molecular
weight glucans (glucose polymers) and levans (fructose
polymers) by utilizing energy from cleaving the glycosidic
bond in sucrose. These sticky extracellular polysaccharide
polymers become intermingled with bacteria and saliva
proteins, which results in further biofilm formation and
increases the ability of the oral bacteria to grow on enamel
surfaces. At this stage’ of biofilm formation the aqueous
environment within the biofilm will be quite different from
whole saliva, and the biofilm matrix comprises a nearly
impermeable environment to the large antimicrobial pro-

teins from saliva. This impermeable biofilm environment
will induce an ecological shift that promotes growth of acid-

producing and acid-tolerating anaerobic species at the
expense of aerobic species (see also Chapter 10). At this
point the physical flow of saliva will still be able to restrict
the amount of nutrients, especially sugars, available for
bacteria in the biofilm. However, the availability of sugars is
also influenced by the amylase enzyme.

Amylase activity

The most abundant enzyme in human saliva is a-amylase,

which accounts for as much as half of the gland-produced
salivary protein. The majority is synthesized from the
serous cells in the parotid glands and the remainder in the
submandibular glands. Amylase effectively attacks random
locations along chains of starch and thereby breaks down
long-chain carbohydrates from ingested food into maltose,

maltotriose, and dextrins. Oral bacteria can ferment
maltose, and hydrolysis of maltotriose produces glucose. A
diet rich in processed starch therefore provides fermentable
sugars for anaerobic bacteria, and causes a pH drop in
dental biofilms. From this aspect, salivary amylase activity
promotes caries development.

However, amylase may also help the clearing of starch-

containing food debris from teeth and mucosa after meals.
This function of amylase is used commercially in washing
powder and dishwasher tablets. Added industrial amylases
work together with detergents at increasing the removal of
food and dirt. From this theoretical aspect, salivary amylase
activity could also be protective against caries, because
starch-containing food debris may be removed faster from
the teeth, giving the bacteria less time to utilize maltose and
maltotriose.
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Figure 6.7 Two subjects have rinsed with a sucrose solution. Owing to differences in saliva flow rates, the two subjects differ considerably in clearance rate (solid
lines), causing a large difference in the decrease in plaque pH (hatched lines) by anaerobic bacteria within the plaque. Subject 1 had a higher salivary flow rate than
subject 2, who had subnormal flow rates.

Because sweet taste is a much weaker stimulant of saliva
secretion than the tastes of salt and acid, the clearance rate
quickly reaches the unstimulated level when sugar is
ingested. Thus, unfortunately, sugar is available for bacteria
in oral biofilms long after the sugar concentration in saliva
has reached levels below the taste threshold for sugar.

Saliva buffer capacity and pH regulation

From the thin salivary film, small and uncharged molecules
like glucose will rapidly diffuse into the biofilm that may be
many times thicker than the salivary film. The amount of
sugar passing the saliva-biofilm interface is dependent on
the concentration gradient between saliva and biofilm-

plaque fluid. Since this gradient is very steep during the first
minutes, the sugar concentration in the plaque will increase
rapidly. After only a few minutes it will be higher than in
the saliva, where the concentration will diminish due to
the clearance process. In established dental biofilms with
a low permeability harboring many anaerobic species,

accumulation of sugar will fuel anaerobic metabolism,
cause formation of various organic acids, and lower the pH
at the biofilm-enamel interface. The magnitude and dura-

tion of the pH drop is determined by the microbial compo-

sition of the biofilm (Chapter 7), the availability of sugar
(Chapter 8), the oral clearance time, and by the saliva buffer
capacity.

The chemical definition of buffer capacity p requires that
precise titration curves are produced (Fig. 6.8). In chem-
istry, the buffer capacity is defined as the increase in acid
concentration ACA divided by the change in pH (ApH) that
occurs as a result of acid addition (i.e., /? = AC

^ /ApH ). If
addition of large amounts of acid results in only minor pH
changes the buffer capacity is high, meaning that the fluid

can resist addition of acid without major changes in pH,
and vice versa. However, the chemical definition of buffer
capacity p is seldom used for saliva; instead, various other
and easier determinations and terms have been developed.
The most popular seems to be the amount of acid that is
needed to lower the pH from the original saliva pH value
down to a predetermined lower value, which could be
termed ‘titratable base.5 As shown in the upper part of
Fig. 6.8, the titratable base for stimulated whole saliva down
to pH 4 normally ranges between 20 and 30 mmol/L
hydrogen ions, and is about twice that of unstimulated
saliva. An even simpler measure for the buffer capacity of
human saliva is the so-called ‘buffer effect.5 The buffer effect
is determined by adding a fixed amount of acid to a fixed
amount of saliva and then reading off a final pH value. The
higher the final pH value the better the buffer effect. Test
systems that use this method are available in various chair-

side versions for the dental clinic. Of these different mea-
sures, only the chemical definition of buffer capacity p
enables identification and quantification of individual
buffer systems. By such analyses, three buffer systems have
been identified in human saliva; namely, the bicarbonate,
phosphate, and protein buffer systems.

The bicarbonate buffer system
In the salivary glands some bicarbonate comes from the end-

pieces and some, probably most, from the ducts (Fig. 6.2). At
low saliva flow rates bicarbonate from the end-pieces is reab-
sorbed in the striated ducts, similar to sodium and chloride,
resulting in very low bicarbonate levels in unstimulated
saliva. At high flow rates bicarbonate is excreted in the
striated ducts, in exchange for chloride, increasing stimu-
lated bicarbonate concentrations to venous plasma levels of
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Figure 6.8 (a) Titration of whole saliva with strong acid in a closed system. The upper curve shows stimulated saliva and the lower curve shows unstimulated
saliva. Above pH 5.5 the buffering capacity is high owing to the buffering ability of the phosphate (1) and bicarbonate buffer system (2). At low pH values the slope
of the curve becomes steeper, indicating a lower buffer capacity mainly from salivary proteins (3). (b) A typical Stephan curve of plaque pH in response to an oral
sucrose rinse. In spite of the saliva buffer capacity the plaque pH can drop rapidly after a rinse to values below the critical pH of human saliva (red area), whereafter
it slowly returns to baseline.The reason for this drop is that the saliva buffer capacity is only moderate, (c) Comparison with milk in the range from pH 4 to 7 (which
is indicated by the circle and the arrow from (a)) shows the buffer capacity of whole saliva is much less than that of milk.
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when saliva enters the mouth due to nearly instantaneous
CO, equilibration between saliva and the airways, where

Pco is somewhat lower than in blood.

Upon buffering in a closed system the bicarbonate buffer
system works in the same way as any other buffer system.
The maximum buffer capacity, which equals about half the
total concentration of the buffer system, is obtained at the
pKa value for H

2
C03, which is near pH 6 in human saliva.

However, because the bicarbonate buffer system is also in
equilibrium with gaseous C02 in the surrounding air, CO,

may be lost during buffering. This type of buffering is called
phase buffering and adds an actual pH-rising capacity to
the buffer system. In the mouth, therefore, which should
not be considered a closed system, extensive phase buff-
ering occurs [23], which theoretically may boost the buffer
capacity of bicarbonate more than fourfold compared with
its buffer capacity in a closed system [21]. More than 90% of

about 25 mmol/L or even higher in highly stimulated saliva
[5]. A characteristic feature of the bicarbonate buffer system
is that it is composed of both dissolved ions, including
bicarbonate (HCOy) and carbonic acid (H,C03), and also
dissolved carbon dioxide gas (CO,). Within a closed system
impermeable to C02 the equilibrium is

CO, + H,0 H,C03 HCO;+ H+

The formation of CO, and water from H,C03 is catalyzed
by the enzyme carbonic anhydrase, which is present in the
salivary glands as well as in saliva. However, the enzyme is
not necessary for this reaction to occur, whereas the reverse
(e.g., hydration of CO, to H,C03) requires the enzyme. In
an open system, dissolved CO, in saliva will also come into
equilibrium with gaseous CO, in the surrounding air.

Therefore, Pco , the saliva partial pressure of CO,, drops
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the buffer capacity is in the range of plus/minus one pH
unit around the pK value, so that bicarbonate comprises the
majority of the overall saliva buffer capacity from pH 7
down to pH 5. Within this pH range, the contribution from
the bicarbonate buffer system to the overall buffer capacity
varies from less than half in unstimulated saliva to more
than 90% in stimulated saliva. Very high bicarbonate
concentrations and extensive phase buffering occur mostly
with intake of acidic foodstuffs, whereas sweet foodstuffs
stimulate less saliva secretion, lower bicarbonate concentra-
tions, and lower buffer capacity. Thus, only after some sugar
has been cleared may the buffer system overcome the
remaining acidic challenge in the biofilm and increase the
pH, as shown on the Stephan curve in Fig. 6.8.

from pH 8 down to pH 6, and predominantly in unstimu-
lated saliva.

The protein buffer system
All proteins in saliva have specific functions, which are
highly relevant during pellicle formation, as well as their
antimicrobial effects against bacterial colonization and
growth as described earlier. Apart from these specific
functions, many saliva proteins are also able to act as buffers
when the pH is lowered or increased below or above their
isoelectric point. Below their isoelectric point proteins can
accept protons and above they can release protons. Many
salivary proteins have isoelectric points between pH 5 and
9; therefore, saliva proteins become relevant as buffers at
acidic pH values. Thus, below pH 5, where neither phos-
phate nor bicarbonate contributes much to the buffer
capacity, laboratory studies have shown that the saliva pro-
teins often are the major contributors to the saliva buffer
capacity. But compared with bicarbonate and phosphate,
the contribution from proteins in whole saliva is low even
in the acidic range. However, owing to high concentrations
in the pellicle and biofilms saliva proteins most likely
become important buffering substances on many oral
surfaces.

The phosphate buffer system
Phosphates are phosphorus-containing compounds. Figure 6.9
shows the so-called Bjerum diagram, where inorganic phos-

phate dependent on the pH consists of phosphoric acid
(H

3
P04), dihydrogen phosphate (H

2
P04

_
), hydrogen phos-

phate (HP042
_
), and phosphate (P043-). The sum of these

four species equals the total phosphate concentration. In
contrast to bicarbonate, the total phosphate concentration
decreases with increasing flow. Thus, total phosphate may
drop from unstimulated saliva levels as high as 10 mmol/L
to stimulated saliva levels as low as 2-4 mmol/L (Fig. 6.3).
Most relevant buffering will take place within the
physiological pH range, where the dominant forms of
phosphate are the hydrogen and H

2P04“ forms, having a
pK value for this equilibrium around 7. Because of higher
bicarbonate concentrations, and therefore higher pH,
stimulated saliva has mainly HP042~ whereas unstimulated
saliva with lower pH has mainly H,P04" (Fig. 6.9). Like
bicarbonate, phosphates have the highest buffer capacity in
the range of plus/minus one pH unit around the pK values.
Therefore, phosphate contributes to the buffer capacity

Saliva and caries lesion remineralization
Repeated periods of carbohydrate metabolism by anaerobic
bacteria in the biofilm produce acids as an end product of
the glycolysis. At this point, the aqueous environment near
the tooth surface will become increasingly different from
the remainder of the oral cavity - primarily more acidic.
Acidification will be further accelerated in the presence of
sucrose. This fuels anaerobic metabolism and the formation
of sticky polysaccharide polymers that further accelerate
the development of an acidic environment. At this point in
the caries process saliva has apparently failed to control
biofilm formation and metabolism. However, at this late
stage of the process saliva may display one if its strongest
capacities against caries development. Now, the main
function of saliva is to prevent further demineralization and
enhance remineralization. The main salivary components
responsible are the calcium and phosphate ions together
with the neutral pH values provided by the buffer systems.
Whole saliva also contains fluoride, and together with
salivary calcium and phosphate this strongly decreases the
solubility of enamel and promotes remineralization (see
Chapter 9 for details).

Calcium and phosphate in saliva
Because human saliva can contain considerable amounts of
calcium and phosphate, some proteins are needed to inhibit
spontaneous precipitation of calcium-phosphate salts in
saliva on its passage through the gland and ducts to the oral
cavity. A consequence of spontaneous precipitation is the

100% n
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o 4 8 1 2
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Figure 6.9 The phosphate buffer system as a function of pH (i.e., the Bjerrum
diagram). Within the physiological pH range (6.0-7.5) most phosphate is on
the H

2
P0," and HP042~ forms. The dark gray area represents the normal pH

range of human saliva.
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excreted back to the oral cavity via the saliva, but this contri-

bution is small compared with the fluoride that is retained in
the oral tissues after use of fluoride products. Therefore, the
fluoride concentration in whole saliva is primarily dependent
on equilibrium between the fluoride from food, drinks,

water, and oral and hygiene products retained in the oral tis-

sues and the fluoride in whole saliva, rather than on fluoride
that is excreted with saliva to the oral cavity. Individuals with
limited use of fluoride-containing products, living in areas
with low concentrations of fluoride in the drinking water,
often have fluoride concentrations in whole saliva more than
1000 times lower than the saliva calcium concentration. In
areas with high levels of fluoride in the drinking water and/
or with frequent and long-term exposure to fluoride-con-

taining products, the whole saliva concentration of fluoride
increases to a plateau of considerably higher levels [42]. As
most individuals in the developed world are frequently
exposed to fluoride-containing products for caries control,
or high levels of fluoride in drinking water supplied by water
fluoridation, persistent low levels of fluoride in whole saliva
levels will require a deliberate action by the individual to

avoid fluoride. Thus, although the salivary glands do not

excrete the majority of the fluoride present in whole saliva
during the day, fluoride should be regarded as a salivary
component in modern society. However, if the exposure of
fluoride is discontinued then the oral reservoirs become
depleted and whole saliva fluoride levels drop to baseline
within days (see Chapters 9 and 14 for details).

After exposure to fluoride products, the whole saliva
concentration of fluoride first increases rapidly and then
decreases due to the oral clearance. The most important
factor for the fluoride clearance rate is, as for sugar, the sali-

vary flow rate. Strong-tasting toothpaste may counteract its

own aim as a fluoride source, in that the stimulation of
saliva flow will increase the rate of clearance of the applied
fluoride. Toothbrushing before bedtime will increase the
fluoride concentration during sleep when the flow rate is

very low (Table 6.1), giving long periods with high fluoride
concentrations in the oral fluids. With locally applied
fluoride preparations, very high fluoride concentrations can
be expected close to the application point and for a consid-
erable time. Here, fluoride will diffuse from the thin saliva
film into the plaque, elevating the fluoride concentration

considerably. With such high concentrations in saliva and,

more importantly, in plaque, mineral calcium fluoride will
form. This calcium fluoride functions as a slow releaser of
fluoride, which together with fluoride that is loosely bound
to other tissues are released for some time after exposure.

Saliva saturation with respect to hydroxyapatite
and fluorapatite

The large hydroxyapatite crystals of enamel are composed
of very small unit cells. The cells are a theoretical entity, less
than a cubic nanometer, containing 10 calcium, 6 phosphate,

formation of salivary stones (sialolithiasis), which can
occlude the ducts from the major salivary glands. Occlusion
of the main ducts is painful, and without treatment the
obstruction of the flow of saliva can result in salivary gland
infection (sialadenitis), which left untreated can have
serious health consequences. Thus, for general health it is

important that calcium and phosphate can be delivered to

the oral cavity without mineral precipitation in the glands
and their ducts. This is achieved mainly by calcium-binding
functions of the pellicle precursor proteins statherin and
PRPs (Fig. 6.5). When delivered near the tooth surfaces, the
resulting stable state of saliva, with high concentrations of
calcium and phosphate, constitutes a protective environ-

ment that is important for the teeth.
To avoid precipitation, around 20% of saliva calcium is

bound to proteins like statherin and PRPs. The remaining
80% of salivary calcium that is not firmly bound to proteins
can be divided into ionized and nonionized calcium. Half
the nonprotein-bound calcium is normally ionized and half
is nonionized. Nonionized calcium is more or less firmly
bound to phosphate and bicarbonate, as well as to some

organic ions [29]. All three forms (i.e., protein bound, the
ionized, and nonionized) make up the total calcium
concentration in saliva. Saliva total calcium may increase

slightly from unstimulated to stimulated states of secretion
(Fig. 6.3) but is normally low (1-2 mmol/L). The calcium
that is not bound to proteins and is ionized is identical to

the saliva calcium activity, which is a key measure for ion

activity products (IAPs). When saliva pH and the
concentration of most ions increase at high flow rates
(Fig. 6.3) less calcium will be in the ionized form and the
calcium activity decreases. This is because of the increased
likelihood of calcium forming pairs with other ions due to
increased concentrations of all ions as well as the formation
of various calcium complexes at high pH.

As for calcium, some phosphate is ionized, making up
the phosphate activity, and some is nonionized. Of the four
species in the buffer system, phosphate (PO

(

3_
) takes part in

the equilibrium with the hydroxyapatite crystals in the
enamel. How much is in this form is determined by the
saliva pH and by the dissociation constants ( pK ) for the
phosphate buffer system (Fig. 6.9). Thus, pH mainly deter-
mines the concentration of phosphate (PO

(

3~). A change in

pH of just one unit can cause a 10- to 100-fold change in the
phosphate activity, which is a much greater effect than any
flow-dependent variations (Fig. 6.3).

Fluoride in saliva

Physiologically, fluoride is only excreted from the salivary
glands in low concentrations, which reflects the background
levels of fluoride in blood and extracellular fluids [45]. When
fluoride-containing products for caries control (e.g., denti-
frices and rinse solutions) are accidentally swallowed, the
level of fluoride in blood peaks after 30-60 min. A little is
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and 2 hydroxyl ions. This solid phase is in equilibrium with
its corresponding ions in saliva. The IAP (i.e., the free and
ionized molar concentrations raised to the power of their
number in the unit cell) gives a composite measure for all
the relevant ions in solution:

are the total calcium and phosphate concentrations in saliva.
In healthy human saliva with normal concentrations of
calcium and phosphate, the average critical pH is 5.5 [44];
below this pH the enamel can dissolve. Unstimulated saliva
generally has a lower critical pH than stimulated saliva due
to higher total phosphate concentrations [12]. The critical
pH, however, maybe much different from 5.5 in other fluids,
like soft drinks and drinking water, as well as within the pel-
licle and dental biofilm. Thus, the critical pH is not constant,
but more a dynamic variable that can vary by several pH
units depending on the fluid in question. Adding further to
the complexity, individual variations in saliva total calcium
and phosphate concentrations make the critical pH a
person-specific parameter. Low calcium and phosphate con-

centrations result in a high critical pH that allows enamel to
dissolve at nearby neutral pH values and greatly decrease the
capacity of saliva to remineralize enamel. This may be rele-
vant in children, who generally have lower saliva calcium
concentrations than adults do and, therefore, a higher criti-
cal pH [3], which in part may explain the increased suscep-

tibility to caries during childhood. A critical pH can also be
calculated for fluorapatite. Based on average concentrations
for fluoride, calcium, and phosphate and a different solu-

bility product for fluorapatite, the critical pH for fluorapatite
in saliva is about one unit lower than for hydroxyapatite and
close to pH 4.5, but also with individual variations.

Other caries-related components in saliva
Whole saliva may contain numerous nonsalivary’ sub-

stances other than fluoride which also have an effect on
dental caries. Most of these substances enter saliva as a
reflection of altered levels in the bloodstream, and become
relevant only in patients suffering from special medical
conditions. One example is the saliva level of urea, which
can become very high in patients with chronic renal failure
(CRF) and leads to increased saliva pH and buffer capacity.
Urea will also diffuse into biofilms, where bacterial enzy-
matic and metabolic activity will lead to reactions that bind
hydrogen ions and further increase pH. Therefore, baseline
plaque pH values are often high in patients with CRF.
Owing to elevated pH levels in the biofilm, it is not unusual
that these patients have little caries in spite of having high
plaque scores [1]. Another example of a caries-related sub-

stance in saliva is glucose from the bloodstream. Salivary
glucose may be pathologically and persistently high in
patients with untreated or poorly controlled diabetes.
Especially in untreated cases of diabetes, glucose levels in
saliva can be very high, resulting in increased caries. But
also among treated patients, poorly controlled patients may
develop more caries than patients with good metabolic con-

trol [50]. In this special case, oral sugar clearance is of little
help, because saliva is the primary supplier of glucose to the
dental biofilms; thus, in this special case, the elevated
glucose cannot be cleared by saliva.

(Ca 2" ) ° (P043- )6 (OH~ )2
IAPHAp

From this expression it can be seen that the IAP increases
with increasing salivary activities of any of the three ions
present in the unit cell. However, salivary pH is generally
the primary factor for the IAP Thus, a drop in pH of one
unit from pH 6 to pH 5 will reduce the hydroxyl ion activity
10-fold and the phosphate ion activity many times more,
which reduces the IAP significantly. The conditions are
somewhat better for fluorapatite, where the pH-dependent
hydroxyl ions are replaced by fluoride ions, making its ionic
activity product IAPFXp less sensitive to changes in pH.

Apart from the enormous effect of pH, a special condition
can occur with calcium in biofilms or during intake of
acidic foodstuffs. Here, calcium, which carries two positive
charges, can become strongly bound to ion species with two
negative charges. In the oral cavity, such compounds are
mainly the conjugate bases of lactic and citric acids found in
acid-producing biofilm and acidic foodstuffs. Often, the
concentration of both lactate and citrate can be very high,

reducing the ionized free saliva calcium concentration to
very low values. Low calcium activity strongly decreases the
IAPs and adds to the negative effect of low pH.

In a pure aqueous solution without saliva proteins and
where complete equilibration between tooth substance and
water has taken place, the IAP (IAPH , p

or IAPF.p
) will be

equal to the solubility product. At mouth temperature the
solubility product for hydroxyapatite is small (10-11~ mol18/
L~18) [35], but is even smaller for fluorapatite, making this
salt less soluble. If the IAP in saliva is larger than the solu-

bility product then saliva is supersaturated and remineraliza-
tion mayoccur, and if it is smaller then saliva is undersaturated
and demineralization may occur. However, because of the
pellicle, supersaturation or undersaturation does not imply
that something will happen, only that it can happen. Thus,

when an undersaturated fluid comes in contact with enamel,
the pellicle often delays the harmful effects. Sometimes this
delay is long enough for the harmful effects to be removed by
clearance or buffering, so that demineralization may not
occur in spite of undersaturation.

Critical pH values and remineralization
When the IAP is equal to the solubility product for hydroxy-

apatite the solution is saturated and no demineralization or
remineralization will occur. In dental literature, the pH
value corresponding to saturation is often denoted as the
critical pH value. The main determinants of the critical pH
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Saliva and caries development: clinical aspects

Identification of patients with subnormal saliva flow rates
(i.e., below the normal range) at or around the time of onset
of the reduction in flow is mandatory for avoidance of
accelerated caries lesion progression, especially in the case
of subnormal unstimulated saliva flow rates. Normal flow
rates for unstimulated whole saliva are between 0.2 and
0.5 mL/min, or even higher in some individuals. For par-

affin chewing, stimulated whole saliva normal flow rates are

between 1.0 and 2.0 mL/min. Whole saliva flow rates, how-
ever, may be much higher when chewing and strong acidic
taste are combined. Thus, physiological whole saliva flow
rates from 5 mL/min up to extremes of 10 mL/min may
occur with this type of stimulation (Table 6.1).

The principal causative factor for nearly all problems
with dry mouth (xerostomia), and the clinical findings asso-
ciated with it, is subnormal saliva flow rates and/or the
condition of hyposalivation. Hyposalivation refers to the
state of pathologically low saliva flow rates and is an accepted
diagnosis (code K11.7 in the International Classification of
Diseases) as well as xerostomia (R68.2). The criteria for
hyposalivation is an unstimulated whole saliva flow rate of
<0.1 mL/min and/or a chewing stimulated whole saliva
flow rate of <0.5 mL/min. It should be stressed that the
severity of hyposalivation cannot be predicted with cer-
tainty from xerostomia, but needs a clinical examination

with determination of saliva flow rates. One of the most
profound reductions in saliva flow rates is seen in cancer
patients after curative radiotherapy, where a severe and
often pathological reduction of salivary flow rates persists
throughout life. The consequences in irradiated patients
are: being awakened at night because of intense oral dry-
ness; oral functions like speech, chewing, and swallowing
are thwarted because of insufficient wetting and lubrication
of the mucosal surfaces; and swallowing and chewing are

impeded because of difficulties forming a bolus. The oral
mucosa may appear dry, atrophic, pale, or hyperemic. The
lips may be chapped or fissured and there may be scaling
and fissuring at the corners of the mouth (angular cheilo-
sis). The dorsum of the tongue may be dry and furrowed or,
alternatively, may appear red and hyperemic as a result of
the presence of a fungal infection (Fig. 6.10). These condi-
tions are, in general, typical for hyposalivation of any origin
that has persisted for some time, and understandably these
conditions decrease the quality of life considerably in

patients with hyposalivation.

Dental findings in patients with low
saliva flow rates

Xerostomia is a very uncomfortable condition, and
patients often shift their diet to soft, sticky, carbohydrate-
rich food. This shift in diet will further accelerate caries

r. %
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Figure 6.10 Clinical manifestations of dry mouth in a woman with Sjogren's
syndrome: (a) multiple caries lesions; (b) dry mucosal surfaces and tongue in
the same patient.

(see also Chapter 8), and an otherwise healthy dentition
may be severely affected by carious and/or erosive demin-
eralization and in a rapid manner unlike anything seen in

individuals with normal saliva flow rates [17]. Early
hyposalivation-related dental carious lesions are similar to

normal white spot lesions. However, already at this point,

something remarkable about the lesions in these patients
is that they occur in areas of the dentition that are nor-

mally relatively immune to dental caries, like the incisors
in the lower jaw (Fig. 6.10). In more advanced stages of
hyposalivation-related dental caries various types of
lesions can be observed [15, 26]. Lesions often begin on
the labial surface at the cervical area of the incisors and
canines (Fig. 6.11). Such lesions may extend superficially
around the entire cervical area of the tooth, and then
progress inwardly, resulting in complete amputation of the
crown. Advanced stages of hyposalivation-related dental
caries may also result in a more generalized superficial
defect that first affects the buccal and later the lingual or
palatal surfaces of the tooth crowns (Fig. 6.11). When pre-

sent, this lesion often begins as a diffuse, punctuate defect
and then progresses to a generalized, irregular erosion of
the affected tooth surfaces. Especially in radiotherapy
patients, teeth and such erosion-like defects may become
heavily brown-black discolored due to long-term use of
chlorhexidine.
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gland, adrenergic and cholinergic, and activate secretion of
ions, water, and proteins. Any drug that has the ability to
bind and block these receptors, and thus decrease the
activity in any of the two branches of the autonomic ner-
vous system, will also have an effect on saliva secretion.
Inhibition of cholinergic receptors by anticholinergic med-
ication (e.g., many antidepressants, antihistamines, and
some drugs against hypertension) will have a profound
effect on secretion of saliva and, therefore, often lead to
xerostomia. Drugs that selectively block the adrenergic
receptors, such as the beta-blocker propranolol, will reduce
the total protein concentrations in the salivary secretions.
Drug-related oral dryness is therefore usually due to adverse
side effects of anticholinergic medication, but may also be
the result of interactions with drugs that selectively block
the beta adrenergic receptors due to reduced protein secre-
tion. A comprehensive list of medications having xerogenic
side effects can be found on the Internet (www.drymouth.
info). Equally important is that the risk of subnormal flow
rates increases with the number of drugs taken by the
patient, regardless of which drugs, so that subnormal flow
becomes very common with more than three drugs per day.

\ •*
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Sjogren's syndrome
Sjogren’s syndrome (SS) is an autoimmune inflammatory
disorder of exocrine glands (i.e., glands secreting via a duct
to an external environment), particularly the lacrimal and
salivary glands. The syndrome can occur at all ages, but the
median age of presentation is around 50 years. Within the
age group of 50-70 years, the prevalence of SS is around
3000 patients in 100000 citizens, for the overall population
it ranges from 500 to 1000 diagnosed patients in 100000 cit-
izens [25]. SS affects more females than males with a ratio of
9:1. Xerostomia and dry eyes are frequently proffered as pre-
senting symptoms, sometimes together with extraglandular
manifestations [26]. Primary SS is in many cases a primary,
idiopathic condition of unknown etiology. The syndrome,
however, may also be secondary to other connective tissue
diseases, such as rheumatoid arthritis, systemic lupus ery-
thematosus, scleroderma, and mixed connective tissue dis-
ease. In these cases the condition is designated as secondary
SS (sSS). In rheumatoid arthritis, the prevalence of sSS is
around 30%, and in the case of systemic lupus erythema-
tosus 20% of patients fulfill the criteria for sSS. Furthermore,
SS is associated with autoimmune thyroid disease, primary
biliary cirrhosis, and autoimmune gastritis. This under-
scores the autoimmune nature of the disease.

Figure 6.11 Dental caries related to subnormal flow rates and hyposaliva-
tion: (a) cervical lesions; (b) more generalized superficial erosion like defects of
the crown.

Causes of subnormal saliva flow rates
and hyposalivation
A large number of diseases and conditions (Table 6.3)
chronically affect salivary gland function [24] and mostly
result in subnormal saliva flow rates, hyposalivation, altered
salivary composition, and/or xerostomia. Some of these are
related to gland pathology (e.g., autoimmune and endocrine
disorders) or to the pathophysiological conditions of the
host (e.g., metabolic disturbances), whereas others affect
the gland innervation (e.g., neurological disorders) or are a
result of treatment of a disease (e.g., head and neck radio-
therapy). The most common cause, however, is by far the
use of routinely prescribed types of medications.

Medication
Drugs are the most common cause of chronic xerostomia
and the most common cause of salivary gland hypofunc-

tion. Many commonly prescribed drugs cause reduction in
saliva flow rates to subnormal levels or even hyposalivation.
As described, saliva secretion is under autonomous control
and activated by sympathetic as well as parasympathetic
stimulation by neurotransmitters. These neurotransmitters
bind to specific receptors on the acinar cells within the

Radiotherapy
Head and neck cancers (HNCs) are malignant tumors of
the upper aerodigestive tract, and 90% are squamous cell

arising from the epithelia lining of the oralcarcinomas
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Table 6.3 Influence of different conditions on salivary gland function. The three most important causes of a reduced salivary gland function are drugs, Sjogren's

syndrome, and head and neck radiotherapy.

XerostomiaFlow rate Changed Composition Caries

Drugs
Secretrogogues
Xerogenic drugs

Sjogren's syndrome
Head and neck radiotherapy
Chronic inflammatory connective
tissue diseases

Scleroderma
Mixed connective tissue disease

Chronic inflammatory bowel diseases
Crohn's disease
Ulcerative colitis
Coeliac disease
Autoimmune liver diseases

Musculoskeletal disorders
Fibromyalgia
Chronic fatigue syndrome
Amyloidosis

Endocrine disorders
Diabetes mellitus
Hyperthyroidism
Hypothyroidism
Cushing's syndrome
Addison's disease

Neurological disorders
CNS trauma
Cerebral palsy
Bell's palsy
Parkinson's disease
Alzheimer's disease
Holmes-Adie syndrome
Burning mouth syndrome

Infectious diseases
Epidemic parotitis
HIV/AIDS
Hepatitis C virus
Epstein—Barr virus
Tuberculosis
Local bacterial salivary gland infections

Genetic disorders
Salivary gland aplasia
Cystic fibrosis
Ectodermal dysplasia
Prader-Willi syndrome

Metabolic disturbances
Water and salt balance
Sodium retention syndrome
Malnutrition

Eating disorders
Bulimia nervosa
Anorexia nervosa

Cancer-associated disturbances
Chemotherapy
Graft-versus-host disease
Advanced cancer/terminally ill patients

+/- iT
Ti ++
Ti ++
Ti ++

? Ti +
7 Ti +

?++
7+
?+
7?I +

?7I +
??i +
??i +

?+/-i +

?T +
?7i +
?+
?+

? ??i
??I +

? 7?I
?I ++
?i ++
??I +
?++

? 7??
?+1-i +
??i +

7 ??7

? ?? 7

? 7i +

?? TI
7 ?i +

Ti +
? ?i +

?I ++
?I ++
?I ++

+/- Ti +
TI ++

7+/-i +
?i ++
??i +

i decreased flow rate or caries risk; t increased flow rate or caries risk (in case of bulimia and anorexia also increased risk on erosion); -> unchanged flow rate

or caries risk; + yes; - no; +/- differing results; ? possibly affected and/or awaiting clinical studies.Table is modified from [24].
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Evaluation of salivary gland function
The high natural and condition-related variation in saliva secre-

tion over the day makes it very important to use standardized
conditions when determining flow rates. Factors that influence
the secretion of saliva are, among others, the time of the day and
the duration of the collection time. Short collection periods
tend to yield unreliable values and should be avoided. For reli-
able monitoring, it is recommended that unstimulated saliva is
collected over 10-15 min. For further standardization, the
patients must refrain from eating and drinking at least 90 min
prior to the test, and avoid swallowing and oral movements
during collection. It is advised to perform all determinations at
thesame, fixed time of theday (e.g., between 9.00 and 12.00a.m.)
[9, 34, 39, 40]. Regardless of the method, subjects should void
their mouth of saliva prior to collection, by rinsing the mouth
thoroughly with tap water. Subjects should be seated comfort-
ably with their eyes open and head tilted slightly forward
(Fig. 6.13). Common methods for collecting whole saliva
include the draining method and the spitting methods; less
common methods include the suction method and the swab
(absorbent) method. Common stimuli are chewing on tasteless
paraffin wax or, much less preferably, chewing gum, because of
major variations in taste and thus gustatory stimulation.

cavity, nasopharynx, oropharynx, and hypopharynx. The
incidence of HNCs is about 4.4 new cases per year in
100 000 citizens in North and South America, but nearly
twice as high in Europe, and almost three times higher in
South East Asia [36]. However, incidence numbers may
vary depending on whether or not cancers of the larynx are
included. Variations among World Health Organization
regions are due to differences in exposure to carcinogens
like tobacco, alcohol, and betel leaves, and HNCs affect
more males than females, with a ratio of 2:1. Advanced
cases are treated with surgery followed by radiotherapy
[13]. Conventional radiotherapy for advanced HNCs typi-
cally involves administering high doses of radiation
through neighboring structures, including the major sali-
vary glands, an approach that increases the chance of
survival. However, a high dose of radiation to these struc-

tures is nearly synonymous with a profound and permanent
reduction in saliva secretion, resulting in irreversible xero-

stomia and hyposalivation. The decreased or abolished
flow of saliva causes a marked increase in the risk of dental
caries, dental erosion, and oral infections. The introduc-
tion of intensity-modulated radiation therapy (IMRT), by
which the cumulative radiation dose to the salivary glands
can be reduced, has resulted in sparing of salivary gland
function and is accompanied by considerably higher post-
treatment saliva flow rates and less xerostomia than with
conventional radiotherapy (Fig. 6.12). Today, however,
IMRT treatment is only possible for a selected group of
patients.

Draining and spitting methods
For the draining method, unstimulated whole saliva is
allowed to drip passively off the lower lip into a preweighed
or graduated test tube or sampling container (Fig. 6.13).
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Figure 6.12 Percentage reduction in flow rate of stimulated parotid and submandibular-sublingual (SM/SL) saliva as a function of time after start of radiotherapy
(RT). Upper lines show parotid-sparing three-dimensional/intensity-modulated RT (IMRT) and lower lines conventional RT including the parotid,submandibular,and
sublingual glands in the treatment area [54]. Reproduced with permission of Elsevier.
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Figure 6.13 Measurement of the whole saliva flow rate by the draining method. Materials required are a plastic cup for collection and weight with two digits (a)

and a stopwatch (b). During saliva collection the patient is placed in a relaxed hunched-over position with the face tilted slightly downwards (c). For stimulation,

chewing on paraffin wax is a standard, which enables comparison of the results with normal values, and here the spitting method is used.

Suction and absorbent methods

In the suction method, saliva is continuously sucked or
aspirated from the floor of the mouth into a graduated test
tube. However, compared with the draining and spitting
methods, the suction process poses a risk of unintentional
stimulation. In the absorbent method, saliva is collected
(absorbed) by preweighed swabs, cotton rolls, or gauze
sponges placed in the mouth at the orifices of the major sali-

vary glands. This method is often the only choice for patients
with neurodegenerative diseases [37]. A commercial version

is the Salivette method (Sarstedt AG, Germany). Using this
method,saliva collection is carried out by chewing a synthetic
swab, which can be treated with citric acid for further saliva
stimulation. After saliva collection, centrifuging the swab
recovers the saliva sample as a clear fluid that can be used for
analyses of constituents like drugs (illegal and legal),

hormones, or steroids monitoring.

Saliva flow rates and caries risk assessment

There is abundant evidence that subnormal saliva flow
rates and hyposalivation generally cause a marked increase

in the prevalence and incidence of dental caries, and if not

The subject is instructed to expectorate all remaining saliva
into the test tube at the end of the collection period, which
normally is set to last 10 or 15 min. The amount of saliva is

determined by weighing (assuming a specific gravity of 1 g/
cm3) or read from the scale on the graduated test tube in

which the saliva is collected [53]. This method is only used
for unstimulated whole saliva, and shows a very high repro-
ducibility with proper clinical settings. Chewing-stimulated
whole saliva flow rates are ideally determined by the spitting
method and by chewing a standard-size tasteless gum base
of paraffin wax (1.5 g, melting point 42 °C). In this method,

saliva is allowed to accumulate in the floor of the mouth,

from where the subject is instructed to spit it out into the
preweighed or graduated test tube or a sampling container

every 60 s or more. The method can also be used for
unstimulated whole saliva, although the spitting action, if
not performed as passively as possible, might have some

stimulating effect. Standard values for normal physiological
flow rates are as described earlier, an unstimulated flow rate
of 0.2-0.5 mL/min and paraffin-chewing-stimulated flow
rate of 1.0-2.0 mL/min, and always determined by either
the draining or the spitting method.
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recognized in time, and treated correctly, the increase will
become severe and can lead to rampant caries. The cause of
the changes is not only attributed to the effects of saliva on the
tooth surfaces, but also to an ecological shift -within the oral
cavity. Thus, as described in Chapter 7, subnormal saliva flow
rates change the oral ecology towards increased numbers of
acid-producing and acid-tolerating bacteria. Also, changes in
the output of antimicrobial proteins and agglutinating pro-
teins, as well as a decreased saliva pH, will further accelerate
these ecological changes towards a more acidic oral environ-
ment in the dry-mouth patient. The ecological changes often
result in an overgrowth of bacteria, making caries progress
extremely rapidly. Thus, the most strongly related salivary
parameter to dental caries is the saliva flow rate [31], and, as
mentioned earlier, especially the unstimulated flow rate [6, 7].
When used in the dental clinic for caries risk assessment, the
draining or the spitting method are the gold standards and
should always be ‘first choice for salivary diagnostics.

Correctly performed determination of the saliva flow rate
is a valuable clinical measure and considerably more related
to dental caries than the concentrations of various compo-

nents within the saliva [31]. The main effect of a subnormal
unstimulated saliva flow rate on dental caries is an acceleration
of the rate of demineralization within the caries lesion. This
acceleration is caused by an alteration of all the functions of
saliva against caries development, especially a low oral sugar
clearance, reduced remineralization potential of saliva,

reduced buffer capacity and reduced output of antimicrobial
proteins. Figure 6.14 shows the relation between the
unstimulated whole saliva flow rate and experimental root
caries lesions in a group of subjects covering a broad range of
unstimulated saliva flow rates (0.0 to very high levels near
1.0 mL/min). As shown in this experimental study, the lesion

depth increases with decreasing unstimulated saliva flow
rates, and especially with subnormal flow rates the lesion
depth becomes greatly increased. Thus, subnormal unstim-

ulated whole saliva flow rates (i.e., below 0.2 mL/min) always
increase the risk for rapid caries lesion progression. The
effect of the flow rate on the degree of mineralization in the
surface layer of the caries lesion is also shown in Fig. 6.14
(see also Chapter 5). With subnormal unstimulated flow
rates the level of mineralization becomes very low, amount-
ing to only some 20-30% of the mineralization level in
healthy root surfaces and half the mineralization in subjects
with normal unstimulated saliva flow rates. In the normal
range for the unstimulated saliva flow rates, however, the
relation between saliva flow rates and caries is vague, if it
even exists (Fig. 6.14). In these experimental studies [6, 7],
root caries lesions were developed under undisturbed bio-
film, without toothbrushing, and without the use of fluoride
toothpastes. The relations therefore, may primarily reflect
‘later stages’ of the caries process.

With subnormal flow rates, the normal process of tooth
remineralization is interrupted. This favors demineralization
at the expense of remineralization. Various other experi-
mental caries studies have shown that enamel placed in the
mouth of a severe dry-mouth patient whose oral hygiene is
poor can be completely demineralized within just a few
months [22, 27]. On the other hand, enamel placed in the
mouth of a healthy patient with good oral hygiene hardly
shows any signs of demineralization in the same period.

Compositional analyses of saliva
In patients with subnormal saliva flow rates or hyposaliva-

tion, compositional analyses seem unnecessary because
most saliva components will be affected by the low flow
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Table 6.4 Management strategies for xerostomia and salivary hypofunction.rate. However, in individuals with normal saliva flow rates
and an unexplainable rapid caries lesion progression, com-

positional analyses may seem tempting. Nevertheless, no
study has clearly pinpointed robust compositional salivary
variables that can be predictive of caries lesion progression
among healthy individuals with normal saliva flow rates,

even among individuals with major differences in caries
[8]. This is because of an extensive functional redundancy
among various salivary constituents [31]. Thus, most

functions of saliva are due to a combined effect of many
components (Fig. 6.4). Determining only single components
in the saliva will not help the clinician in gaining solid results
about the individual’s capacity to avoid caries. Among the
most predictive salivary components for caries are the saliva
buffer capacity, the saliva calcium and phosphate concentra-
tions, and levels of the immunoglobulin slgA [31]. However,
probably the majority of the salivary components discussed
in this chapter need to be determined to give a meaningful
and composite measure of a specific individual’s capacity
against dental caries. From this perspective, most likely some
individuals have a saliva composition that is more protective
against caries than other individuals, and vice versa. But
owing to the complexity of these relations, compositional
saliva analyses are not currently a scientifically established
measure for caries diagnostics. Thus, compared with the flow
rate, which may also be determined by the dental hygienist,
such analyses are expensive and time consuming while
offering very little diagnostic value at this point in time.

ExamplesManagement strategy

Optimal oral hygiene; supplemental
fluoride; remineralizing solutions;
noncariogenic diet without sucrose

Symptomatic (palliative) treatments Water; oral rinses, gels, mouthwashes,
saliva substitutes; increased
humidification; minimize caffeine
and alcohol

Preventive therapies

Local or topical salivary stimulation Sugar-free gums, mints, and lozenges
Drug-induced stimulation Parasympathomimetic secretogogues:

cevimeline and pilocarpine

work closely with their dentist and dental hygienist to main-
tain optimal dental health. Patients with salivary gland dis-
orders must maintain meticulous oral hygiene (see also
Chapter 16). Interdental brushes and mechanical tooth-
brushes are helpful for those with gingival recession and
oral-motor or behavioral complications. Regular cleaning
of the tongue with a tongue scraper is also highly recom-
mended for an overall reduction of bacteria in the oral
cavity. The team of oral health professionals must play an
important role in providing guidance (clinical instructions
and written instructions) to the dry-mouth patient.

In addition to optimal oral hygiene and mouth care, the
use of topical fluorides in these patients is absolutely critical
for the control of dental caries. There are many different
fluoride therapies available (see also Chapter 13). The
dosage chosen and the frequency of application should
be based on the severity of the salivary hypofunction and
the rate of caries development [4, 22, 27]. In dry-mouth
patients, acidic gels should be replaced by neutral sodium
fluoride gels to avoid mucosal reactions. A 5000 ppm fluo-
ridated toothpaste, used twice daily, is more effective in

controlling caries lesion progression than regular tooth-
paste is [14] and can be recommended for patients with
subnormal flow rates or hyposalivation. Remineralizing
solutions, containing combinations of calcium, phosphate,
and proteins, may also be used to reduce caries in patients
with hyposalivation [57] . Various acidic, but still non-
erosive, saliva stimulants seem to be suited to dry-mouth
relief, given that the products are thoroughly tested in

dry-mouth patients [30]. The taste-induced increased
saliva flow and retention of fluoride in the oral tissues

provide relief of symptoms and an additional caries protec-
tion. Finally, patients should be counseled to follow a diet
that avoids cariogenic saliva stimulants, food, and beverages
(see Chapter 8). Nonfermentable dietary sweeteners, such as
sorbitol and aspartame or saccharine, are recommended
[55]. So too is sucralose, a chlorinated, noncariogenic sweet-
ener, and polyols such as xylitol. Thus, any substitute for
sucrose is highly recommendable, especially for this patient
group.

Management of salivary gland hypofunction

The treatment of xerostomia, subnormal saliva flow rates,
and hyposalivation should be based on the following
considerations:

1. If stimulation of the flow of saliva is feasible to relieve
oral dryness, this approach may readily diminish the
oral problems, including caries.

2. If the saliva cannot be adequately stimulated, it has to be
determined whether coating’ the surfaces of the oral
mucosa can diminish the feeling of dry mouth.

3. If not, then assess what else can be done to preserve and
protect the teeth and the oral soft tissues and provide
relief to the patient.

These assessments should be carefully evaluated; some
patients will respond to a single treatment, while others will
require a combination of treatments. Unfortunately, some
patients may not respond to the management of oral dry-
ness, although much can be done to calm the patient and
guard the oral cavity against injury and disease [54].
Management of the patient with xerostomia and salivary
gland hypofunction starts with the dentist and dental
hygienist (Table 6.4). Patients with hyposalivation require
frequent dental visits (usually every 3-4 months) and must
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Concluding remarks
The dentist and dental hygienist should go to great lengths
at being diligent to preserve the dentition in any patient
with subnormal saliva flow rates. Hence, rampant dental
caries and severe dental erosion may develop very rapidly if
serious measures are not taken to ensure that these diseases
are under control. Thus, saliva secretion normally inhibits
bacterial colonization and growth and reduces the delete-

rious effects of anaerobic metabolism in dental biofilms by
its remineralization and buffering capacity, as well as
providing the dental enamel with a protective pellicle
against dietary acids. When this protection from saliva is
absent, frequent visits to the dentist and dental hygienist,
including painstaking measures to ensure meticulous oral
hygiene, appropriate dietary advice, and optimal fluoride
treatment, are crucial to help preserve the dentition against
rampant dental caries and severe erosion.
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and confers benefit to the host (see later). This apparent
problem has challenged researchers for years, and it is only
following recent developments in biofilm research that we
are now beginning to get a better understanding of bacterial
behavior on teeth and their role in health and disease. The
aim of this chapter is to present a fresh perspective on the
ecosystem in the oral cavity, particularly as it relates to
the development and ecology of biofilms on teeth. Such
knowledge is not only of fundamental importance for the
understanding of why caries develops and progresses, but
may also serve as a guide as to how caries can best be
controlled in the clinic.

Introduction
Dental caries is the result of the metabolic activities of
bacteria growing in microbial communities on teeth as
biofilms (previously referred to as dental plaque) (Figs 7.1
and 7.2). Hence, the presence of microbial communities on
the tooth surface is a prerequisite for caries lesions to develop.
However, as discussed in Chapter 2, teeth may be covered by
biofilms without always presenting with visible signs of car-

ies. Therefore, while these biofilms are necessary, their mere
presence is not sufficient for caries to occur, and other factors
are involved. Indeed, the presence of these biofilms is natural
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Figures 7.1 and 7.2 Figure 7.1: Microbial biofilms on teeth become clearly visible after staining with a disclosing solution. The biofilms are typically located at

retention sites along the gingival margin and extend into the interproximal space. Figure 7.2: Occlusal surface of erupting third molar. Note that heavy microbial

deposits (biofilms) are related to the fissures and partly cover the cuspal slopes. This is a freshly extracted tooth where a brown dye has been used to delineate
the biofilm.

The diversity of the oral microflora increases during the
first months of life. The earliest colonizers of a site are

termed pioneer species, and these are streptococci, particu-
larly Streptococcus salivarius, Streptococcus mitis, and
Streptococcus oralis. With time, Gram-negative anaerobes
appear, including Prevotella melaninogenica, Fusobacterium
nucleatum, and Veillonella spp. The eruption of the denti-
tion creates novel habitats for microbial colonization
because teeth provide the only nonshedding surfaces within
the body to which the resident microflora can normally
attach and so substantial biofilms can develop [57, 58].
Desquamation ensures that the microbial load on mucosal
surfaces is relatively low, although substantial accumula-
tions of bacteria can develop on the tongue. Mutans
streptococci and Streptococcus sanguinis (previously named
Streptococcus sanguis ) generally only appear in the normal
mouth following tooth eruption, and the development and
maturation of dental biofilms creates conditions suitable for
a greater range of more fastidious bacteria. In addition, the
flow of gingival crevicular fluid (GCF) not only introduces
components of the host defenses (neutrophils, complement,
antibodies) but also provides host molecules (e.g.,

hemoglobin, hemopexin, transferrin) that act as a source of
essential nutrients for the many fastidious obligate anaer-
obes found at this site.

The oral microflora continues to increase in diversity over
time until, eventually, a stable situation is reached, termed
the climax community. The microbial populations that com-
prise such a climax community remain stable with time,

despite regular minor perturbations to the local environment
due to changes in diet, hormonal levels, oral hygiene, and so
on. The stability is termed ‘microbial homeostasis’; this is
not a passive response by the organisms but reflects a highly
dynamic equilibrium between the resident microflora and

The resident microflora

It has been estimated that the human body is composed
of approximately 1014 cells, of which only 10% are mam-

malian. The majority are the organisms that comprise
the resident microflora of the host. Acquisition of this
resident microflora occurs from birth and is a natural
process during which all environmentally exposed sur-

faces of the body become colonized. The organisms that
establish and predominate on particular surfaces vary,

however, depending on the biological and physical
properties of each site. The mouth is no exception to this
process, and distinct species of bacteria can be recovered
from the mouth of infants only a few hours old. Once
established, the resident microflora has a diverse compo-
sition, consisting of a wide range of Gram-positive and
Gram-negative bacterial species, as well as yeasts and
other types of microorganism. In addition, the composi-

tion of the oral microflora will change as the biology of
the mouth alters over time.

Acquisition of the resident oral microflora
The mouth of the newborn baby is usually sterile.

Acquisition depends on the successive transmission of
microbes to the site of potential colonization. In the mouth,

although organisms can be derived from water, food, and
other nutritious fluids, the main route of transmission is

via saliva. Molecular typing studies have shown that the
acquisition of oral streptococci and Gram-negative species
in children is predominantly from their mother (vertical
transmission). Indeed, it has been proposed that reducing
the carriage of mutans streptococci in mothers could pre-
vent transmission of these bacteria to their offspring, and
thereby potentially delay the onset of caries [41].
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the local environmental conditions at that site in the host
[54, 55]. A major change to the habitat, such as the frequent
consumption of dietary sugars, can disrupt microbial
homeostasis and drive imbalances among the species com-

prising the resident microflora, a consequence of which can
be an increased predisposition to disease. A recognition and
acceptance of this ecological relationship can lead to the
identification of more appropriate approaches to caries
control (see later this chapter) [56].

Changes in the microflora occur during the life of an
individual as a direct or an indirect effect of ageing [78].
Direct effects, such as the waning of cell-mediated immu-

nity, can lead to increases in the carriage of nonoral bacteria
(e.g., staphylococci and enterobacteria). Indirect effects
include the increased wearing of dentures among the
elderly, which promotes colonization by yeasts. Older
people are also more likely to be on long-term medication,
a common side effect of which is a reduced salivary flow
rate promoting colonization by lactobacilli and yeasts.

Benefits of the resident oral microflora

The resident microflora plays an important role in the
normal development of the host, and functions as part of
the innate host defenses. Recent research has demonstrated
that the resident oral microflora has critical functions
for the host. Patients on long-term, broad-spectrum antibi-
otic therapy can have their normal oral bacterial community
suppressed, leading to overgrowth by yeasts or nonoral
bacterial species. Thus, the normal oral microflora acts as a
barrier to permanent colonization by transient organisms,
some of which are potentially pathogenic [54]. Mechanisms
involved in colonization resistance by resident oral organ-
isms include:

• saturation of microbial attachment sites,

• more effective competition for essential nutrients,

• creation of conditions unfavorable to the growth of
invading microbes, and

• the production of inhibitory factors (e.g., bacteriocins,

hydrogen peroxide).

Evidence is emerging that there is active communication
( cross-talk5) between the host and its resident microflora in
order to effectively maintain a beneficial and symbiotic
relationship. Some oral streptococci are able to signal to
the host and downregulate potential pro-inflammatory
responses whilst also stimulating important host response
pathways, such as interferon responses, and promoting
beneficial effects on the cytoskeleton [17]. Thus, the host
has evolved to tolerate resident microorganisms without
initiating a damaging inflammatory response, while also
being able to mount an efficient defense against pathogens.

Pathogenic and resident bacteria may initiate different
intracellular signaling pathways and innate immune
responses in epithelial cells.

Resident oral bacteria also play an important role in
maintaining many important gastrointestinal and cardiovas-
cular systems, via the metabolism of dietary nitrate.

Approximately 25% of ingested nitrate is secreted in saliva
where facultatively anaerobic oral resident bacteria reduce
nitrate to nitrite. Nitrite affects a number of key physiological
processes, including the regulation of blood flow, blood
pressure, gastric integrity, and tissue protection against
ischemic injury. Nitrite can be further converted to nitric
oxide in the acidified stomach, and this has antimicrobial
properties, and contributes to defense against enteropatho-
gens and in the regulation of gastric mucosal blood flow and
mucus formation [32, 79]. The challenge to the clinician,
therefore, is to use treatment strategies that inhibit the
pathogenic organism(s) and their activities whilst maintain-
ing the beneficial properties of the resident oral microflora.

Site distribution of oral bacteria

Although the mouth is highly selective for the microorgan-

isms that are able to colonize and become established, more
than 1200 different types have now been detected in the
mouth [1, 20]. The mouth is not a homogeneous environ-

ment for microbial colonization. Distinct microhabitats
exist, such as mucosal surfaces (palate, cheek, tongue, etc.),
the various surfaces of teeth (smooth, approximal, fissures),

and the gingival crevice [60]. The biological and physical
properties of each site result in only a subset of these organ-

isms (often 20-30 distinct types) being able to predominate
at an individual site [1].

Bacterial metabolism and ecological factors
affecting the growth and metabolism
of oral bacteria
The mouth provides both a friendly and a hostile environ-
ment for microbial growth. Resident oral microorganisms
are adapted to use endogenous (host-derived) nutrients for
growth (e.g., salivary proteins and glycoproteins), but
superimposed on this can be sudden and irregular intakes
of high concentrations of dietary carbohydrates, such as
glucose, fructose, and sucrose. The mouth is overtly aerobic,
and yet obligate anaerobes and facultatively anaerobic
bacteria are able to persist within biofilms on oral surfaces
(tongue, teeth) and comprise the most numerous group of
bacteria at these sites. Organisms have to attach firmly to a
surface in order to avoid being washed away by the flow of
saliva and swallowed. Thus, the majority of organisms (and
the most disease) are found at protected and stagnant sites
around the dentition (Figs 7.1 and 7.2).

Saliva plays other roles in regulating the growth and
metabolic activity of the oral microflora. Saliva helps to
maintain the pH in the oral cavity at values around 6.75-
7.25 and the temperature at around 35-36 °C, which is
optimal for the growth of many microorganisms. Saliva
contains glycoproteins and proteins that act as the primary
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Figure 7.3 The metabolism of oral bacteria, responsible for acid production, ESP production, ISP production, and alkali production: (1) glycosidases; (2) proteases/

peptidases; (3) arginine deiminase; (4) urease;(5) sugar-binding proteins; (6) PEP-PTS;(7) lactate dehydrogenase;(8) pyruvate formate-lyase;(9) pyruvate dehydrogenase;
(10) pyruvate oxidase; (11) PEP carboxylase/PEP carboxykinase; (12) proton-translocating ATPase; (13) glucosyltransferases; (14) fructosyltransferases.

reactions 1 and 2). Acid is produced relatively slowly from
the metabolism of these compounds, and ammonia and
bicarbonate are produced from amino acids as a counterpart
for acid. Arginine deiminase (Fig. 7.3, reaction 3) and the

source of carbohydrates, peptides, and amino acids for
microbial growth. Bacteria have to function cooperatively in
order to degrade the oligosaccharide side chains and peptide
core chains of glycoproteins such as mucins (Fig. 7.3,
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subsequent degradation of citrulline produce ammonia and
carbon dioxide. Urea contained in saliva can also contribute
to the production of ammonia and carbon dioxide (Fig. 7.3,
reaction 4), and so there is only a low risk of enamel demin-

eralization. Importantly, saliva is a sufficient source of nutri-
ents to sustain the growth of a natural and diverse oral
microflora in the absence of other nutrients. Lastly, saliva
delivers a spectrum of innate and specific immune host
defense factors that are essential for the maintenance of a
healthy mouth [60] (see Chapter 6).

A carbohydrate-rich diet increases the acid production
and growth rate of many oral bacteria. Thus, it has been
shown that the accumulation of dental plaque after 4 days,
as regards extension, weight, and actual numbers of bacteria,
is higher when individuals consume a diet supplemented
with sucrose candies compared with a control diet without
added sucrose [80]. What may be clinically more impor-

tant, however, is that a sucrose-rich diet could change the
composition of the microflora by generating a low pH
capable of inhibiting the growth of many of the beneficial
bacteria found naturally in dental plaque, thereby selecting
for the more acid-tolerant species (see later for details).

Dental biofilm bacteria such as streptococci and
Actinomyces can utilize most dietary sugars [76, 90, 91].
These bacteria incorporate mono-, di-, and oligosaccha-
rides through cell-membrane-associated sugar-binding
proteins and/or the phosphoenolypyruvatersugar phos-
photransferase system (PEP-PTS; Fig. 7.3, reactions 5 and 6).
The former system permeates sugars into cells and
subsequently phosphorylates them using ATP. The PEP-
PTS is a group translocation system, which transports
sugars into cells along with phosphorylation of sugars by a
high-energy phosphoryl bond of PEP. The PEP-PTS
consists of two components: sugar-specific proteins for
sugar translocation (cell membrane bound) and nonspe-

cific proteins for transport of a high-energy phosphoryl
bond of PEP to translocated sugars (intracellularly located).
Polysaccharides such as starch can also be utilized in dental
plaque as fermentable substrates, in combination with sali-
vary alpha-amylase, which degrades starch into oligosac-

charides, maltose, and glucose efficiently [3]. Incorporated
sugars are metabolized through classic glycolysis (Embden-
Meyerhof-Parnas pathway), in which one molecule of
glucose is degraded into two molecules of pyruvate. Under
anaerobic conditions, pyruvate can be further degraded
into lactate by lactate dehydrogenase, and to formate and
acetate by pyruvate formate-lyase (Fig. 7.3, reactions 7 and 8).
In the presence of oxygen, pyruvate can be converted to
acetate by the action of pyruvate dehydrogenase or pyruvate
oxidase (Fig. 7.3, reactions 9 and 10). Moreover, in the
presence of bicarbonate, a natural salivary component, PEP
can be converted to succinate with bicarbonate assimilation
by phosphoenolpyruvate carboxylase and/or phospho-

enolpyruvate carboxykinase (Fig. 7.3, reaction 11).
When sugars are supplied in abundance, glycogen-like

intracellular polysaccharides (IPSs) can be formed from
glucose 6-phosphate and stored as endogenous energy
reserves. These polysaccharides can be utilized when
supplies of exogenous sugars are limiting, such as overnight,
resulting in further acid production. Streptococcus and
Actinomyces strains with a high activity of IPS formation
therefore possess several acidogenic pathways.

The acidic end-products formed by bacterial sugar
metabolism can be further degraded by some members of
dental biofilm bacteria. For example, Veillonella species uti-
lize lactate as an energy and carbon source under anaerobic
conditions and produce propionate, acetate, and formate,
together with hydrogen gas and carbon dioxide. Lactate can
also be utilized by Actinomyces and lactobacilli under
aerobic conditions and converted to acetate and carbon
dioxide. Formate and hydrogen gas can be used as energy
sources and electron donors in metabolic reactions by other
biofilm bacteria such as Campylobacter rectus.

Sucrose can also be converted by the bacterial enzymes
glucosyltransferases and fructosyltransferases into glucans
and fructans. Water-insoluble glucans produced by mutans
streptococci are called mutan. Both glucans and fructans
can consolidate bacterial attachment and contribute to the
biofilm matrix, but these latter polysaccharides can also be
metabolized and used as extracellular nutrient storage com-

pounds (Fig. 7.3, reactions 13 and 14).

Dental biofilms: development, structure,
composition, and properties
In order to persist, oral microorganisms have to attach to a sur-
face and grow to form a biofilm, otherwise they will be
lost from the habitat. The properties of bacteria growing as a
biofilm are distinct from those expressed when the same
organisms are growing in liquid culture (planktonic cells)
[18, 57, 58]. In the dental literature, the terms dental plaque
and dental biofilm are often used interchangeably, but
throughout this chapter we have purposely used the term bio-

film to signify the common features among biofilms forming
on teeth and biofilms forming in other natural environments.

Development and structure of young
dental biofilms
The development of dental biofilms can be divided into
several arbitrary stages, as revealed by experimental studies
in situ [68]:

• pellicle formation;

• attachment of early bacterial colonizers (0-24 h);
• co-adhesion and growth of attached bacteria leading to

the formation of microcolonies (4-24 h);

• microbial succession leading to increased species diver-
sity concomitant with continued co-adhesion and growth
of microcolonies (1-7 days);

• climax community/mature biofilm (1 week or older).



112 The caries lesion and its biological determinants

Figures 7.4 and 7.5 Scanning electron micrographs demonstrating microbial colonization of human enamel 4 h after cleaning [70]. Figure 7.4: After 4 h exposure
the enamel is covered by pellicle, which is a granular deposit, primarily located in Tomes' processes pits (TP) and in perikymatal grooves (P). Figure 7.5: The first
bacteria to colonize the tooth surface are of the coccobacillary type (B). Note that the granular deposit does not cover the tooth surface in a uniform layer (PE).
Reproduced with permission of John Wiley & Sons.

restricting transport of ions in and out of the dental hard
tissues. The presence of a pellicle inhibits subsurface demin-

eralization of enamel in vitro [100]. Frequent rinses with
milk or cream increase the thickness and electron density of
the pellicle [69], but it is not clear whether such modifica-
tion of the pellicle provides additional protection against
demineralization of the enamel.

The composition of the pellicle has received considerable
interest because of its potential role in determining the
composition of the initial microflora. It is most likely that,
once the early colonizers have attached, the local oral
environment determines which bacteria can grow and
accumulate on a tooth surface [61].

It should be appreciated that biofilm formation is a highly
dynamic process, and that attachment, growth, removal,
and reattachment of bacteria may occur at the same time.

Pellicle formation
Microorganisms do not directly colonize the mineralized
tooth surface. The teeth are always covered by an acellular
proteinaceous film; this is the pellicle that starts to form on
a cleaned tooth surface within minutes (Figs 7.4 and 7.5). In
uncolonized areas the pellicle reaches a thickness of
0.01-1 pm within 24 h. The major constituents of the
pellicle are salivary glycoproteins, phosphoproteins, lipids,
and, to a lesser extent, components from the GCF [45] (see
Chapter 6). Remnants of cell walls from dead bacteria, and
other microbial products (e.g., glucosyltransferases and
glucans), have also been identified in the pellicle. Some
salivary molecules undergo conformational changes when
they bind to the tooth surface; this can lead to exposure of
new receptors for bacterial attachment (cryptitopes; see
later). The pellicle is primarily located corresponding to
depressions in the enamel (pits and perikymatal grooves),
but it does not completely mask the anatomical charac-

teristics of the enamel surface. Whenever bacteria are
encountered at this early stage they are of the coccoid or
cocco-bacillary type, mainly streptococci and Actinomyces
[22, 23] , and always reside in shallow depressions on the
surface (Fig. 7.5).

The pellicle plays an important modifying role in caries
and erosion because of its permeable-selective nature

Pattern of early bacterial colonization
(attachment and growth)

As the microbial cell approaches the pellicle-coated surface,

long-range but relatively weak physico-chemical forces bet-
ween molecules on the two surfaces are generated. Initially,
bacteria are held nonspecifically close to the tooth surface
under the net influence of van der Waal’s attractive forces as
well as repulsive electrostatic forces. Within a short time,
these weak physico-chemical interactions may become
stronger if adhesins on the microbial cell surface engage in
specific, short-range interactions with complementary
receptors in the acquired pellicle. A high degree of surface
hydrophobicity may facilitate attachment. Recently, it has
been suggested that extracellular DNA may also be involved
in the adhesion processes [37].
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species can also bind to galactosyl residues in glycopro-
teins exposed as a result of enzymic action of bacterial neur-
aminidases. The modification of pellicle constituents, either
enzymically (e.g., by neuraminidase) to expose new recep-
tors or by conformation changes following adsorption to a
surface to reveal previously hidden receptors (termed crypti-
topes [31] ), is an important factor in the regulation of colo-
nization. Knowledge of the biochemical mechanisms
involved in attachment could potentially be exploited to
develop biofilms with reduced acidogenic properties, for
example, by using molecules to saturate receptors used by
aciduric bacteria, thereby blocking their adhesion.

After 8 h only a few groups of microorganisms are found
on the surface, sheltered by the perikymata. Numerous
bacteria, many of which occur in a stage of division, spread
across the surface as a monolayer (Figs 7.7 and 7.8). A rapid
increase in the number of bacteria is only observed after
8-12 h. In some areas, multiplying microorganisms form
multilayers (Fig. 7.9) in which the individual organisms are
embedded in an intermicrobial matrix. Within 1 day the
tooth surface is almost completely covered by a blanket of
microorganisms. However, the microbial deposits are not
uniform in thickness. Areas of monolayers are intermingled
with multilayers, and some uncolonized areas are still
covered by a thick, bacteria-free pellicle. At this early stage
of colonization, Gram-positive and Gram-negative bacteria
are not organized according to any particular pattern.

After 1 day the surface of the biofilm is mainly made up
of coccoid bacteria with scattered filaments (Fig. 7.10).
However, during the course of the second day the biofilm
becomes colonized by multiple filamentous organisms with
a perpendicular orientation to the surface (Fig. 7.11).

The selective manner by which bacteria attach to the
tooth surface supports the fact that bacteria contain a
recognition system on their surfaces that enables bacterial
surface adhesins to bind to complementary molecules
(receptors) in the pellicle [30] (Fig. 7.6). Some receptors have
been identified as oligosaccharides on the protein backbone
of the pellicle glycoproteins. For example, S. sanguinis and
S. oralis bind specifically to terminal sialic acid residues in
human salivary glycoproteins. In addition, S. oralis has a galac-

tose-binding adhesin. Actinomyces naeslundii possesses surface
appendages termed fimbriae; type 1 fimbriae mediate adher-
ence to proteins such as proline-rich protein and statherin in
the pellicle (i.e., protein-protein interactions). Actinomyces

Enamel

Figure 7.6 Simplified explanation of the principle of selective adherence of
bacteria to enamel. Successful irreversible attachment is achieved when
adhesins on the surface of a bacterium bind to a receptor in the pellicle (P).

Figures 7.7-7.9 Scanning electron micrographs demonstrating microbial colonization of human enamel 12 h after cleaning [70]. Figures 7.7 and 7.8: In 12-h-old
biofilms the microorganisms spread in a monolayer along the perikymata (P). Figure 7.9:The monolayer of bacteria (upper part) is gradually replaced by a multilayer
of cells (lower part) which is embedded in an intermicrobial matrix (M). Reproduced with permission of John Wiley & Sons.



114 The caries lesion and its biological determinants

Figures 7.10 and 7.11 Distinct morphological changes may be recorded on the surface of the biofilms when comparing the microflora on teeth after 24 h
(Fig. 7.10) and 48 h (Fig. 7.11). Whereas the 24-h-old biofilm comprises a mass of coccoid bacteria from which a few filaments extend, the 48-h-old microflora is
almost entirely dominated by filamentous organisms [70]. Reproduced with permission of John Wiley & Sons.

Microbial succession
As the biofilm matures, the most striking change is a shift
from a Streptococcus-dominated community to a plaque
dominated by Actinomyces [86]. Thus, the initial establish-
ment of a streptococcal microbial community appears to be
a necessary antecedent for the subsequent proliferation of
other organisms. Such population shifts are known as
microbial succession.

The principle of microbial succession is, briefly, that
pioneer bacteria create an environment that is either more
attractive to secondary invaders or increasingly unfavorable
to themselves because of a lack of nutrients, accumulation
of inhibitory metabolic products, and/or increase in
anaerobiosis, and so on. In this way the resident microbial
community is gradually replaced by other species more
suited to the modified habitat. The secondary colonizers
also attach to the established pioneer species via adhesin-
receptor interactions (co-adhesion) [42]. For example, type 2
fimbriae on A. naeslundii are involved in co-adhesion
with other oral bacteria by lectin-like interactions (i.e.,
carbohydrate-protein interactions). Fusobacterium nuclea-

tum can co-adhere to all of the early colonizing bacteria,
while many later colonizers (especially some of the anaer-
obic species) can co-adhere to F. nucleatum. This organism
is described as being an important ‘bridging organism’

between early and later colonizers. During the initial days,

biofilm growth occurs predominantly as a result of cell
division, as evidenced by the development of columnar
microcolonies perpendicular to the tooth surface [22].

Colonization of root surfaces follows similar principles to
those outlined for enamel surfaces, but growth of the micro-

flora proceeds more rapidly on root surfaces because of the
uneven surface topography. After 2 days the thickness of the
microbial deposits varies distinctly across enamel surfaces,

probably reflecting the undulating pattern of the periky-
mata, whereas on root surface the biofilm exhibits a more
homogeneous thickness (Figs 7.12 and 7.13).

Irrespective of the type of tooth surface (enamel or root),
the initial colonizers constitute a highly selected part of the
oral microflora, and are mainly S. sanguinis, S. oralis and
S. mitis biovar 1 (Fig. 7.14) [46, 73, 74]. Together, these three
streptococcal species may account for 95% of the strepto-

cocci and 56% of the total initial microflora. In addition, the
initial microflora includes Actinomyces spp. and Gram-

negative bacteria; for example, Haemophilus spp. and
Neisseria spp. Interestingly, mutans streptococci do not
contribute significantly to the early biofilm formation in
vivo, in spite of these species being able to form thick
adherent biofilms in test tubes in vitro. The early colonizers
start to multiply and form microcolonies that will eventu-

ally coalesce to form a confluent biofilm. The early colo-
nizers use endogenous molecules (e.g., the proteins,

peptides, amino acids, and glycoproteins found in saliva) as
their main source of nutrients, and the growth rate of oral
bacteria is fastest during the early stages of colonization.
The metabolism of the early colonizers changes the envi-

ronment in the developing biofilm, making conditions suit-
able for the growth of later colonizers.
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nm.-
Figures 7.12 and 7.13 Forty-eight-hour-old biofilms on root cementum (Fig. 7.12) and enamel (Fig. 7.13) surfaces from the same individual. Note that the
microbial biofilms are thicker and more densely packed on root cementum [67].

However, continuous adsorption of single microorganisms
from saliva (co-adhesion) also contributes to the expansion
of the biofilm. In the surface layer, characterized by high
species diversity, some microorganisms co-aggregate with
other species to form ‘bristle brushes’ or ‘corn cob’ struc-

tures (Fig. 7.15). The ‘corn cobs’ are composed of a central
filament coated with spherical organisms and appear to

have a direct interspecies relationship mediated by surface
fibrils (Fig. 7.16).

As dental biofilms develop, some of the bacteria produce
polysaccharides, especially from the metabolism of sucrose
(Fig. 7.3), and these contribute to the biofilm matrix. The
biofilm matrix is not just a physical scaffold that helps to
support the structure of the biofilm; the matrix is also
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As the biofilm become thicker, a lowering of the oxygen
concentration (increased anaerobiosis) is one of the factors
that helps to drive microbial succession. Thus, in developing
coronal plaque, a progressive shift is observed from mainly
aerobic and facultatively anaerobic species in the early stages,
to a situation in which facultatively and obligately anaerobic

organisms predominate after 9 days (Fig. 7.17) [81].

biologically active and is involved in retaining nutrients,

water (thereby preventing desiccation), and key enzymes
within the biofilm [11]. As the composition of the devel-

oping biofilm becomes more diverse, the bacteria can
interact both in a conventional biochemical manner and
via specific signaling molecules. These will be described in

more detail in a later section.

Microbial composition and structure of the climax
community (mature biofilm)

Environmental conditions on teeth are not uniform.

Differences exist in the degree of protection from oral
removal forces and in the gradients of many biological and
chemical factors (e.g., salivary film velocity, glucose- and
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Figure 7.17 Relative proportions of selected microorganisms in developing
coronal biofilms (days 1-9) in relation to the atmospheric requirement. Data

adapted from [81].

Figure 7.14 Proportions of various streptococci (%) from 4 h dental biofilm
in caries-active and caries-inactive individuals [74]. Reproduced with permis-
sion of Karger Publishers.

Figures 7.15 and 7.16 Some bacteria in the surface of dental biofilms co-aggregate to form 'corn cob' structures (Fig. 7.15). Individual 'corn cobs' are composed

of a central filament covered by spherical microorganisms (Fig. 7.16, cross-section) [72].Reproduced with permission of John Wiley & Sons.
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Table 7.1 Composition of biofilms at distinct surfaces on sound teeth. hydrogen-ion concentrations, pH) that influence the growth
of the resident oral microflora on particular surfaces [27].
These differences will be reflected in the composition of
dental biofilms, particularly at sites so obviously distinct as
approximal surfaces, occlusal fissures, and gingival crevice.
The predominant bacterial genera at these sites is shown in
Table 7.1, but a full description of the dental microflora at
specific sites is beyond the scope of this chapter, and readers
will be referred to specialized papers, or a more general text
book; for example, Marsh and Martin [60].

The composition of dental biofiolms is diverse, and
includes a range of Gram-positive and Gram-negative
bacteria, most of which are facultatively or obligately anaer-
obic. Of relevance to dental caries is the presence in dental
biofilms of high numbers of acid-producing Gram-positive
cocci, such as low-pH, non-mutans streptococci, and mutans
streptococci (Streptococcus mutans, Streptococcus sobrinus;
see later), and Gram-positive rods, such as Actinomyces spp.
and lactobacilli. However, as pointed out previously, the
acidogenic potential of these bacteria can be reduced by
other organisms in plaque, such as Veillonella spp., which
convert lactic acid to weaker acids as part of a food chain, or
by bacteria generating alkali from arginine (S. sanguinis) or
urea (S. salivarius, A. naeslundii ) (Fig. 7.3). This demon-

strates the complexity of the challenge when attempting to
find correlations between the microbial composition of
dental biofilms and the development of caries (see later), and
illustrates how disease may be due to the outcome of many
interactions among different types of bacteria.

As the biofilm becomes older, characteristic structural
changes are noted at the bottom of the biofilm. The most
striking change is the formation of an inner layer of densely
packed Gram-positive pleomorphic bacteria next to the
tooth surface (Fig. 7.18). These bacteria, which have now'

been identified as Actinomyces (Fig. 7.19) [23], are found in
close connection with both enamel and root surfaces.
Actinomyces colonization in this particular niche might help
to support homeostasis of the biofilm by converting lactate
into weaker acids. The outer part of mature biofilms is usu-
ally more loosely structured and varies in composition
(Figs 7.20-7.22) [71]. In some individuals the outer micro-

flora may be organized in spheres of one particular type of
organism (Fig. 7.20) whereas, in others layers different bacte-

rial species are organized roughly parallel to the tooth surface

Percentage viable count (range)

Bacterium Fissures Approximal surfaces Gingival crevice

8-86 <1-70Streptococcus
Actinomyces
An G + R
Neisseria
Veillonella
An G-R
Treponema

Environment

2-73
0-46 4-81 10-63
0-21 0-6 0-37

0-44+a 0-2
0-44 0-59 0-5

0-66 8-20+a

+

Nutrient source Saliva & diet
Neutral-low
Positive

Saliva, diet, & GCF
Neutral-low
Slight negative

GCF
Neutral-high
Negative

PH
Eh

An G + R, An G-R: obligately anaerobic Gram-positive and anaerobic
Gram-negative rods, respectively; GCF: gingival crevicular fluid; Eh: redox
potential (a measure of the extent of anaerobiosis).
aDetected occasionally.

Figure 7.18 Densely packed pleomorphic bacteria resembling Actinomyces
form palisades along the tooth surface in 3-week-old dental biofilms [71].
Reproduced with permission of Karger Publishers.

i

v
Figure 7.19 Fluorescence in-situ hybridization of two-dimensional dental biofilm showing Actinomyces (blue), streptococci (green), and other bacteria (red). Note
preferential colonization of Actinomyces in the inner layer of the biofilm. Courtesy of Irene Dige [21].



118 The caries lesion and its biological determinants

Figures 7.20-7.22 Ultrastructure of 2-week-old dental biofilms from three individuals with different colonization patterns. Note that in addition to differences in

thickness, the outer part of the biofilms varies in composition and structure [71]. Reproduced with permission of Karger Publishers.
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Figure 7.23 Telemetrically recorded pH changes of 2-, 3-, 5-, and 6-day-old interdental biofilms in a 62-year-old male volunteer during and after 2 min rinses with
10% sucrose solution. PC: paraffin chewing. Note that the rate and amount of acid formation increase with the age of the biofilm. Adapted from [36]. Reproduced
with permission of the American Academy of Pediatric Dentistry.

(Fig. 7.22). In some cases the outer biofilm is loosely struc-
tured and does not show any characteristic pattern (Fig. 7.21).

Irrespective of the dominating pattern of colonization,

the bacteria are embedded in an intermicrobial matrix of
highly varying amount and electron density. This hetero-

geneous composition, combined with the observation
that young dental biofilms contain fluid-filled channels
and voids [99], is believed to create concentration gradi-
ents and influence the diffusion properties of biofilms.
For example it has been shown that short-term expo-

sures to fluoride solutions (1.000 ppmF-) for 30 or 120 s
(equivalent to toothbrushing) result in restricted pene-
tration of fluoride into 7-day-old dental biofilms [97] .
Thus, the caries-controlling effect of fluoride delivery
from toothbrushing may be reduced where oral hygiene
is poor.

Dental biofilms must be up to 2 days old before the acid
formation in response to a sucrose challenge is sufficient to
cause demineralization of the enamel (Fig. 7.23) [36].
However, this does not mean that people should refrain
from cleaning their teeth every day. Most individuals are
not able to clean their teeth perfectly every time they brush,
and bacteria left on the teeth at inaccessible sites may
contribute to continued biofilm growth and acid produc-

tion when toothbrushing is insufficient.

Properties of dental biofilms

Novel imaging and molecular techniques have confirmed
that dental biofilms display properties that are consistent
with those of biofilms present in other natural habitats
(Table 7.2). Thus, the free movement of molecules can be
reduced in oral biofilms which, coupled with bacterial
metabolism, leads to gradients in key factors (oxygen,

Table 7.2 Properties of biofilms and microbial communities.

General property Dental biofilm example

Open architecture
Protection from host
defenses, desiccation, etc.

Presence of channels in dental plaque
Production of extracellular polymers to form a
functional matrix; physical protection from
phagocytosis
Reduced sensitivity to chlorhexidine and
antibiotics; transfer of resistance genes;
microbial community effects provide mutual
protection (see below)

Neutralization of inhibitors Catalase production by neighboring cells to
protect sensitive organisms from hydrogen
peroxide

Novel gene expression3 Synthesis of novel proteins upon attachment;
upregulation of glucosyltransferases in mature
plaque

Enhanced tolerance to
antimicrobials

Cell-cell signaling Production of bacterial cell-cell signaling
molecules (e.g., competence stimulating
peptide) to coordinate gene expression

Spatial and environmental pH & 02 gradients; co-adhesion between
distinct bacterial species
Oral obligate anaerobes grow in an overtly
aerobic environment; acid-sensitive species survive

More efficient metabolism Complete catabolism of complex host

heterogeneity
Broader habitat range

macromolecules (e.g., mucins) by consortia;
development of microbial food webs
Pathogenic synergism in abscessesEnhanced virulence

aA consequence of altered gene expression can also be an increased
tolerance to antimicrobial agents.

nutrients, pH, etc.) over short distances throughout the
depth of the biofilm. The use of live/dead stains has shown
that bacterial vitality varies, with the greatest concentra-

tion of viable microorganisms present in the central
parts of the biofilm, and lining any voids or channels.
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Similar findings have been reported with other antimicrobial
agents used in toothpastes and mouthrinses, while up to 500
times the MIC of amoxicillin and doxycycline (as determined
for liquid cultures) was required to eliminate S. sanguinis
biofilms [44]. Studies of natural plaque biofilms showed
that chlorhexidine only affected the outer layers of cells in

24 h and 48 h biofilms, suggesting either quenching of the
agent at the biofilm surface or a lack of penetration [101].
Such observations may partly explain why antimicrobial
treatment has so far not been a totally successful approach
to the control of dental caries.

Dental plaque is not only an example of a biofilm, but it also
functions as a microbial community; that is, as a consortium
of interacting microorganisms [58]. The significance of this is

that the properties of a microbial community are more than
the sum of those of the constituent species (Table 7.2). In a

complex biofilm such as dental plaque, populations of
bacteria are in close proximity to one another and interact
as a consequence. These interactions can be beneficial to
one or more of the interacting species, while others can be
antagonistic (Table 7.3). As stated earlier, the production of
antagonistic compounds is a mechanism by which exoge-
nous microbial species can be excluded from the mouth
(colonization resistance). In addition, the production of
inhibitors can provide an organism with a competitive
advantage when interacting with other community members.

Although competition for nutrients will be a highly significant
factor in determining the prevalence of a species within a

habitat such as the mouth, it has been proven that bacteria
also have to collaborate in order to completely catabolize
host-derived, biochemically complex nutrients such as sali-

vary mucins. The concerted and sequential actions of
individual species with complementary patterns of glycosi-
dase and protease activity are required to fully metabolize
such glycoproteins. Likewise, a primary feeder (an organism
that initially metabolizes a substrate) generates products
that can be metabolized to even simpler products by
secondary feeders (organisms that utilize the products gen-

erated by the metabolism of primary feeders), thereby gen-

erating food chains [15]. A classic example is the utilization
of lactate by Veillonella spp. produced from the metabolism
of sugars by saccharolytic bacteria (Fig. 7.3). Such meta-
bolic interdependencies are likely to make a major con-
tribution to the maintenance of microbial homeostasis in

dental plaque.
Some dental biofilm bacteria can secrete small, diffusible

signaling molecules that enable them to coordinate their
activities. Gram-positive bacteria use small peptides, and S.
mutans synthesizes a competence stimulating peptide. This
peptide is believed to enhance acid tolerance and induce
genetic competence in neighboring cells of S. mutans, so
that the ability to take up DNA (transformation) was greater
for biofilm-grown cells. Thus, bacteria may be able to transfer
genetic material more readily in biofilms, including virulence

Culture-independent approaches (e.g., 16S rRNA gene
amplification; fluorescent in-situ hybridization) have also
demonstrated an increased richness in bacterial diversity in

dental biofilms, with many novel and currently unculturable
bacteria being described for the first time; for examples, see
Paster et al [77], Brinig et al. [12], and Dewhirst et al. [20].

There are direct- and indirect-mediated changes in

bacterial gene expression during biofilm development. For
example, the binding of oral bacteria to salivary proteins
can induce genes encoding adhesins. During the initial
stages of in vitro biofilm formation by S. mutans (first 2 h
following attachment), 33 proteins were differentially
expressed (25 proteins upregulated; eight proteins down-
regulated; i.e., this is a direct effect following attachment
to a surface), and there was an increase in the relative syn-
thesis of enzymes involved in carbohydrate catabolism
[98]. In contrast, some glycolytic enzymes were down-
regulated in older (3 days) S. mutans biofilms, while pro-
teins associated with other biochemical functions were
upregulated [85]. Expression of glucosyltransferases by 5.

mutans was markedly upregulated in older biofilms, but
this was assumed to be due to indirect effects of biofilm
formation (e.g., nutrient limitation, reduced pH) [47] . As
biofilms develop, there are increasing opportunities for
cells to interact both with each other via cell signaling
systems and with other species in a range of conventional
synergistic and antagonistic biochemical interactions
(Table 7.3).

It is clear from the above statements that the behavior of
microorganisms on a surface as part of a biofilm can be very
different to that observed in the laboratory in conventional
homogeneous liquid culture growth systems (planktonic
culture). Of particular clinical relevance is the finding that
the sensitivity of oral bacteria to antimicrobials is reduced
during growth on a surface, particularly in mature biofilms.

Thus, four times the concentration of chlorhexidine was
necessary to kill older compared with younger biofilms of
S. sanguinis.Similarly, biofilms of diverse mixed cultures of
oral bacteria were unaffected by concentrations of chlorhex-
idine that were equivalent to the minimum inhibitory
concentration (MIC) of the component species (as deter-
mined in liquid culture). Tenfold higher concentrations
were needed to demonstrate some effectiveness, but even at
these elevated levels some species were unaffected [40].

Table 7.3 Microbial interactions in dental plaque.

Beneficial Antagonistic

Enzyme complementation
Food chains/food webs
Co-adhesion
Inactivation of inhibitors
Subversion of host defenses

Nutrient competition
Production of:

• bacteriocins
• hydrogen peroxide
• organic acids

Low pH generation
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or antibiotic resistance traits. Different communication
systems operate among Gram-negative bacteria (e.g., they
use auto-inducer-2; AI-2), and these may operate among
many genera of bacteria to coordinate gene expression,
emphasizing the need to view plaque as a consortium of
microorganisms working in a partnership. Biofilms also
facilitate communication via horizontal gene transfer (see
[58]). Evidence of horizontal gene transfer between resi-
dent oral bacteria (5. mitis, S. oralis ) and opportunistic
pathogens ( Streptococcus pneumoniae ) has come from the
identification of penicillin resistance genes with a
common mosaic structure, which also emphasizes the
need for caution if prescribing antibiotics.

Alicrobial metabolism within plaque produces localized
gradients in factors affecting the growth of other species
(e.g., pH, dissolved oxygen, essential nutrients, and the
accumulation of products of metabolism and inhibitors)
[55]. In this way, bacteria are able to modify their local envi-

ronment. These gradients lead to the development of envi-

ronmental heterogeneity, and ensure the coexistence of
species that would be incompatible with one another in a
homogeneous habitat, enabling a more diverse microbial
community to establish. Microbial communities display a
wider habitat range and demonstrate an increased meta-

bolic efficiency than might be predicted from laboratory
data generated from pure culture studies [59]. Microbial
communities are also better able to cope with minor
environmental perturbations and stresses, and, in some
instances, the component bacteria demonstrate an
enhanced pathogenic potential ( pathogenic synergism’),
which is often seen in dental abscesses, which generally
have a polymicrobial etiology.

streptococci, especially S. mutans and S. sobrinus. The role of
bacteria was also confirmed in treatment studies. Antibiotics
and immunization against the inoculated strain caused a
decrease in the numbers of both bacteria in plaque and in
caries lesions compared with control animals. It is important
to understand, however, that the experimental conditions
applied in the above studies were highly artificial as in most
studies the animals were inoculated with only a single bacte-

rial strain. This experimental setup is very different from the
human oral cavity that contains a community of interacting
bacteria. Nevertheless, in spite of these limitations, such
observations were taken to indicate by leading scientists that
dental caries is a specific infection with mutans streptococci
as the main pathogens’ [48, 93], a view that is still prevalent
in many countries today.

However, dental caries does not fulfill the classical princi-
ples of a specific infectious disease [26]. Historically, for a
microorganism to be considered responsible as an etiological
agent for a disease, it would need to satisfy Koch’s postulates.
Thus, the microorganism should be:

• found in all cases of the disease, with a distribution
corresponding to the observed lesions;

• the organism should be grown on artificial media for
several subcultures; and

• a pure subculture should produce the disease in a suscep-
tible animal.

As stated previously, the relationship between mutans strep-

tococci and caries is not absolute. Relatively high propor-

tions of mutans streptococci may survive on tooth surfaces
without caries developing, while the opposite is also true;

that is, caries may arise in the apparent absence of these
organisms [60, 68]. Therefore, rather than necessarily initi-
ating the caries process, an outgrowth of mutans strepto-

cocci may reflect a disturbance in the homeostasis of the
dental biofilm. If the homeostatic balance is disrupted,

changes in the relative proportions of the microorganisms
making up the microbial community can occur, and this
could predispose a site to disease (an opportunistic infec-

tion’). Hence, it may be more appropriate to think about
dental caries as an endogenous infection’ or as an example
of a (minor) ecological catastrophe’ (see later) [56].

Caries microbiology: a brief historical
perspective
Over a century ago, Dr W.D. Miller [63] recognized the role
of the resident oral microflora in caries. Miller introduced
the so-called chemico-parasitic’ theory of caries by suggest-
ing that in order for caries to develop Two factors always
have to be in operation: the action of acids and the action of
germs’ However, unlike his contemporary colleagues (G.V.
Black and J.L. Williams), Miller was not aware of the crucial
etiological role of the dental biofilm and believed that the
bacteria producing organic acids were mainly living in
saliva. It was not until after the end of the 1940s, with the
development of antibiotics, that experimental studies using
germ-free animals provided a further insight into the
microbiology of caries. Experiments showed that rodents
developed caries when infected with specific bacteria, and
that caries could be transmitted from animal to animal, while
other studies proved the essential role of fermentable sugars
in the diet [28, 39]. Bacteria could be ranked in terms of their
cariogenicity and the most cariogenic group were the mutans

Methodological problems in microbiological
studies of dental caries
The high species diversity of dental biofilms makes it rather
laborious to perform microbiological studies of caries.
Therefore, for many years, with an easy access to selective
culture media, some researchers studied only the primary
suspects of caries: mutans streptococci and lactobacilli. In
view of the discussion above, it should be clear, however, that
such a simplified microbiological approach could be very
misleading when trying to understand the etiology of caries.
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of plaque is related to the caries status of the tooth surface at
that time. A limitation of this type of study is that it cannot
be established whether the species that are isolated at the
time of lesion diagnosis caused the decay or are present as a
result of the lesion; thus, these studies only demonstrate
associations. In contrast, longitudinal studies regularly
sample, over a set period, surfaces that are initially clinically
sound but a proportion of which will develop caries over
the course of the study. The microflora can then be com-
pared (i) at the same site before and after the diagnosis of a
lesion and (ii) between those surfaces that decayed and those
that remained caries free throughout the study. This type of
study design is more expensive and difficult to conduct, but
is more likely to establish cause-and-effect relationships. Both
the cross-sectional and the longitudinal study designs suffer
from the fact that it is often difficult to determine exactly
when a noncavitated lesion maybe detected clinically, as this
is essentially a question about the refinement of the diag-

nostic method (Chapter 10). Likewise, in longitudinal
studies of lesion development, the clinical caries diagnostic
criteria applied should be sensitive enough to reflect changes
in lesion activity (Chapter 11). Alternatively, lesion development
may be evaluated by using an experimental in-situ model in
which the mineral content of natural tooth surfaces, worn in
intra-oral appliances of human volunteers, is monitored in
parallel with changes in the composition of the biofilm [75].

Most studies still rely on conventional culture of the bio-
film, with some only focusing on the detection of the main
suspected pathogens (i.e., mutans streptococci and lactoba-
cilli), with the risk that this can become a self-fulfilling
prophesy. The recent development of an appropriate growth
medium for the recovery and culture of oral bifidobacteria
has led to several studies that now implicate this group of
acid-producing and acid-tolerating bacteria with caries in
both children [52] and older adults [6]. Some contemporary
studies are now deploying culture-independent molecular
approaches, which have provided additional insights into the
diversity of the microflora from advanced lesions. However,
some of these studies ignore the fact that dental caries is a
localized disease of the teeth [76]. Thus, in order to obtain a
sufficient amount of bacteria for molecular analyses, biofilm
has been collected by pooling plaque or collecting saliva as
proxy variables for caries. However, sampling strategies that
do not reflect precisely defined environmental niches on the
teeth are unlikely to give a detailed insight into the ecology
of caries.

Traditionally, the composition of dental biofilms has
been determined by growing the constituent organisms on
a range of selective and nonselective agar plates, incubated
under appropriate conditions, for various lengths of time.
The identity of the resultant microbial colonies is achieved
by the application of physiological, biochemical, and serolog-

ical tests. However, recent comparisons of total viable versus
total microscopic counts have demonstrated that only about
40-50% of the oral microflora can be cultivated, and that
many groups of microorganisms are being underestimated.

Many contemporary studies are now using culture-
independent (molecular) approaches in which DNA (mainly
16S rRNA gene sequences) is amplified from a specimen of
dental plaque using universal primers, partially sequenced,

and compared with known sequences in international data-

bases. Novel organisms, and organisms previously found
only in low numbers using culture, have been identified,

particularly from advanced lesions (see later).
Attention should also be given to the study design when

evaluating the results of microbiological investigations of
caries. Evidence for the role of plaque bacteria in dental car-
ies in humans has come from both cross-sectional and
longitudinal studies in which the microbial composition of
plaque is related to the integrity of the underlying tooth sur-
face (Fig. 7.24). In cross-sectional studies, tooth surfaces are
sampled at a single time point, and the microbial composition

Cross-sectional
design

Health
Compare
microflora

Disease

T
Single time point

for sampling

Longitudinal
design

Compare microflora

> Disease
Compare
microflora

Health

1 1 1 1 1 t t
Multiple time points for plaque sampling

Figure 7.24 Distinction between cross-sectional and longitudinal study
designs to investigate the role of dental biofilm bacteria in caries. Cross-
sectional studies are relatively quick and easy to perform on different population
groups, but they only show associations between the microflora and caries
because each site is sampled only at a single time point. Longitudinal studies
provide more insights into the microbial etiology of dental caries because the
microflora can be compared (a) before and after the diagnosis of a lesion and
(b) between sites that developed caries and those that remained caries free. All
sites to be investigated are clinically caries free at the start of sampling.

Microbiology of caries

Enamel caries
Fissures are the most caries-prone sites of the dentition, and
the strongest correlation between the biofilm levels of
mutans streptococci and caries has been found at these sites.
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Table 7.4 Mean proportions of mutans streptococci (MS) and lactobacilli (L)
on teeth in schoolchildren (7-8 years old) who remained caries free or who
developed a caries lesion during a longitudinal study [51].

biofilms were pooled prior to analysis. S. sanguinis was associ-
ated with sound enamel, whileA. gerencseriae, Bifidobacterium
spp., S. mutans, S. salivarius, Streptococcus constellatus,
Streptococcus parasanguinis, Lactobacillus fermentum, and
Veillonella spp. were associated with caries [4], The data sug-
gested that some Actinomyces spp. may be significant in caries
initiation, while Bifidobacterium spp. may play a role in more
advanced lesions. Likewise, in a molecular-based study of
pooled plaque of caries in primary and permanent teeth in
children, a number of species in addition to S. mutans were
shown to play a role in caries progression; these bacteria
included members of the genera Veillonella, Lactobacillus,

Bifidobacterium, Propionibacterium, Actinomyces and
Atopobium, plus low-pH non-S. mutans streptococci [2].

Rampant caries can also occur in people who experience
an exceptional change in the oral environment, such as
those with markedly reduced salivary flow rates due to radi-
ation therapy or medication. In a classical study, radiation-

induced xerostomia produced marked increases in the
proportions of S. mutans, lactobacilli, and Candida spp. in
pooled dental plaque at the expense of CS. sanguis ] Neisseria,
and Fusobacterium. S. mutans gained prominence in the
biofilm within the first weeks of radiation, before the onset
of caries, whereas the growth of lactobacilli was slower,
possibly reflecting the aciduric properties of this genus.
However, after 8 months the level of lactobacilli in plaque
surpassed that of S. mutans, demonstrating the profound
impact of saliva shutdown on the microbial ecology and
caries [13].

Collectively, the data from numerous surveys of various
tooth surfaces, of different patient age groups from
numerous countries, and populations with different dietary
habits, and so on have shown a strong positive association
between increased levels of mutans streptococci and the
initiation of demineralization. However, not every study
identified all of the bacteria present in the clinical samples,
and some focused only on organisms already implicated in
disease (e.g., mutans streptococci and lactobacilli). Several
bacterial species may contribute to demineralization, while
others may reduce the impact of acid production by either
utilizing the lactate produced from sugar metabolism
(e.g., Veillonella spp.) or by producing alkali from saliva
components ( S. salivarius, S. sanguinis, A. naeslundii ) (Fig. 7.3).
Also, ‘mutans streptococci’ is a general term for several
closely related species of Streptococcus originally described
as different serotypes of S. mutans. The specific name
S. mutans is now limited to human isolates previously
belonging to serotypes c, e, and/. This is the most common
species isolated from human dental biofilms. The next
most prevalent species is S. sobrinus (previously S. mutans
serotypes d and g ). Some of these strains produce more
acid from sucrose than S. mutans does [19], and it is pref-
erable, therefore, that mutans streptococi be identified to
the species level.

Time (months) before
caries diagnosis

Mean proportions in fissure plaque

Caries sites Filled sites Caries free sites

MS L MS L MS L

290 8 9 2
25 86 15 3 17 1

12 16 1 20 2 9 3
18 9 <1 16 1 11 1

Numerous cross-sectional and longitudinal studies have
shown a strong relationship between the proportions of
mutans streptococci in the biofilm and the detection of a
caries lesion, but the relationship is not absolute, and there
are lesions from which these organisms have not been
detected in the overlying biofilm and cases of mutans strep-

tococci persisting in the absence of a lesion; for examples,
see [43, 49-51] (Table 7.4). One of the challenges with these
studies is that the composition of the biofilm varies at dif-

ferent parts of the fissure [62], and the early signs of fissure
caries develop along the fissure entrance rather than within
the fissure proper (see Chapter 5).

A similar problem exists with studies of approximal sur-
faces; it is difficult to accurately diagnose early lesions, but
biofilm is inevitably removed from the whole interproximal
area during sampling, including that overlying sound as well
as carious enamel. Early cross-sectional studies reported a
positive correlation between elevated mutans streptococci
levels and lesion development (e.g., [35]), although a less
clear-cut association was found in a longitudinal study of
English children. At some sites, mutans streptococci could be
found in high numbers before the radiographic detection of
demineralization, while some lesions developed in the
apparent absence of these bacteria [33]. Again, mutans strep-
tococci could also be present at some sites for prolonged
periods in high numbers without any evidence of caries.

Several studies have shown an association between high
levels of mutans streptococci and rapidly progressing caries
in young infants fed from bottles containing formulae
with a high content of carbohydrates [48]. However, a
recent study of severe early childhood caries of different
tooth surfaces at various stages of caries formation using a
combination of anaerobic culture and molecular-based
techniques found that disease was associated with a diverse
microflora, including some previously uncultivated species.
The species most closely associated with this severe form of
caries included S. mutans, Scardovia wiggsiae, Veillonella
parvula, Streptococcus cristatus, and Actinomyces gerencse-
riae [92]. Similar findings were reported in a previous
study of early childhood caries using culture-independent
approaches, but with the limitation that samples of dental
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Root-surface caries and infected dentin

Early studies using animal models, and epidemiological
surveys in humans, suggested a key role for Gram-positive
filamentous bacteria, especially Actinomyces spp., in root-

surface caries. Subsequent studies failed to confirm such an
association, possibly because the early studies focused exclu-

sively on infected root dentin. In cross-sectional studies of
biofilm overlying carious root surfaces, mutans streptococci,
alone or in combination with lactobacilli, were isolated
more frequently or in higher proportions than on sound
root surfaces [7, 9, 14, 29, 38, 95]. However, as with enamel
caries, this relationship is not absolute. Mutans streptococci
can be isolated from sound surfaces [14, 38], and in some
studies it has not been possible to detect any differences in
the proportion of mutans streptococci between sound and
carious surfaces [24, 25]. In one study it was not possible to
detect clear differences in the microbial composition of
dental plaque on sound and carious root surfaces [82].

More recent studies using a new selective agar, or nonse-
lective media together with novel sampling techniques,
have shown that the microflora of root caries is diverse and,

in addition to mutans streptococci and lactobacilli,
Actinomyces, non-mutans streptococci, Bifidobacterium,

Rothia, Veillonella, Candida, enterococci, and anaerobic
Gram-negative species such as Prevotella intermedia and
Capnocytophaga spp. are common [8, 10, 53, 75, 83]
(Table 7.5). The presence of the Gram-negative anaerobic
organisms may be significant since root caries involves both
demineralization of the tissues due to acid production and
proteolysis of the dentin collagen matrix.

As pointed out before, a crucial problem with most
microbiological studies of caries is the lack of an accurate

definition of the onset of lesion formation and/or the
demineralization activity of the lesions studied. Because of
the dynamic nature of caries, the mineral loss varies over
time, not only between different lesions, but also within the
individual lesion, depending on the metabolic activity of
the microflora.Studies of associations between the microflora

and caries should, therefore, preferably be performed on
lesions with known age and history. One study that applied
this approach suggested that lesions presenting with the
highest mineral loss (as assessed by microradiography of
root caries lesions developed during 3 months in situ) were
dominated by a few acidogenic species, such as Actinomyces
spp., or a combination of mutans streptococci and lactoba-
cilli [75]. Lesions that lost only a small amount of mineral
were associated with a more diverse microflora, including
various acidogenic (mutans streptococci, Actinomyces
spp., Lactobacillus spp., and S. mitis biovar 1) and lactate-
metabolizing species (Veillonella spp.). Such differences in

the pattern and acidogenic potential of the microflora are

likely to reflect differences in the ecology of the lesions
and imply that in order to understand the ecology of caries

it may be necessary to recover the total microflora of a site.

In advanced cavitated lesions of root caries, notably
higher levels of S. mutans were reported, possibly at the
expense of Actinomyces spp., while lactobacilli were more
common from sites with soft and necrotic dentin [84].
Other studies have also reported high proportions of lacto-
bacilli and other Gram-positive rods from infected dentin
[5], including several species of Actinomyces such as
A. israelii and A. gerencseriae [10]. Obligately anaerobic
Gram-negative bacteria are also present, but in lower levels
than in the plaque overlying the lesion. Their role would
still be important in contributing to the proteolytic and
collagenolytic activities associated with tissue breakdown.

Recently, molecular analyses have been performed on
biofilms from carious dentin so as to more fully describe the
microbial diversity of lesions. A range of lactobacilli, com-
prising 50% of the species detected, were identified with
novel Prevotella spp. Other taxa present included those more
commonly seen in subgingival plaque, such as Selenomonas
spp., Dialister spp., Eubacterium spp., and Fusobacterium spp.

[16, 65]; a novel Propionibacterium sp. has also been reported
[64]. Thus, it is plausible that the diversity and proportions of
the organisms within the microflora change as the lesion
progresses through the dental tissues, probably in direct
response to alterations in critical environmental conditions.

These include shifts in pH, the degree of anaerobiosis, and
changes to the primary sources of nutrients.

In summary, many studies have shown that mutans
streptococci can be isolated more often and in higher num-
bers from a range of caries lesions, although some advanced
dentin lesions generally yield a more diverse microflora,

including acidogenic and proteolytic species working in
concert. A consistent feature of clinical studies has been the
finding that the association of mutans streptococci with
caries is not absolute. Thus, mutans streptococci can persist
at sites without demineralization, while they cannot be
recovered from a proportion of lesions, implying a role for
other bacteria. The involvement of other species should not
be unexpected when the features that are associated with

Table 7.5 Mean proportions of selected bacteria from biofilms developing on
root surfaces with and without caries [8].

Root surface cariesSoundBacterium

Initial (soft) Advanced (hard)

Mutans streptococci
Streptococcus sanguinis
Actinomyces naeslundii
Lactobacillus
Veillonella

2 34 8
19 11 48
12 13 13
ND 1 1
ND 4 2

A range of other Actinomyces species have been isolated from infected
dentin of active root caries lesions, including A. gerencseriae, A. israelii,
A. odontolyticus, and A. georgiae [10].
ND: not determined.
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the cariogenic potential of an organism are considered;

these will be described in the ‘Cariogenic features of dental
biofilm bacteria section. It maybe comforting for the dental
student to know that it is less important to remember the
specific names of the bacteria than to understand their
potential role in the biofilm community in health and
disease.

Mutans streptococci are known to have all these properties
and are thus considered as one of the most cariogenic
bacteria [48]. However, these properties are not specific to
mutans streptococci in the same way that the possession of
some virulence factors (e.g., cholera toxin for Vibrio cholerae,
pertussis toxin for Bordetella pertussis ) help to define certain
classical medical pathogens. Indeed, the acidogenic and
aciduric profiles of particular species lie along a continuum,
with increasing evidence of considerable overlap. Strains of
non-mutans streptococcal species [94, 96] - for example,
S. mitis, S. gordonii, S. anginosus and S. oralis [19] - have
been isolated that can be as acidogenic and acid tolerating
as some mutans streptococci (Fig. 7.25). As these species
are prevalent among the early colonizers of teeth [74], they
could play an important role in preparing the environment
to make it suitable for the outgrowth of more aciduric
species such as mutans streptococci and lactobacilli. Hence,

the importance of the three caries-promoting properties
described above may vary depending on the stage and
activity of lesion formation. Therefore, it is not surprising
that mutans streptococci and bacteria with similar caries-

promoting traits are found in elevated proportions at caries
sites. However, it should be appreciated that other bacteria
may also contribute to the cariogenic potential of the biofilm.
Some of these issues are developed further in the following
section.

Cariogenic features of dental biofilm bacteria
In order for bacteria to play a role in caries they must pos-
sess certain caries-promoting characteristics, which include
the following.

• The ability to rapidly transport fermentable sugars when
in competition with other plaque bacteria, and the
conversion of such sugars to acid. Most saccharolytic
bacteria in dental plaque, including mutans streptococci,
possess several sugar transport systems, including high-
affinity PEP-PTS systems, which are able to scavenge
sugars even when they are present in the oral environment
only in low concentrations. The incorporated sugars are
readily converted to acids through the glycolysis-based
pathways (Fig. 7.3).

• The ability to maintain sugar metabolism under extreme
environmental conditions, such as at a low pH. Several
oral bacteria are able to tolerate acidic conditions for
prolonged periods. For example, mutans streptococci,
lactobacilli, and bifidobacteria not only remain viable
at a low pH but manage to continue to grow and metab-

olize; that is, they are both acidogenic and aciduric. This
ability relies on a series of biochemical properties: (i)
the activity of proton translocating ATPase (proton
exclusion inside to outside of bacterial cells; see
Fig. 7.3, reaction 12); (ii) alkali production, due to the
activity of bacterial ureases, arginine deiminase, and
other alkali-producing systems (see Fig. 7.3, reactions 3
and 4); (iii) proton impermeability of the bacterial cell
membrane; and (iv) the production of stress proteins
(protection of cellular structural and functional proteins
from acid denaturation) [89].

• The production of extracellular polysaccharides (EPSs)
and IPSs. EPSs include glucans and fructans, both of
which contribute to the biofilm matrix. In addition to sup-

porting the structure of the biofilm, the matrix may help
to concentrate acids in distinct regions of the biofilm.

Furthermore, fructans are labile and can be metabolized
by biofilm bacteria under carbohydrate-restricted condi-
tions. IPSs are glycogen-like storage compounds that can
be used for energy production and converted to acid
when free sugars are not available in the mouth. Thus, the
metabolism of IPSs can prolong periods over which
biofilms can generate acids (and, therefore, create a low
pH in the biofilm).

The 'ecological plaque hypothesis' to explain
the role of dental biofilm bacteria in the
etiology of dental caries
For many years there were two main schools of thought on
the role of plaque bacteria in the etiology of caries. The
specific plaque hypothesis proposed that, out of the diverse
collection of organisms comprising the resident microflora,
only a single or very small number of species were actively
involved in disease. This proposal has been easy to promote
because it focused efforts on controlling disease by targeting
preventive measures and treatment against a limited number
of organisms, such as by vaccination or gene therapy, or by
antimicrobial treatment (Chapter 16). In contrast, the non-

specific plaque hypothesis considered that disease is the out-
come of the overall activity of the total plaque microflora,
so that not just those species that make acid but also those
that produce alkali or consume lactate need to be consid-

ered. Thus, a heterogeneous mixture of microorganisms
could play a role in disease. In some respects, the arguments
about the relative merits of these hypotheses may be about
semantics, since biofilm-mediated diseases are essentially
mixed culture (polymicrobial) infections, but in which only
certain (perhaps a limited number) species are able to pre-

dominate. The arguments then center about the definitions
of the terms specific and nonspecific. Subsequently, an
alternative hypothesis was proposed (the ecological plaque
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Figure 7.25 Velocity of acid production by six oral streptococcal species at different pH values. The bold line represents the median, and the box and error bars
the 95% and 75% confidence intervals respectively [19]. Reproduced with permission of Karger Publishers.

situation is also not uncommon, where mutans streptococci
are found in high numbers in plaque but in the apparent
absence of any demineralization of the underlying enamel.
This may be due to

• the structure of the biofilm and the localization of mutans
streptococci in the biofilm;

• the presence of lactate-consuming species (e.g.,

Veillonella); or
• the production of alkali to raise the local pH (e.g., by

ammonia production from urea or arginine by S. salivarius
and S. sanguinis, respectively).

Other factors will also be significant, and these include
the influence of the diet and the chemistry of enamel.
These observations serve to emphasize the multifactorial
nature of caries (Chapter 4), which involves the interaction of
an acidogenic/aciduric microflora on a tooth surface, fueled
by a diet consisting of frequent intakes of rapidly fermentable
carbohydrates.

hypothesis) that reconciled key elements of the earlier
two hypotheses [56]. In brief, the ecological plaque hypo-

thesis proposes that the organisms associated with dis-

ease may also be present at sound sites but at levels too
low to be clinically relevant. Disease is a result of a shift in
the balance of the resident microflora driven by a change in
local environmental conditions. In the case of dental caries,

repeated conditions of low pH in plaque following frequent
sugar intake (or decreased sugar clearance following low
salivary secretion) will favor the growth of acidogenic and
aciduric species, and thereby predispose a site to caries
(Fig. 7.26).

A consistent feature of most of the clinical studies
described earlier has been the occasional but regular find-

ing of carious sites from which no mutans streptococci can
be isolated. As discussed previously, this suggests that
acidogenic bacteria other than mutans streptococci can
make a biologically significant contribution to the strength
of the cariogenic challenge at a site [94, 96]. The converse
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Figure 7.26 The ecological plaque hypothesis and the etiology of dental caries. The diagram depicts a dynamic relationship whereby an environmental change
in the biofilm (e.g., low pH) drives a shift in the balance of the resident microflora, thereby shifting the balance towards enamel demineralization. Caries could
be controlled by inhibiting the putative pathogens (MS or other acid producers) or by interfering with the environmental changes driving the ecological shift; for
example, by reducing the acid challenge by the use of sugar control, saliva stimulation, and/or biofilm removal. MS:mutans streptococci. Adapted from Marsh PD
2003 [56] .
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Collectively, these findings allow a dynamic model to be
constructed to explain the changes in the ecology of dental
plaque that lead to the development of a caries lesion
(Fig. 7.26). Potentially acidogenic/aciduric bacteria may be
found naturally in a dental biofilm, but at neutral pH these
organisms are weakly competitive and may be present only
as a small proportion of the total plaque community. In this
situation the acid production by such bacteria is clinically
insignificant or may be counteracted by other bacteria, and
the processes of demineralization and remineralization are
in equilibrium. If the frequency of fermentable carbohy-

drate intake increases and/or salivary flow is impaired, then
the biofilm spends more time below the critical pH for
enamel demineralization (approximately pH 5.5). The
effect of this on the microbial ecology would be twofold.
Conditions of low pH favor the proliferation of aciduric
(and acidogenic) bacteria (especially mutans streptococci
and lactobacilli, but not exclusively so) [94], while tipping
the balance towards demineralization. Greater numbers of
aciduric bacteria such as mutans streptococci and lactoba-

cilli in plaque would result in more acid being produced at
even faster rates, thereby enhancing demineralization still
further. Other bacteria could also make acid under similar
conditions, but at a slower rate, or could initiate lesions in
the absence of other (more overt) aciduric species in a more
susceptible host. If highly aciduric species were not present
initially, then the repeated conditions of low pH coupled
with the inhibition of competing organisms might increase
the likelihood of colonization by mutans streptococci or
lactobacilli. This sequence of events would account for the
lack of specificity in the microbial etiology of caries and
explain the pattern of bacterial succession observed in
many clinical studies. This model forms the basis of the
ecological plaque hypothesis (Fig. 7.26) [56] . In this

hypothesis, caries is a consequence of changes in the natural
balance of the resident plaque microflora brought about
by an alteration in local environmental conditions (e.g.,
repeated conditions of high sugar and low biofilm pH). The
hypothesis also acknowledges the dynamic relationship that
exists between the microflora and the host, so that the impact
of alterations in key host factors (such as diet and saliva flow)
on plaque composition is also taken into account. This has a
great significance for caries prevention, since implicit in the
hypothesis is the concept that disease can be controlled by
targeting the putative pathogens (mutans streptococci and
other acidogenic/aciduric species) through interference with
the factors that are driving the deleterious shifts in the balance
of the microflora. Identification of such critical control
points (e.g., mechanical biofilm removal, saliva stimulation
and/or dietary control) can lead to the selection of appro-

priate caries-preventive strategies that are tailored to the
needs of individual patients (see Chapter 17). In this way,
the clinician not only treats the symptoms of the disease,
but also attempts to identify and interfere with the factors
that, if left unaltered, will inevitably lead to more disease.

Recently, the ecological plaque hypothesis for dental car-
ies has been extended, based on a further understanding
of microbial biochemical responses to acid stress in the
biofilm (acid-induced adaptation and selection) and an
updated knowledge about the dynamic demineralization
and remineralization processes in caries. In the extended
caries ecological hypothesis’ [87, 88], the caries process is
subdivided into three reversible stages as follows (Fig. 7.27).
In young supragingival biofilms, composed primarily of
mitis streptococci and Actinomyces, bacteria produce acids
by microbial sugar fermentation during meals; however,
homeostasis is maintained because the acids are rapidly
neutralized by saliva and microbial alkali production
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Figure 7.27 The caries process according to the extended ecological caries hypothesis Adapted from Takahashi and Nyvad, 2008 and 2011 [87, 88], In this hypo-

thesis environmental acidification acts as the main driving force for acid-induced adaptation and acid-induced selection of the microbial community as it passes
form the dynamic stability stage via the acidogenic stage to the aciduric stage. Concurrently, caries lesion dynamics shifts towards net mineral loss. Note that
reactions may be reversed by elimination of the acid stress.

(dynamic stability stage). At this stage, demineralization
and remineralization are balanced and the dental hard
tissues do not suffer a clinically detectable mineral loss, in

spite of alternating periods of acid and alkali production.

Frequent sugar intake and subsequent acid production induce
microbial acid-induced adaptation in which a variety of
biochemical responses against environmental acidification
are enhanced. This series of biochemical reactions increases
the microbial acidogenicity (Fig. 7.28), leading to environ-
mental acidification and shifting the mineral balance towards
demineralization (acidogenic stage) (Fig. 7.27). At the same
time, more acidogenic and aciduric strains of non-mutans
streptococci and Actinomyces (known as low-pFT strains of
non-mutans streptococci and Actinomyces) increase selectively
in the biofilm. At this stage, established caries lesions often
maintain a low environmental pH and subsequently select for
more aciduric bacteria such as mutans streptococci, lactoba-
cilli, and bifidobacteria due to the competitive advantage of
these bacteria for growth and survival at low pH [34, 66]
(Fig. 7.29) (aciduric stage) (Fig. 7.27). These aciduric bacteria
can also increase their acidogenicity by acid-induced
adaptation. The resultant severe and prolonged acidification
further disturbs the de- and remineralization balance, thereby
accelerating the progression of caries. In the extended ecolog-

ical caries hypothesis, environmental acidification acts as the
main driving force for both acid-induced adaptation and selec-

tion of the microflora in the dental biofilm. It is important to
realize, however, that this detrimental (for the tooth!) and
tough (for the bacteria!) cascade of events in the biochemical
and microbiological profile of the biofilm can be reversed at
any stage of development by normalization of the acidic
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Figure 7.28 Acid-induced adaptation of non-mutans streptococci (data
adapted from [89]). (a) Acidogenicity (final pH values) after the glucose
addition at pH 7.0. The bacteria were grown at pH 7.0 until the logarithmic
phase of growth and further grown at pH 5.5 for 0, 0.5, 1.0, and 1.5 h. (b)

Acidurance (survival rate) after 1 h at pH 4.0. The bacteria were grown at

pH 7.0 until the logarithmic phase of growth and further grown at pH 5.5 for 0,
0.5, 1.0, and 1.5 h. The treated bacterial cells were plated on blood agar and
counted for colony-forming units after anaerobic incubation.
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Figure 7.29 Acid-induced selection of oral bacteria, (a) Bacterial growth rate at acidic pH (data adapted from [34]). Bacteria were grown at various pH values with
pH control by periodic addition of alkali, and bacterial growth rates were calculated from the logarithmic growth phase. Data are the means of two strains of
mutans streptococci, two strains of non-mutans streptococci, and two strains of Actinomyces, (b) Bacterial survival at pH 4.0 (data adapted from [66]).The bacterial
cells grown at pH 7.0 were exposed to pH 4.0 for 0, 0.5, 1, 1.5, and 2 h in buffer solution. The treated bacterial cells were plated on blood agar and counted for
colony-forming units after anaerobic incubation.

environment; for example, by sugar restriction or sugar
substitution, in cases where sugar consumption is excessive.
Such an approach would also have an effect on the mineral
balance and reverse lesion dynamics towards remineralization.

the microbiological features in caries has strong implica-

tions for our choice of strategy for caries control. If we
believe that dental caries results from an ecological distur-
bance in the biofilm then we should focus our preventive
strategies on such methods that restore the ecological
balance of the microbial community, such as mechanical
plaque removal (Chapter 15), sugar control (Chapter 8)
and/or salivary stimulation (Chapter 6).

Concluding remarks

In this chapter we have presented evidence for a hypothesis
by which it may be possible to explain the etiology of dental
caries: the (extended) ecological plaque hypothesis of caries.
According to this hypothesis, it is postulated that dental
caries is a naturally occurring biological phenomenon that
takes place in the dental biofilm as a result of ecological dis-
turbances to the biofilm community. Such imbalances in
the biofilm community may originate in the hosts own
microflora in response to various external factors. For
example, increased sugar exposure or impaired salivary
clearance may lead to an outgrowth of mutans streptococci
and other aciduric bacterial species. This hypothesis is
compatible with previous clinical observations of increased
proportions of aciduric species in caries lesions, while at the
same time acknowledging the lack of absolute specificity of
the microflora involved. The ecological hypothesis may also
help to explain why tooth surfaces that are constantly
covered by biofilm do not always develop caries lesions.
Hence, because of the many interactions among different
types of bacteria in the biofilm, the outcome may not neces-
sarily end up with a net mineral loss over time (Chapter 2).

Knowledge about the role of bacteria in caries is not
merely a theoretical issue. The way by which we interpret
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Historically, the black and rotten teeth of Queen Elisabeth I
(1533-1603) were recounted by foreign ambassadors. She
also had some teeth missing, which made understanding
her words difficult at times (http://www.elizabethi.org/
contents/myths/).

In the 18th century the sugar consumption in the UK
rose from 2 kg per capita to 5.5 kg in 1780. There are very
early references to sugar or sweet foods and dental caries by
Fauchard [27] in 1746 and shortly afterwards by Berdmore [9]
in 1769, who wrote that where sugar, tea, coffee and sweet-
meats are used in excess, the people even at an early age are
remarkable for the badness of their teeth.’ Miller [95], who
postulated the chemicoparasitic theory for caries, was the
first to show experimentally the relationship between
carbohydrates and caries. He demonstrated in vitro that
incubation of carbohydrate-containing foods with human

History
In ancient times, when both sugar and processed starch
were almost completely absent from the diet, which con-

sisted of raw grains, berries, roots, and herbs, dental caries
was only found to a low degree. In recent excavations in
northern Morocco, however, significant numbers of carious
teeth have been found in skulls of hunter gatherers of the
Middle Stone Age and Later Stone Age (15000 to
13700 years ago) consuming a diet comprising pistacios,
acorns, pine nuts, and wild oats [48]. In the late Middle
Ages diet changed for some when sugar from sugar cane
( Saccharum officinarum ) was introduced in Europe. Sugar
cane is a large, strong-growing species of grass that may
contain 13% sucrose. When introduced, sugar was an
exclusive and expensive product available for the rich.
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In 1960, prior to the introduction of fluoride toothpaste,

the effect of between-meal eating was given special attention
[151]. Children with little between-meal eating exhibited
3.3 decayed, missing, or filled primary teeth (dmft), while
those eating more than four times between meals had on

average 9.8 dmft. In another study, children aged 6-13 years
living in an Australian children’s home, Hopewood House,

consuming a mainly lactovegetarian diet with minimal
amounts of sugar and refined flour, showed a low caries
prevalence compared with a control group. However, caries

levels rose to those found in the general population when
the children left the home [41]. The relation between sugar
consumption and the prevalence of dental caries has also
been studied in subjects with hereditary fructose intolerance
who have to avoid eating fructose and sucrose. In 17 sub-

jects with fructose intolerance, the daily sugar intake was
2.5 g, while it was 48.2 g for the controls. The corresponding
decayed, missing, or filled permanent teeth (DMFT) levels
were 2.1 and 14.3 [87, 107].

saliva may result in the formation of lactic acid that could
cause demineralization. The acid formation was greater
from cooked carbohydrates, such as potatoes and bread,

than from sugar; consequently, he considered starch to be
more detrimental to the teeth than sugar. Although he was
well aware of the presence of microbes on the tooth surface
and in carious lesions, he did not identify the important
role of dental plaque in caries unlike G.V. Black (see
Chapter 7).

Early ecological studies

In the 1930s, ecological studies were reported on the
relationship between the prevalence of dental caries and
diet. Comparison between two tribes in Kenya, the Masai

and the Kikuyu, revealed better oral health for the Masai
than for the Kikuyu [111]. This difference was related to
their diets being protein rich for the Masai and carbohy-
drate rich for the Kikuyu. In the East Greenland Eskimos
(Inuit) the dental status was worse when people lived
close to the trading posts, where lifestyle recently had
changed from a diet dominated by meat and fat to one of
starches and sugars [114, 119]. At Tristan da Cunha, a

remote island in the Atlantic Ocean, caries prevalence
increased when western dietary habits were introduced
after the settlement of a meteorological institute and a

canned fish company [46, 138] . Another increase in car-

ies, related to a higher consumption of refined carbohy-
drates, was observed after the inhabitants were evacuated
to England, between 1961 and 1963, following a volcanic
eruption on the island [29] . A comparable effect of the
introduction of ‘western civilization’ was observed in

Goms in Switzerland after the opening of this remote

area by the construction of a highway [123]. A distinct
reduction in caries prevalence in children during and
after both World Wars has been noticed in several
Scandinavian countries and Japan [137, 144, 148].
A common dietary change was a reduction in consump-

tion of foods and concomitantly of refined carbohy-
drates, especially sugar and sweets. In Basel, Switzerland,

wartime restriction during World War II reduced sugar
supply from about 40 to 16 kg per person per year, result-

ing in an increase in the percentage of caries-free children
from about 2% to 15%. This improvement of oral health
disappeared when sugar became freely available after the
war ended. Similar data have been presented from
Denmark, Finland, and Norway [148]. In a reflection of
the Swiss data, it was concluded that the improvement
was impressive at that time but it was dwarfed with the
start of fluoride supplies, oral hygiene instructions at

school, and water fluoridation [63] . This observation
gave further ammunition to the discussion of the relative
importance of sugar restriction versus the appropriate
use of fluoride as a caries preventive measure.

Experimental human studies

Apart from the historical data, knowledge on the relation-

ship between diet and dental caries is based on a limited
number of experimental human studies. This is because it is

not ethical to alter diet experimentally in a way that is

expected to cause caries. The Vipeholm study was a human
experiment on adults living in a mental hospital in Sweden
where sugar consumption was increased and the relation-
ship between a variety of sugar intakes and caries increment

was recorded [39]. The main findings of the 5-year study
(1946-1951) were as follows (Fig. 8.1).

• A low caries incidence was found when the diet was
almost free of sugar.

• The caries progression rate increased with the addition of
sugar to the diet, but to a varying degree depending on
the manner of consumption.

• Sugar intake with meals, such as sweet drinks (nonsticky
form) or sweet bread (sticky form), resulted in a minor
increase in the caries progression rate.

• The frequency of sugar intake influenced the caries

progression rates: a moderate caries increase was
observed for the groups receiving chocolate four times

daily, and a dramatic increase for the groups receiving 22
caramels, 24 toffees, or 8 toffees at and between meals.

• Sugar consumed between meals in a highly retentive
(sticky) form resulted in the highest caries progression
rate.

Unfortunately, the consumption of sugar in a nonsticky
form between meals was not studied. Thus, the latter
conclusion does not exclude that sugar in a nonsticky form
might be as cariogenic as a sticky form!
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Figure 8.2 Increase in decayed, missing, filled tooth surfaces (DMFS) in the
three groups in the Turku experiment based on clinical and radiographic
findings including white spots. Data source: [129].

group, while the subjects in the fructose group developed
more cavitated lesions. There is no good biological explana-
tion for these findings. Therefore, from the Turku sugar
studies it cannot be concluded that substitution of sucrose
by fructose is a worthwhile caries-preventive measure.

1946 1947 1948 1949 1950 1951

Year

Figure 8.1 Information from the Vipeholm study: average DMFT per person
relative to the type and time of eating various sugars and sugar-containing
products. Solid lines represent experimental periods with increased consumption
between meals; dashed lines represent control periods or increased consumption
only during the meals. Data source: [39].

Influence of fluoride on the diet-caries
relationship
In the late 1970s, before fluoride was widely used and when
the quality of oral hygiene was still generally poor, the
impact of diet on caries could be well established. When the
caries prevalence among 12-year-old children in 47 nations
was related with the sugar (mono- and disaccharides)
supply per capita [139], the mean DMFT of 21 countries
with a sugar supply below 18 kg per person per year was 1.2
(±0.6). For nine countries, with an average sugar supply
between 18 and 44 kg per person per year, the mean DMFT
was 2.0 (±0.7), while for 10 other countries the mean
DMFT was 4.0 (±0.9). In seven countries where the sugar
supply exceeded 44 kg per person per year, the mean DMFT
was as high as 8.0 (±2.4). Sreebny considered that approxi-
mately 18 kg per person per year may represent an upper
limit of safe’ sugar consumption [139].

Some 10 years later the relationship between sugar
consumption and caries was less clear. In a study of 61
developing and 29 industrialized countries [153], approxi-
mately 26% of the variation in caries in the developing
countries was explained by the estimated sugar consump-

tion. In the industrialized countries, however, less than 1%
was explained. This suggests that, when fluoride is used
regularly (e.g., in industrialized countries), variations in
sugar intake may be of lesser importance in caries preva-

lence and subsequently that restrictions in sugar intake may
be of lesser efficacy in caries prevention. A recent evalua-

tion [89] also showed that amongst high-income countries
there is a negative correlation between sugar availability

Although a classic, The Vipeholm study has some serious
drawbacks, including a complex design where numerous
modifications were made during the course of the study.
It was carried out in an institution in a population that
was not representative of its era or of today’s modern
society. The participants had bad oral hygiene habits and
the use of fluoride was absent. Today, the ethics of the
Vipeholm study would be unacceptable, but it is impor-
tant to bear in mind that the link between sugar and car-

ies was not definitely established at the time the study was
carried out.

In clinical studies, where different sugar substitutes have
been evaluated, caries development in the control group
can be used as indirect evidence for the impact of sugars on
caries. The Turku sugar study, a controlled longitudinal
human study, involved three groups of adult subjects who
during 25 months consumed a diet sweetened with either
sucrose, fructose, or xylitol [129]. An 85% reduction in car-
ies increment (noncavitated and cavitated lesions taken
together) was found for the individuals in the xylitol group
and a 32% reduction for the fructose group, compared with
the sucrose group (Fig. 8.2). Caries development was not
observed in the xylitol group, suggesting effectiveness of
removal of sucrose from the diet in caries control. When
analyzing the noncavitated and cavitated lesions separately,
it was found that subjects in the sucrose group developed
more noncavitated lesions than the subjects in the fructose
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Figure 8.3 Sugar consumption (kilograms per year per person) in Denmark and caries experience (DMFT) in 12-year-old schoolchildren between 1974 and 1997.

Data source: [109],

• caries prevalence is influenced by several factors that are
difficult to control for, including protective factors in
food, oral health, oral hygiene habits, including fluoride
exposure, and education level.

Thus, the studies mentioned above must be considered in
light of these concerns. Nevertheless, it is clear that only a
smaller percentage of the variation in caries experience in
individuals may be explained by dietary components since
the introduction and use of fluoridated toothpaste. Sugar
consumption is probably only a risk indicator of caries in

persons that do not have regular exposure to fluoride [15]
and with those patients who have dry mouth.

and caries levels, while a positive correlation was still seen
in low-income countries.

In many western societies the consumption of sugars
over the past 30 years has remained more or less stable at
approximately 40 kg per person per year. Therefore, the
dramatic decline in dental caries prevalence that occurred
in this period in most western industrialized countries
cannot primarily be attributed to changes in diet, but is

mainly due to the widespread use of toothbrushing with
fluoride. Ecological observations in many countries

confirm that sugar consumption remained high in this
period of caries decline (Fig. 8.3). In a large sample of 1450
British preschool children, sugar-containing food and
drinks were not associated with caries experience unless
children brushed with fluoridated toothpaste only once a
day or less [35].

Experimentally, the relationship between the frequency
of carbohydrate consumption, the use of fluoridated tooth-
paste, and enamel demineralization was studied using an
in-situ caries model [24]. Demineralization developed only
after seven or more sucrose intakes per day when the sub-
jects used a fluoride-containing toothpaste, while with a
fluoride-free toothpaste demineralization occurred already
after three sucrose intakes per day.

Konig and Navia [64] discussed that the relationship bet-
ween diet and dental caries is difficult to measure for a
variety of reasons:

• variability in patterns of consumption affects the dura-

tion of exposure of the teeth to sugars;

• national supply data, dietary recalls, and food diaries only
provide an approximation of actual food consumption
and sugars consumption patterns;

• patterns of sugars consumption are reported on a short
term basis, but caries formation normally takes several
years;

Measuring cariogenicity

Food claims towards cariogenicity can be estimated from
the composition of a food, or tested in vitro, in animal
experiments, in situ and in vivo. The limitations of these
methods become clear when one realizes the cascades of
processes resulting in acid production in the dental biofilm.

First of all, the sugars or fermentable carbohydrates have to
be transferred from the food to the dental plaque. Factors
influencing this process are the consistency of the food
(solid versus fluid), the chewing efficiency of the individual,
the temperature (influences diffusion), the clearance of the
food from the mouth (sticky versus nonsticky), the hydro-
lysis into monosaccharides, and the location, composition,
consistency, and pH of the dental biofilm. Once the sugar
has reached the plaque the production of a variety of acids,

primarily lactic and acetic, starts to decrease the local pH
(see Chapter 7). The end point of the induced pH drop
depends on the numbers and types of bacteria present, and
the acid production may be counteracted by environmental
factors such as buffers or antimicrobial components of the
food that are transferred concomitantly. Sufficient acids



Diet and dental caries 137

have to be produced during a certain time interval to
demineralize the mineral. Finally, the food will be cleared
and the acids buffered by saliva, the production of which is
an attribute of the individual but which is also provoked by
the food, depending on the consistency and taste. The result
of all the processes will be different if the food is taken as a
single unit or in combinations with other foods. The effect
of a candy bar taken between meals will be different from
the effect of the same bar taken as dessert after a meal.

It follows from the above that it is very difficult to assess
the cariogenicity of a food. In the following subsections we
describe current methodologies that can be used to evaluate
food acidogenicity and cariogenicity.

Plaque pH measurements

All common mono- and disaccharides, together with hydro-

lysed polysaccharide starch, can be fermented by oral bacteria,
and these carbohydrates are therefore potentially cariogenic.
Plaque pH was first measured in vivo by Stephan and Miller
in 1940 [141]. They demonstrated that the pH in the plaque
on the upper front teeth dropped from about 6.5 (resting
pH) to pH 5 within 3 min after rinsing with a glucose rinse
and that it took approximately 40 min for the pH to restore
to pre-rinse levels (Fig. 8.4). Subsequently, they cleaned the
surface of the left tooth and observed that the pH on this
tooth did not drop after another sucrose rinse while pH on
the right tooth dropped again. Since then, the course of a pH
curve in dental plaque following a carbohydrate challenge
has been referred to as the ‘Stephan curve.’ The classical
Stephan curve typically consists of three phases:

• a steep and immediate drop in pH due to bacterial acid
production;

• a period of low pH where there is a balance between acid
production, buffering, and clearance by saliva [76];

• a slow increase of pH to the pre-experimental value when
buffering and salivary clearance gradually supersede acid
production.

At pH values below the so-called ‘critical’ pH value for enamel
(around pH 5.5; see Chapter 9) tooth mineral tends to demin-

eralize, whereas ‘remineralization’ may occur above this value.
Figure 8.5 is a typical representation of the Stephan curve

and is useful in educational material for the patient. Such
simple information may help the caries-active patient better
to understand the deleterious effects of dietary sugars and
make the patient appreciate why a pattern of frequent sugar
consumption can lead to high caries progression. At the
same time, it is easy to explain why a diet without frequent
sugar exposures can facilitate ‘healing’ of already established
caries lesions.

Sucrose is often claimed to be the most potent acid-
generating substrate for oral bacteria. However, based on
numerous in vitro and in vivo studies, there is little or no
evidence to support a difference in the potential acidogenicity
between sucrose, glucose, fructose, or maltose. Lactose and
galactose maybe less acidogenic [50, 65, 127, 147] (Fig. 8.6).

Today, there are three possible methods of plaque pH
measurement:

• the plaque sampling method (plaque is collected in vivo
and pH is measured in vitro );

• the microtouch electrode (a thin needle-like pH-electrode
is inserted into the plaque in vivo ) ;

• the (interproximal) telemetry method (pH is measured
in plaque on indwelling pH-electrodes in vivo ).

Each of the three methods can satisfactorily identify
nonacidogenic foods when used properly with appropriate
positive (10% sucrose) and negative (10% sorbitol) controls
[73, 128]. However, there are differences in the level of the
pH curve when comparing results after a sucrose challenge,
with the telemetric method yielding the most pronounced
pH drops. Owing to the technical complexity of the tele-
metric method and difficulties in identifying suitable test
subjects, the microtouch method is now the most commonly
used technique. Figure 8.7 shows the typical plaque pH
response from clinically sound occlusal surfaces compared
with plaque pH of active and inactive occlusal caries lesions
following a sucrose rinse using the microtouch electrode
[28]. It is obvious that the acidogenic response of the active
cavitated lesions is much more severe than for the inactive
lesions and sound surfaces, thus supporting the clinical con-
cept of caries lesion activity assessment (see Chapter 11).

Figure 8.8a-f gives examples of various pH telemetry
experiments measuring the acidogenicity in undisturbed
interproximal biofilm following the intake of different test
foods [50]. Typically, the experiments start with 3 min
paraffin chewing to clean the mouth and neutralize pH.
Then the test food will be eaten for 2 min. After another
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Figure 8.4 Stephan and Miller, in 1943, measured the course of the pH on
buccal surfaces of the first permanent incisors after a glucose rinse. They
repeated the experiment after the left tooth had been cleaned. Data
source: [141 ].
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Figure 8.5 An example of the Stephan curve as used in health promotion materials.
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Figure 8.6 pH course in dental plaque up to 15 min rinsing with human milk,
cow milk, 7% lactose, and 7% sucrose. Data source: [127].
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15 min the test persons rinse their mouths with water or
urea solution, followed by paraffin chewing again to clear
foods and restore the pH. In all examples the experimental
plaque was 5 days old. Figure 8.8a illustrates pH drops
following oral rinses with various concentrations of sucrose.
As little as 1.25% sucrose can lower the pH to levels where

tooth mineral dissolves. Figure 8.8b shows that the pH drop
caused by either glucose, maltose, or sucrose is comparable.
Figure 8.8c and d shows that when the pH-neutralizing
rinse and chew intervention are postponed the pH remains
low till the acids are cleared by a stimulated salivary flow or
by removal of impacted food. Figure 8.8e demonstrates
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Figure 8.8 Examples of the pH course in 5-day-old undisturbed interproximal dental plaque measured with pH-telemetry under various rinsing conditions.
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pH drop may continue for a much longer period of time.

Figure 8.8f shows the course of the pH curve induced by an

acidic fruit juice. The initial low pH related to the acidic
content of the drink is quickly neutralized by the plaque

what happens when chocolate cream is taken when the pH
is still low after a previous sugar exposure. Figure 8.8c-e
indicates that the educational models based on 30 min

duration of a pH drop may not always tell the truth, as the
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buffer system, but subsequently the pH remains at a low
level for a long time due to the fermentation of the sugar in
the drink. A second rinse with fruit juice depressed pH to
the same low level as a 10% sucrose rinse.

As stressed at the beginning of this section, it is impor-

tant to realize that plaque pH methods can only indicate
acidogenic potential of a product and not the true cario-

genic potential. If the plaque pH profile of a product does
not differ statistically significantly from that of a 10% sor-
bitol rinse, then the food can be considered as noncario-
genic [21]. When the plaque pH profile falls below that of
sorbitol, but not below pH 5.7, an in-situ cariogenicity test
is required to further evaluate the food.

In-situ caries models

In-situ caries models, or the intraoral cariogenicity testing
method, involve the use of appliances or other devices that
carry enamel or dentin samples and are worn intra-orally
by participants [145]. The strength of these models is that
all the multifactorial aspects of natural caries development
are generally included. Foods and beverages can be tested
under clinically relevant conditions and the effect of the
foods on the tooth samples can be evaluated in the labora-
tory. Issa et al. [55] compared the effect on enamel demin-
eralization in situ of both whole and juiced fruits and
vegetables consumed seven times a day for 10 days. The
mineral profile of the pre-demineralized enamel slabs was
studied before and after the test period using transverse
microradiography and showed progressive demineraliza-
tion for all test foods. No significant differences were found
between the solid and juiced foods. The authors concluded
that sugars present intrinsically in a food had a similar
demineralizing potential as free sugars and could not be
considered less cariogenic.

Clinical experiments

Eventually, foods could be tested in clinical experiments
using randomized controlled trials. Clinical studies with
appropriate controls allow local caries risk factors to be
assessed and clinical assessment of caries increment. For
ethical reasons it is clear that long-term clinical studies can
only be used for studies of foods that are expected not to be
cariogenic or to have a beneficial effect. Clinical studies are
expensive and complicated by the fact that the study design
would ideally require a sugar-containing control group,
which would now be deemed unethical.

that are currently used in foods, drinks, and confectionery
in modern diets.

There has been a steep rise in the use of convenience foods
over the past few decades. The shift towards reliance on
convenience foods away from home food preparation means
that the consumer has little control over how much of sugars
is added; therefore, people might be unaware of how much
sugar they are consuming. It is not obvious to many people
that sugar may be a major constituent in products such as
breakfast cereals, flavored crisps (chips), ketchup, and bread.
Thus, just focusing on confectioneries in caries control may
have little impact on reducing caries activity if an individual
is exposed to many other sugary products per day. A mis-

leading annotation is no sugar added.’ Often, such products
contain the sugar of the original component (e.g., the fruit),
which may give the product a 10% sugar content.

Table 8.1 presents an overview of the different carbohy-
drates and sweeteners that the dentists should be familiar
with in order to guide their patients in choosing a tooth-
friendly substitute for sugars.

Cariogenic sweeteners

Monosaccharides and disaccharides
The monosaccharides (glucose, fructose, galactose, rham-

nose, and xylose) and the disaccharides (sucrose, maltose,
and lactose; Table 8.2) are commonly referred to as sugars,
while the term sugar is used synonymously for sucrose. In
addition to imparting a sweet taste, sugars have functions
that are important to safety and quality of foods. The
functions include [30]:

• inhibition of microbial growth by binding water in jams
and jellies (osmotic effect);

• adding texture, bulk, flavor, and color to (baked) goods;

• supporting growth of yeast for leavening or fermentation;

• balancing acidity in salad dressings, sauces, and condiments.

When replacing sugars these functions have to be ensured,
in addition to the taste replacement.

High-fructose corn syrup
High-fructose corn syrup (HFCS) is a cariogenic sweet-
ener that is produced mainly for economic reasons for use
in beverages in the USA. HFCS is made by enzymatic deg-
radation of corn starch. It is chemically similar to invert
sugar, which consists of 50% fructose plus 50% glucose.
As fructose is sweeter than sucrose, both invert sugar and
HCFS are sweeter than sucrose as well. The percentage
fructose in HFCS may range from 42%, which is most
often used in baked goods, to 55%, which is found only in
beverages. HFCS, as well as invert sugar, may have slight
advantages from a cariological point of view. Bacteria do
not produce extracellular polysaccharides from these
sugars, but the cariogenicity of invert sugar has been
found to be only marginally less than that of sucrose [31].

Sweeteners

Noncariogenic sweeteners may play a significant role in
caries control when the caries-active patient with a sweet
tooth’ does not master proper plaque control (see
Chapter 17). Therefore, dentists should have a significant
knowledge of the potential cariogenicity of the sweeteners
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Table 8.1 Different types of carbohydrates and sugar substitutes grouped according to potential cariogenicity and type and number of saccharides.

Cariogenic sweeteners
Mono- and disaccharides
High-fructose corn syrup (HFCS)

Starches

Noncariogenic bulking agents
Fructose polymers
Inulin
Polydextrose
Nutriose

Sucrose substitutes
Cariogenic oligosaccharides
Glucose polymers and maltodextrins
Isomaltooligosaccharides (IMOs)

Sucromalt
Fructooligosaccharides (FOSs)
(Likely) low or noncariogenic mono- and disaccharides
Tagatose
Trehalose
Sucrose isomers: palatinose, trehalulose, turanose, maltulose and leucrose

Noncariogenic sucrose substitutes
Noncaloric intense sweeteners

ADIa (mg/kg body weight)Times sweeter than sucrose

Thaumatine: 3000Glycyrrhizine, monelline, thaumatine,miraculin, and neohesperidine DC

Acesulfame K
Aspartame
Advantame
Cyclamate
Saccharin
Sucralose
Steviolglycosides: stevioside, rebaudioside

Caloric sweeteners

15200
160-220

20000
40

5
30 7

5300
15600

4250

Relative sweetness to sucrose (%) kcal/gSugar alcohols

Hydrogenated monosaccharides
sorbitol
mannitol
xylitol
erythritol
D-tagatose

Hydrogenated disaccharides
isomalt
lactitol
maltitol

Hydrogenated starch hydrolysates
maltitol syrups/lycasin
sorbitol syrups

2.650-70
50-70 1.8

100 2.4
0.260-80

75-92 1.5

45-65
30-40

2.0
2.0
2.190

25-50

"Accepted daily intake.

of starch, maltotriose, and maltose [75]. Acid formation can
start surprisingly quickly after starchy food has interacted
with the dental plaque. Pollard and coworkers [117, 118]
tested the acidogenicity of white bread, cooked spaghetti,
cooked long-grain rice, and many other starch products,

with and without added sugar. The minimum pH values
measured with indwelling electrodes showed that none of

Starches
Starches are not direct substrates for bacterial fermentation,

but starches are hydrolyzed to maltose, isomaltose, and
glucose in the oral cavity. Both salivary and bacterial amy-

lases can accomplish this, and it has been shown that, after
chewing crackers, potato chips, and so on, glucose clearance
is prolonged due to the intermediate degradation products
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Table 8.2 The composition and relative sweetness of the disaccharides. bifidobacteria, which are known to reduce the growth of
pathogenic microorganisms [71]. However, many of the
species of bacteria found in the colon are also present in
dental plaque (e.g., bifidobacteria and lactobacilli, which
are not necessarily beneficial in the oral cavity); therefore,
the dental health effects of these novel carbohydrates war-
rants investigation. Ingredients that reach the colon in an
intact form producing specific changes in the composition
and/or activity of the gastrointestinal flora that confer ben-

efits on host well-being and health, are often referred to as
prebiotics.

In general, mono-, di-, and oligosaccharide fragments
are readily taken up by oral bacteria and fermented to acids.
Salivary amylase hydrolyzes a-1,4-glycoside bonds to break
up longer chains into mono- and disaccharides. Other
bonds may be hydrolyzed by bacterial enzymes. If sucrose
substitutes do not contain mono-, di-, or oligosaccharide,
or are these are not formed by hydrolysis in the oral cavity,

then it may be presumed that the product has low carioge-
nicity or is noncariogenic. However, firm conclusions on
the acidogenicity and possible cariogenicity of all possible
carbohydrates can only be drawn from experimental data.

Disaccharide Relative sweetness
to sucrose (%)

Unit 1 Unit 2

Sucrose (table sugar,
cane sugar, beet
sugar or saccharose)
Lactose (milk sugar)
Maltose (a hydrolysis
product of starch)

100 Glucose Fructose

20 Galactose
Glucose

Glucose
Glucose30-50

the test products were significantly different from 10%
sucrose solution. Therefore, there is no doubt that starches
are acidogenic in the mouth. The degree of cariogenicity of
starch products depends on many factors. Impaction of
starchy food in the dentition, especially when the starch has
been industrially processed, may give rise to considerable
amounts of acid and their cariogenic potential must be con-

sidered high. Lingstrom et al. [74] have shown with three
different pH measurement systems that acid formation in
plaque after chewing soft bread or potato chips is more
intense and lasts longer than after intake of sucrose. Starch
may also influence the stickiness of products [5, 6], which
might be an important co-determinant for the cariogenic-
ity. Therefore, it is questionable whether a recommendation
to eat complex carbohydrates in place of sugars would
decrease the caries risk.

Cariogenic oligosaccharides
Glucose polymers are produced by acid hydrolysis of starch
and comprise a mixture of mono-, di-, tri-, tetra-, penta-,
hexa-, and heptasaccharides and alpha limit dextrins. The
degree of polymerization is given by the DE value (glucose
[dextrose] as percentage dry weight). The DE of starch is
close to 0 and that of glucose 100. The DE of dextrins varies
between 1 and 13, the DE of maltodextrins between 3 and
20, and glucose syrups contain a minimum of 20% glucose
(DE >20). Glucose polymers having the same DE may, how-
ever, have significantly different compositions and hence
different acidogenic responses.

Glucose polymers and maltodextrins are used to increase
the energy content of foods. They may be prescribed by
health professionals for children with clinical conditions
such as renal failure, liver cirrhosis, disaccharide intoler-

ance, disorders of amino acid metabolism, malabsorption
status, and conditions requiring high energy intake [101].
Being virtually tasteless and odorless, they may be added to
a variety of products without a major influence on the taste
and smell of the product. Glucose polymers are frequently
added to soft drinks, infant food and drinks, sports drinks,

desserts, confectionery, and energy supplements.
As said, the monosaccharides, disaccharides, and smaller

oligosaccharides can be fermented directly in dental plaque.
The larger oligosaccharides have first to be hydrolyzed by
salivary amylase, resulting in shorter chains. The extent of
hydrolysis by amylase will be determined by the retention
time in the oral cavity. Glucose polymers are potentially
cariogenic; however, evidence to demonstrate this is sparse,

with most data from animal, plaque pH, and in vitro laboratory

Noncariogenic carbohydrate bulking agents

Noncariogenic carbohydrate bulking agents are additives to
increase the weight or volume of a food material without
imparting additional functionality or utility. Food bulking
agents usually add little food value and/or few calories to a
food material and are often used to produce dietary food.
They may be fibrous, which facilitates or increases bowel
movements and causes the stool to be bulkier and to retain
more water. Because of a wide variety of proposed health-
promoting functions [61], these have wide applications in
various types of foods, like confectionery, fruit prepara-
tions, milk desserts, yogurt and fresh cheese, baked goods,
chocolate, ice cream, and sauces. They are regarded as non-

cariogenic [26, 102]. They include: fructans (e.g., inulin),

polydextrose, and Nutriose® (a soluble fiber).

Sucrose substitutes

Commercially produced carbohydrates, including poly-
mers of glucose and oligosaccharides of glucose, fructose,

and galactose, are increasingly being used in everyday food
products because they are cheaper and it is claimed that
their consumption may have potential health benefits. For
instance, they may be more fibrous, less digestible, have a
lower or higher energy content, or give a lower rise of blood
sugar levels. Many of these saccharides pass to the large
bowel where they stimulate the growth of lactobacilli and
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An example of this protective function is the resurrection
plant ( Selaginella lepidophylla ) that can survive several years
of dryness in the desert by synthesizing trehalose to a
concentration of 12.5% dry weight. Sweetness is approxi-

mately 45% of sucrose. It is only used in small quantities.
Sucrose has five structural isomers, varying in the way

the glucose molecule and fructose molecule are bound:

palatinose (isomaltulose), trehalulose, turanose, maltulose,
and leucrose. Some of these isomers have similar organo-
leptic properties to sucrose. These isomers have been
reported to be noncariogenic disaccharides, as they cannot
be utilized by mutans streptococci as substrates for acid
production or in glucan synthesis. Trehalulose and leucrose
have been shown to be noncariogenic in rats [156].

When screening 146 plaque bacteria isolated from plaque
of young children for the ability to ferment these isomers it
was concluded that 33% of these strains (predominantly
Actinomyces spp.) fermented palatinose to lower pH below
5.5 in cultures [90]. Among the palatinose fermenting
bacteria, all strains fermented trehalulose, 25% of the strains

fermented turanose, 70% of the strains fermented maltulose,

and 23% of the strains fermented leucrose. The authors
concluded that a significant number of the non-streptococcal
oral bacteria are able to ferment the sucrose isomers.

studies. In the absence of evidence from human clinical
trials (and, as explained previously, it is not ethical to per-
form these), advice for the use of glucose polymers should
be the same as that for free sugars. They should not be rec-
ommended as sugar substitutes. Glucose syrups replace lac-
tose in soya infant formula, raising concern about the
cariogenic potential of these formulae.

IMOs, also known as glucosyloligosaccharides, contain
monosaccharides that are mainly a1-6 linked (a1-6 links
cannot be hydrolyzed by salivary amylase) and include iso-

maltose (glucose al-6-glucose), isomaltulose (glucose
ocl-6-fructose, also known as palatinose), and panose
(glucose al-6-glucose al-4-glucose). These oligosaccha-
rides are produced commercially from starch or sucrose.

Plaque pH studies have shown that IMOs are less acido-

genic than glucose or sucrose, but may nevertheless result
in a pH fall to below 5.0 (see [99] for a review).

Sucromalt is a full-calorie sweetener syrup. It is consid-
ered as a low-glycemic alternative to sugar and HFCS.
Sucromalt is a syrup with a moisture content of 20-25%; its
dry matter consists of fructose (35-40%), the disaccharide
leucrose (7-15%), other disaccharides (<3%), and higher
saccharides (40-60%).

FOSs are resistant to digestion in the upper gastrointes-

tinal tract and increase the growth of bifidobacteria. FOSs
are marketed as Neosugar, Meioligo, Actilight and
Nutraflora. Raftilose (also known as oligo-fructose) is also
widely used in food, especially in Japan. Experimental
studies suggest that FOSs are potentially as cariogenic as
sucrose; however, further studies in animals and human
plaque pH studies are required to confirm this.

Dental health professionals should be aware, and alert
their patients, that nondigestible oligosaccharides are
fermentable in the oral cavity; but despite this, products
that contain them may be labeled as sugar free (e.g., chew-

able sugar-free vitamin tablets). They should not be consid-

ered safe for teeth.

Noncariogenic sucrose substitutes

The noncariogenic sugar substitutes can be separated into

two major groups: intense sweeteners (noncaloric) and bulk
sweeteners (caloric). Except to benefit oral health, health
reasons for using these sugar substitutes include reducing
overweight and obesity and thereby the risk of type 2
diabetes and prediabetes. In addition, the use of these
sweeteners may also benefit oral health.

Noncaloric intense sweeteners

There are many natural and chemically synthesized intense
sweeteners on the market. Some are several thousand times
as sweet as sucrose. However, they do not have the same
functional properties, such as browning, crystallization,

and microbial inhibition, as do sucrose and other saccha-

rides, which limits their use. Nor do they provide bulk.

Furthermore, the common perception that noncaloric
intense sweeteners may promote weight loss may be mis-
placed because a positive correlation between consumption
of noncaloric intensive sweeteners and increased body mass
index in children and adolescents has been reported in
several observational studies [34].

Glycyrrhizine (obtained from licorice root), monellin,

thaumatin, and mirakulin are examples of naturally occur-

ring intense sweeteners. The latter three are extracted from
various fruits. The sweeteners alitame and aspartame are
based on amino acids or peptides, while acesulfame K,

cyclamate, and saccharin are all chemically synthesized
sweeteners. Neohesperdine DC is a modified glycoside,

Likely low cariogenic and noncariogenic mono*

and disaccharides
Monosaccharides
Tagatose is similar to fructose in structure and is found in

many foods, including dairy products. In comparison with
sucrose and other sugars, tagatose produces lower glycemic
response and zero calories [113]. Tagatose has physical
attributes identical to that of sucrose, and the sweetness is

comparable as well.

Disaccharides
Trehalose constitutes two glucose molecules (al-1).
Trehalose is found naturally in foods such as honey and
unprocessed mushrooms (mushroom sugar). The most
widely known effect of trehalose is its ability to stabilize and
protect biologically active molecules in many organisms.
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extracted from lemon peel. Aspartame is 200 times sweeter
than sucrose; therefore, very small amounts are required for
sweetening foods, thus making its caloric contribution
( because it is made from amino acids it provides 4 kcal/g)
insignificant. Advantame, derived from aspartame and van-
illin, is an artificial sweetener that is thousands of times
sweeter than sucrose and 100 times sweeter than aspartame
and could be used in small quantities in food and beverages
compared with other sweeteners. Advantame has a clean,

sweet taste very similar to aspartame with a slightly longer
sweetness duration.

Intense sweeteners are used in a variety of food products,
including soft drinks, beer, confectionery, desserts, ice
cream, marmalade, and jam. They are also used in denti-
frices and in sweetening drops and tablets for use in food,

coffee, tea, and so on. Currently, about 30% of the carbon-
ated beverages consumed in the USA are sweetened with
aspartame.

For safety reasons, there are strict regulations on the use
of intense sweeteners, which vary between countries. It
should be pointed out, however, that few side effects of
intense sweeteners have been reported in humans. Food
labels must declare if a product contains a sweetener, and in
the case of aspartame the label must also say that the prod-
uct contains a source of phenylalanine because some indi-
viduals are unable to metabolize this amino acid (i.e., those
with phenylketonuria).

Intense sweeteners are not metabolized to acids by oral
microorganisms; thus, they cannot cause dental caries.
However, in some food products intense sweeteners are
added along with sugars (e.g., in fruit-flavored soft drinks),
and these products may still be cariogenic.

Sucralose, a chlorinated derivative of sucrose, is now
widely available as a sugar substitute with a sensory profile
very similar to table sugar [17]. Sucralose has been shown
to be noncariogenic in rats [13]. Meyerowitz etal. [93] com-
pared the effects on plaque pH in vivo of sucralose with
nonsweetened and sucrose-sweetened tea. The pH course
over 60 min did not differ after the consumption of sucra-
lose-sweetened or nonsweetened tea. Owing to its high
relative sweetness, sucralose is used in only very small
quantities, with typical dosages of below 0.02% in foods and
drinks. Sucralose can be classified as safe for teeth.

glycoside extracts (stevioside and rebaudioside A) having
approximately 250-300 times the sweetness of sugar, stevia
has attracted attention with the rise in demand for low-car-
bohydrate, low-sugar sweeteners. Because stevia has a neg-
ligible effect on blood glucose it is attractive to people on
carbohydrate-controlled diets. Stevioside and rebaudioside
A were tested for cariogenicity in albino Sprague-Dawley
rats. It was concluded that neither stevioside nor rebaudio-
side A were cariogenic [22]. Commercially available stevia
containing tablets (15% stevia, 7% sucralose in a 70%
lactose tablet) have recently been tested in an in vitro
Streptococcus mutans-biofilm model on top of bovine
enamel slabs [33]. Some demineralization of the enamel
slabs occurred, but far less than after incubation with
sucrose. The authors suggested the slight demineralization
was due to the lactose content of the tablets. Stevia is con-

cluded to be safe for teeth.

Caloric sweeteners

Sugar alcohols
Among the caloric sweeteners, sugar alcohols such as sor-
bitol and xylitol play an important role because of their
good technological properties (sweetness, hygroscopicity,
and solubility) and their well-established safety and
regulatory acceptance. The use of sugar alcohols as a
strategy to improve the dental health has been in focus since
the 1970s, and these substances are currently used in con-
fectionery, chewing gum, chocolate, jellies, and other
sweets. The main routes of manufacturing sugar alcohols
are shown in Fig. 8.9. Table 8.3 gives an overview of the
main properties and applications of sugar alcohols, indi-
cating that not all sugar alcohols are suitable for all types of
products.

Sugar alcohols provide less energy, with an average of
2 kcal/g compared with 4 kcal/g imparted by mono-, disac-

charides, and carbohydrates. One of the disadvantages of
sugar alcohols is that they are only partially absorbed in the
small intestine and pass to the colon, where they may induce
osmotic diarrhea. The upper tolerance limit varies between
individuals and among the different sugar alcohols. For this
reason, food and drinks containing bulk sweeteners are not
recommended for children under 3 years of age. Some indi-
viduals may experience a laxative effect from a daily con-

sumption of sugar alcohols when exceeding 20 g of mannitol
and >50 g of sorbitol.Steviolglycosides

Stevia is a genus of about 240 species of herbs and shrubs in
the sunflower family, native to subtropical and tropical
regions from western North America to South America.
The species Stevia rebaudiana, commonly known as sweet
leaf, sugar leaf, or simply stevia, is widely grown for its sweet
leaves. As a sweetener and sugar substitute, the taste of ste-
via has a slower onset and longer duration than that of
sugar, although some of its extracts may have a bitter or
licorice-like aftertaste at high concentrations. With its steviol

Sorbitol
Sorbitol, a six-carbon sugar alcohol, cannot be utilized by
the microorganisms that dominate in dental plaque.
However, the majority of the strains of mutans streptococci,
lactobacilli, and some other less frequently encountered
oral microorganisms do ferment sorbitol. Concern has
been expressed that the observed fermentability of sorbitol,
in particular by mutans streptococci, may limit its value as
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Figure 8.9 The main routes of manufacturing sugar alcohols.
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different profile of fermentation end products than the
catabolism of sucrose. Under anaerobic conditions, lactic
acid is the major product of sucrose fermentation, whereas
sorbitol yields considerable amounts of ethanol and formic
acid, but a smaller proportion of lactic acid. This observa-

tion is relevant because lactic acid exerts a stronger demin-
eralizing effect than the other volatile fermentation end
products (see Chapter 7).

Many studies in which changes in plaque pH have been
measured after rinsing with sorbitol solution, or after con-
sumption of sorbitol-based sweets, have concluded that
plaque pH drops only marginally and that a critical pH of
less than 5.7 is very seldom obtained in dental plaque
following sorbitol consumption. It has been argued that
there may be adaptive changes in dental plaque upon
prolonged exposure (e.g., in a person with a dry mouth) and
that this may lead to a possible caries risk on exposed root
surfaces [59]. Some studies suggest that prolonged or fre-
quent exposure to sorbitol results in changes in plaque
ecology in favor of sorbitol-fermenting bacteria. However,
there is only anecdotal evidence that these adaptive changes
will result in dental plaque that metabolizes sorbitol as rap-

idly as sucrose or glucose [10]. In relation to potential
increases in S. mutans, there is no doubt that frequent
sucrose exposure provides an ecological advantage to this
acidogenic microorganism, whereas frequent exposure to

sorbitol has hardly any clinically relevant effect. Therefore,

it appears that the potential hypoacidogenic properties of
sorbitol do not pose a cariogenic threat to the majority of
people.

Table 8.3 Properties and applications of various sugar alcohols.

ApplicationsProperties

Sorbitol Crystal Cooling effect
Compressible
Cryopreservation
High melting point
Crystallization
Humectant

Chewing gum
Tablet
Surimi
Chocolate
Chewing gum, bakery
Pastry
Seasoning
Hard-boiled candy
Jelly, chewing gum
Chewing gum
Chewing gum (dusting)

Hard-boiled candy

Maltitol crystal

Sorbitol Liquid

Anti-crystallizing
Plasticizer
Cooling effect, crystallization
Nonhygroscopic
Crystallization
Low hygroscopicity

Maltitol Liquid

Xylitol
Mannitol
Isomalt

a noncariogenic sugar substitute. It is essential to bear in

mind that there are fundamental differences between the
fermentation of sucrose and that of sorbitol by S. mutans
and other sorbitol-fermenting microorganisms [10]. First,

the fermentation of sorbitol proceeds at a rather slow rate,

and the final pH in liquid cultures normally does not reach
such low levels as are regularly seen with glucose or sucrose.
Second, sorbitol is metabolized by inducible enzymes
(enzymes that are usually inactive and only activated if
exposed to a substrate), which are synthesized only when
the bacteria are exposed to sorbitol for a sufficient period.

This means that in the presence of glucose the bacterial
metabolism is rapidly switched back to the metabolic utili-
zation of this more easily available energy source. The
constant presence of low levels of glucose in saliva and the
intermittent release of larger amounts of glucose from die-

tary starch by salivary amylase mean that it is questionable
whether dental plaque maintains high sorbitol metabolism.

Third, the degradation of sorbitol yields a quantitatively

Xylitol
Xylitol is a pentitol, a sugar alcohol with five carbon atoms.
Several studies have shown that most oral streptococci and
other microorganisms do not ferment xylitol. In contrast to
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Figure 8.10 The course of pH in interproximal plaque after a 10% sucrose rinse, 10% xylitol rinse,and 10% sorbitol rinse. PC: paraffin chewing; H20:water rinsing;
U: urea rinsing [103].

sorbitol, xylitol exerts a bacteriostatic effect on mutans
streptococci in vitro.The inhibitory effect is apparently due
to the entry of xylitol into the bacterial cell, resulting in

intracellular accumulation of xylitol 5-phosphate.
Ultrastructural studies of S. mutans and Streptococcus sobri-
nus have shown that the presence of xylitol results in cell
degradation, intracellular vacuoles, and other damage to
the cell. It is well established that xylitol does not lower the
pH of dental plaque in vivo or in vitro (see Fig. 8.10) [103].
It has been speculated that xylitol may have an inhibitory
effect on the acid production from sucrose and glucose in
dental plaque. However, the data are conflicting, as some
studies in vitro have shown such an effect [150], whereas in
vivo studies have failed to demonstrate a direct inhibitory
action of xylitol on the acid production from sugars [103].
This means that it is problematic to mix xylitol with other
sugars in the same product and then market them as clow
cariogenic.’ Nevertheless, the nonacidogenicity of xylitol in
dental plaque is well documented and probably one of the
most important factors related to its noncariogenicity.
When xylitol is consumed frequently and for a long period,
the metabolism of dental plaque has been found to be
altered, resulting in less acid formation from sucrose [1].
This may be due to ecological changes in the microflora or
reduced production of dental plaque. Another possible
mechanism is the accumulation of xylitol 5-phosphate in
plaque bacteria after exposure to xylitol.

Xylitol is proposed to reduce the population of mutans
streptococci in plaque [53, 80], to make plaque less adherent
and to reduce mutans streptococcus binding to the tooth
surfaces [134]. This effect was found to depend on the fre-

quency of chewing and the initial level of mutans strepto-
cocci [78, 80, 94] and seemed to persist after habitual use of
xylitol had stopped [53]. However, other studies on the
effect of xylitol did not confirm its inhibitory effect on

mutans streptococci [11, 135, 152]. Moreover, the clinical
relevance of such bacterial reductions remains to be
documented.

Habitual xylitol consumption by mothers over several
years may reduce the mother-child transmission of mutans
streptococci [136], which may prevent caries in the primary
dentition [54]. In a Finnish study carried out in the 1990s,
high-caries-risk mothers used xylitol gum on a daily basis
when their babies were 3-24 months old. The control high-
risk mothers received biannual fluoride or chlorhexidine
treatments. The xylitol program reduced colonization of
mutans streptococci and early childhood caries in children.
A post-trial follow-up when the children were 10 years of
age revealed that the median caries-free age (dmft -0/
DMFT =0) was 8.2 years in the xylitol and 5.8 years in the
control group [66]. Thus, while the children in the xylitol
group were caries free for longer than children in the con-
trol group, they still developed caries over time. These
studies are criticized because the evaluation took place after
a long period in which the behavior of the participants was
not controlled. The preventive behavior of the families
might have been quite different.

an

Other sugar alcohols
Polyols other than sorbitol and xylitol are currently used as
bulk sweeteners, especially in confectionery products.
These include mannitol, maltitol, lactitol, isomalt, and the
product Lycasin®. Although these sweeteners have not been
evaluated as extensively as sorbitol and xylitol, animal
studies, plaque pH studies in vivo, and incubation studies in
vitro have indicated that they have a non- or low-cariogenic
potential. Other sugar alcohols are emerging, such as ery-
thrithol (a four-carbon polyol) [62, 85]. In vitro incubation
with a range of Streptococcus species has shown that no
acids are produced from erythrithol [62]. In clinical trials



148 The caries lesion and its biological determinants

many studies using sorbitol-sweetened gum [8, 37, 79, 81,

97, 98, 115, 142] and chocolates [7] have been carried out.

Most clinical trials with sorbitol-sweetened gums indicate

that daily three to five times between- or after-meal con-

sumption of sorbitol-sweetened chewing gum has an

anticaries effect in comparison with controls without gum
use. In a systematic review, Deshpande and Jadad [23] con-

cluded that the preventive fraction for sorbitol-blended

gum was 20% and for sorbitol-mannitol-blended chewing
gum it was 11% for the permanent dentition. Chewing sor-

bitol gum may also be effective in the prevention of caries in

the primary dentition, but owing to the limited number of
studies, it is impossible to quantify the effect. In 6-year-old
children, chewing sorbitol pellet gum resulted in a 55%

decrease of the caries increment in the primary dentition
when the children were compared with non-gum users

after the 2-year evaluation period [83]. When sorbitol stick

gums were chewed the reduction was 30%.

erythrithol had similar effects to xylitol on the amount of
plaque and the levels of mutans streptococci [86]. The

results of a recent clinical trial, however, suggest that in

relatively low caries conditions the school-based use of

xylitol/maltitol or erythritol/maltitol lozenges would not

have an additional caries-preventive effect above a tradi-

tional prevention program involving fluorides [72].
Mannitol, like sorbitol, is a hexitol. It is industrially

prepared by hydrogenation of invert sugar, sucrose, or mono-

saccharides. Lactobacilli and S . mutans are unique among
the dental plaque microflora in their ability to ferment the

two-sugar alcohols mannitol and sorbitol (see ‘Sorbitol’ sec-

tion ). The enzymes mannitol 6-phosphate dehydrogenase
and sorbitol 6-phosphate dehydrogenase involved in hexitol

catabolism, however, are inducible (the enzyme is only
activated when exposed to a substrate) and their synthesis
is inhibited by the presence of glucose in saliva [14].

Accordingly, mannitol is of low acidogenicity [2, 49].
Maltitol is a 12-carbon polyol, which is produced by

hydrogenation of maltose. This sugar alcohol cannot be

metabolized by most oral microorganisms, but can be fer-

mented at slow rate by mutans streptococci, Actinomyces,

and some species of lactobacilli [25]. Both animal experi-

ments and plaque pH studies in human volunteers have

suggested maltitol as virtually noncariogenic. Maltitol loz-

enges, when consumed four times a day, for 3 months did

not affect plaque formation, acid production, or the

number of mutans streptococci and lactobacilli in dental

plaque [11].
Research on the dental properties of lactitol (12-carbon

polyol) as a bulk sweetener to replace dietary sugar
revealed that it was not easily metabolized by acidogenic
and polysaccharide-forming oral microorganisms. Intra-oral
acid development and dental plaque formation from lactitol

in humans were substantially lower than from sucrose [38].

Isomalt or palatinit is a 1:1 mixture of two 12-carbon

polyols. When evaluating the cariogenicity of isomalt from

a bacteriological point of view it was concluded to be

comparable to sorbitol, maltitol, and Lycasin® [12].

Lycasin® is produced from potato or corn starch by partial
acid or enzymatic hydrolysis and subsequent hydrogena-

tion at high pressure and high temperature. Various types

have been manufactured. Animal and bacteriological
studies have shown that Lycasin® has a low to medium car-

iogenic potential depending on which type of Lycasin® has

been used. Hard sugared confectionery sweetened with

Lycasin®, with a high content of maltitol and a low content

of higher saccharides, causes a relatively small decrease in

plaque pH [51].

Clinical trials with xylitol
In the first clinical xylitol study, the Turku sugar study,

dietary sucrose was almost completely replaced by xylitol
(Fig. 8.2). After 2 years the sucrose group had developed 7.2

new DMFS and the xylitol group zero [131]. In a parallel
1-year chewing-gum study, the group receiving a sucrose-

sweetened gum developed approximately three new DMFS,

while in the xylitol group (gums were sweetened with 50%

xylitol and 6% sorbitol) the number of DMFS (including
noncavitated lesions) decreased by one DMFS [130]. The

reversal of caries may not be solely attributed to xylitol.
Increased salivary flow as a result of chewing may also have

accounted for the caries reduction. However, since no con-

trol group chewing a placebo gum was included in the

study, it was not possible to distinguish between different
reasons for the caries reduction.

The Ylievska studies in Finland evaluated the effect of

chewing frequency: <1.5 pieces of xylitol gum a day, 1.5-2.5

pieces, or 3 pieces [52] . After 2 years the DMFS increments

in the <1.5 gum group did not differ from the no-gum con-

trol group. In the 1.5-2.5 pieces group there was a nonsignif-
icant difference of approximately 30%, and in the three-

pieces group the reduction was significant at approximately
55-60%. Caries reduction after using xylitol chewing gum
three to five times a day was confirmed in several later

studies in children and adolescents [3, 52, 60, 79, 81] and in

elderly individuals where root caries was prevented [84].

When evaluated in an adult population, participants using

xylitol lozenges developed 40% fewer root caries lesions

than those in the placebo arm [122].
Chewing gum with mixtures of sorbitol and xylitol has

also been found effective when chewed five times a day
[3, 60, 81]. Altogether, there is a considerable amount of
evidence that the use of gum or sweets sweetened with

xylitol or a mixture of xylitol and sorbitol prevents dental

Clinical trials with sorbitol
In the first clinical study with sorbitol, children receiving
sorbitol tablets developed 48% less caries than control chil-
dren that did not get tablets [133]. After this initial study,
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caries when used daily for several times and minutes a day.
Compared with controls without gum use, the prevented
fraction varied from 59% for xylitol to 53% for xylitol-
sorbitol blend [23].

‘Remineralizatiori as a result of using sugar alcohols has
been suggested, but the evidence from clinical trials is not
clear. In the Belize chewing gum study, ‘rehardening’ was
observed in 10-27% of the dentinal lesions in the younger
children [82]. The use of xylitol chewing gum five times daily
tended to be more effective in ‘rehardening’ than when the
gum was chewed less frequently or when it was sweetened
with sorbitol. However, the types of lesions shown in the
publication were mostly large, open occlusal caries cavities,
which are easily subjected to functional attrition and plaque
removal by chewing. It is likely, therefore, that the mechanical
effect of chewing, and not the sugar alcohol itself, was
responsible for these clinical changes. Hence, in spite of what
some authors suggest, the present state of the art does not
support an active caries ‘remineralizing’ effect of xylitol.

sorbitol groups in the Belize study, those consuming the
lowest daily amount of xylitol (2 g versus 6 g a day) had the
lowest caries increment, although the difference was not
statistically significant [81].

Protective factors in foods
Dairy products
Despite being one of the main sources of sugars in the diet
of young children, cows milk is noncariogenic. The sugar
in milk is lactose, which is the least acidogenic and cario-
genic sugar, and milk is also known to contain protective
factors.

Compared with cow’s milk, breast milk contains more
lactose (~7% versus 4-5%) and lower concentrations of
calcium and phosphate and may in theory be more cario-

genic. However, epidemiological evidence indicates that
breast feeding is associated with lower dental caries [47,
132]. This could be a secondary effect due to socioeconomic
status, which is linked to both breast feeding and lower con-

sumption of sugars. However, there is no opportunity to
add additional sugar to breast milk feeds, and breast-fed
infants are less likely to use reservoir feeders containing
sugary liquids [125]. There have been reports of cases of
severe dental caries associated with prolonged (usually over
2 years) on-demand breast feeding, often when infants have
suckled during the night [40]. However, these cases are rare
and associated with unusual feeding practices (see
Chapter 17). Breast feeding should be promoted since it
provides the best infant nutrition.

Numerous animal and experimental studies have indi-
cated that cheese is anticariogenic (see [100] for a review).
It has been speculated that consumption of cheese increases
oral pH by stimulating salivary flow and raises plaque
calcium concentrations, both of which protect against
demineralization. Meals containing cooked cheese have
also been shown to increase plaque calcium concentrations,
which might be effective in reducing caries [57]. Cheese
intake was shown to be higher in children who remained
caries free over a 2-year period than in children who devel-
oped most caries [126], and children who consumed 5 g of
Edam daily following breakfast for a period of 2 years had a
significantly lower caries increment compared with con-

trols [32]. A similar relationship has been found in a more
recent Swedish study [110].

The dairy components that have anticariogenic prop-
erties are calcium, phosphate, casein, and lipids. Casein
added to food (e.g., chocolate) reduces cariogenicity, but
since it is required in large amounts that cause the product
to taste bad its use in a food is precluded [121]. Digestion
of casein did not destroy the protein’s ability to prevent
enamel demineralization in a human oral caries model.
Two casein digestives, caseinophosphopeptides (CPP) and

Chew or polyol effect
To measure the caries preventive effect of the polyols per se,
polyol-sweetened gums should be compared with a control
gum that does not contain polyols but is sweetened by a
nonacidogenic/noncariogenic sweetener. Recently, it was
shown that such a control gum was as effective as a sorbitol-
or xylitol-sweetened gum, indicating that the caries preven-
tive effect of chewing sugar-free gum is related to the
chewing process rather than being an effect of the polyols
[79]. The importance of chewing would also explain why
gum pellets with a harder texture were more effective in
caries prevention than were softer gum sticks, as demon-
strated in the Belize study [81, 83]. Chewing stimulates sal-
ivary flow [124], as does sucking of lozenges [146]. It is not
surprising, therefore, that the caries preventive effect of
candies sweetened with xylitol and maltitol or polydextrose
has been reported to be similar to that of chewing xylitol
chewing gum [3]. If there was an effect of polyols per se it
might become visible when subjects rinse with a polyol
solution. Giertsen et al. [36], however, showed no effect of
4 weeks three times daily rinsing for 1 min with a 40%
xylitol solution on salivary flow rate, on the total number of
colony-forming units of streptococci or mutans strepto-
cocci in saliva, on dental plaque accumulation, gingivitis
development, or the acidogenic potential of plaque.

Many of the studies referred to above suggest that a
certain amount of xylitol should be consumed to be effec-

tive in caries prevention. However, the studies with gums
containing different amounts of xylitol do not support this
suggestion. For instance, the study of Kandelman and
Gagnon [60] indicates that as little as 0.9 g of xylitol in
chewing gum was sufficient for caries prevention, while the
Ylivieska study suggests that at least 7 g of xylitol would be
necessary [52]. Also, when comparing the mixed xylitol/
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glycomacropeptide (GMP), have been patented for use in

common personal hygiene products to prevent dental car-

ies. Research has shown that CPP and GMP may inhibit
growth of S. mutans and other oral species [56, 105, 106].
Additionally, CPP forms nanoclusters with amorphous
calcium phosphate at the tooth surface to provide a reser-

voir of calcium and phosphate ions to maintain a state of
supersaturation with respect to tooth enamel. In an in-situ

study, greater remineralization was produced by CPP-ACP
sugar-free gum, compared with gum without CPP-ACP
and a no-gum control [19].

Probiotics
The idea of using bacteria, often administered in food prod-

ucts, to modify plaque virulence has been researched for
many years. There have been several approaches. There
have been investigations into how the resident oral flora
associated with health could be favored over the species

associated with disease. Many early studies concentrated on

using bacteria known to compete with cariogenic bacteria
[45, 143, 149]. Another approach was to replace, for in-

stance, S. mutans strains with strains of attenuated viru-

lence (lactate dehydrogenase deficiency) and increased

competitiveness [45]. Another study utilized a recombinant
strain of S. mutans expressing urease, which was shown to

reduce the cariogenicity of plaque in an animal model [18].
Recently, there has been focus to maintain a healthy oral
flora by modification by nonresident bacteria, the probiotic
approach. The rationale for this approach in controlling
oral health stems from medical studies in which it was
shown that probiotic bacteria may confer health benefits by
alleviating infections in the gastrointestinal tract (for a
review, see [108]).

Probiotic bacteria include a large spectrum of bacteria

primarily belonging to the genera Lactobacillus and
Bifidobcaterium [112] that are common inhabitants of the
oral microbiota. It was shown that such bacteria can adsorb
tosaliva-coated hydroxyapatite in vitro [20, 42]. Furthermore,

these bacteria are capable of fermenting a broad range of
sugars in vitro, which can lead to lowering of pH beyond the
critical’ value for dissolution of dental hard tissues [43, 44].
The aciduric properties of probiotic bacteria raise concerns

that ingestion of probiotics might have a negative side effect
by promoting caries lesion development. However, clinical
studies have not been able to prove that dental plaque serves
as a reservoir of probiotic bacteria in vivo [88, 120], neither
does short-term consumption (tablets) of probiotic lactoba-
cilli have an effect on acid production in supragingival
plaque [88]. With the current state of knowledge, therefore,

it is difficult to conceive that probiotic bacteria should have

an inhibitory effect on caries, as described in some clinical
trials [104, 116, 140]. Well-conducted studies with a proper
study design are needed to clarify this question (for reviews,

see [91, 92] ).

Diet and dental erosion

In addition to being the main driver of dental caries, diet

plays an important role in dental erosion, a destructive pro-
cess that results in the surface dissolution of dental hard tis-
sues. As explained in Chapter 9, caries is defined as chemical
dissolution of dental hard tissues caused by acids produced
in biofilms covering the tooth surfaces. In contrast, erosion

is defined as a dissolution of apatite mineral caused by acids
of any other origin (soft drinks, food, fruit, stomach content,

airborne, etc.) introduced into the oral environment.
Erosion removes mineral layer by layer from the tooth
surfaces (compare Fig. 9.8 with Fig. 9.7). Dental erosion is

the main driver of pathologic tooth wear by exposure to

acidic substances, and along with abrasion and attrition

contributes to the multifactorial nature of this condition [68].
The clinical expression of dental erosion is modified by

the chemical and physical properties of a food or beverage
[69, 77], and biological and behavioral factors [155].
Changes in lifestyle and the increasing availability of acidic

beverages and juices are considered to be responsible for an
increase in the prevalence of dental erosion, primarily in

young children and adolescents [4, 96]. In addition, the
improvement in oral hygiene and obsession with ‘whiter
teeth’ may be having an unintended negative consequence
by rendering teeth more at risk for acids of extrinsic and
extrinsic origin.

The potential of acidic foods and beverages to cause

erosion has been known for a long time. A wide range of
acidic food substances has been implicated by varying
degrees of scientific evidence, including citrus fruit juices
and other acidic fruit juices, acidic carbonated beverages,
acidic uncarbonated beverages, acidic sport drinks, wines,

cider, acidic herbal teas, citrus fruits and other acidic fruits
and berries, salad dressing, vinegar conserves, and acidic

fruit-flavored candies (for a review, see [154]). Of particular
dietary concern is the high and increasing intake of acidic
beverages, especially juices and soft drinks [67]. In the USA
the consumption by adolescents of fruit juices and soft
drinks has more than doubled over the past 30 years, while

over the same period the consumption of milk decreased
36% [16].

The ultimate erosive potential of a food or drink depends
on an interaction of its chemical properties (pH, total acid
content, calcium, and phosphate content, and adhesive-

ness), biological factors (salivary flow rate, buffering
capacity and composition, pellicle formation, tooth compo-

sition, and dental and soft tissue anatomy), and behavioral
(lifestyle) factors (eating and drinking habits, especially the

frequency, duration, and timing of exposure). In particular,
drinking habits have, in relation to drink consumption,

been found as a factor that may influence the risk for dental
erosion [58]. The interplay of all these factors at a given
tooth surface determines the degree of saturation in
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relationship to tooth mineral (see Chapter 9) and whether
erosion will occur or not. It is important to stress that
fluoride does not reduce dental erosion caused by soft
drinks [70] for the reasons presented in Chapter 9.
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Conclusion

A diet void of naturally occurring sugars and fermentable
carbohydrates is not feasible, and a diet void of added sugars
would be difficult to achieve and maintain. However, with
diligent practice of oral hygiene with a fluoride-containing
toothpaste and a nutritionally sensible diet, most people
should be able to enjoy foods considered ‘bad’ for the teeth
without any risk to their dental health. The practical aspects
of dietary investigation and advice for the individual patient
are dealt with in Chapter 17.
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Introduction
It is a common expression that cthe teeth are bathed in
saliva.’ This gives the erroneous impression of the oral cavity
as a closed sink filled with saliva. However, saliva only
covers the teeth with a thin film of about 10 pm thickness.
This fluid film is constantly moved along the tooth surfaces
as we swallow, chew, talk, and so on. The composition of
saliva and the velocity of the salivary film play a significant
role in maintaining the integrity of the dental hard tissues.

When chemical reactions of the biological apatite in the
dental hard tissues are discussed, it should be appreciated
that the situation is not as simple as having a pure hydroxy-
apatite exposed to a surrounding liquid phase of known
composition. Proteins of salivary origin will cover any
exposed tooth tissue (see Chapter 6). The very thin organic
film on tooth surfaces is called the pellicle and is formed as a
result of selective adsorption of salivary proteins to tooth sur-
faces [1, 26]. The surface of hydroxyapatite is amphoteric,
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to a smaller extent, are chloride and magnesium. Yet other
substitutions are possible (e.g., strontium for calcium), but are
not quantitatively important.

Enamel crystals have a very large surface area, allowing
great opportunity for the adsorption of foreign ions. It is likely
that all the previously mentioned ions are adsorbed at the sur-
face in a bound water layer, the ‘hydration shell,’ including
HP042

_
and Ca2 + ions (Fig. 9.1). These ions are readily

exchangeable, unlike ions in the lattice. Also adsorbed on the
crystal surface are enamel trace elements such as potassium,

zinc, lead, and copper [3]. In Fig. 9.1b we assume that the apa-

tite surface is negatively charged, which then attracts posi-

tively charged ions, which in turn attract negatively charged
ions and so on. After a short distance of three to five layers of
ions these binding effects are very weak and disorganized. In
such a system water molecules are easily trapped because of
their stereologically separated positive and negative charges.
Water comprises the major part of the environment of each
crystal, and, as pointed out above, this is designated the
‘hydration shell.’ This shell can only be removed if crystals are
heated to temperatures of about 500 °C for prolonged periods
of time. The final diffusion and ion substitution into the
crystal interior is an extremely slow process.

In addition to variations on the crystal surface due to adsorp-
tion, the bulk of the enamel crystal is not homogeneous. There
is reason to believe that enamel crystals are covered with an
indistinct layer of apatitic mineral that has a greater stability; for
example, less carbonate and/or more fluoride. Thus, the extent
of the substitutions is not constant throughout the crystal.

which means that it binds acidic and basic proteins equally
well. However, acidic proteins can be desorbed by phosphate
or other anions, whereas basic proteins can be desorbed by
calcium. The hydroxyapatite surface has a net negative charge
because the phosphate groups close to the surface of the crys-
tals more or less shield the positively charged calcium groups.

The aim of this chapter is to make the reader appreciate
the chemical dynamics of how dental hard tissues dissolve in
the oral cavity and interact with saliva and fluid in the bio-

film (the plaque fluid). Only by understanding this situation

is it possible to appreciate the dynamics of demineralization
and remineralization - or ‘de- and remin’ as often said in the
clinic. There has been much ‘hype’ about remineralization in
the last two to three decades, so as a clinician it is important
to know what this means and what can be done clinically to

promote conditions that favor remineralization.

Enamel mineral

Enamel crystals differ from pure hydroxyapatite in that they
contain several foreign inorganic ions. The apatite lattice is

particularly ‘flexible’ and will allow the inclusion of extra-
neous ions in sites normally reserved for calcium, phosphate,

or hydroxyl ions. In enamel crystals some phosphate ions, for
example, are replaced by carbonate ions, often with the simul-

taneous replacement of calcium by sodium. There is, however,
a limit to how much carbonate can be accommodated this
way without disrupting the lattice. In addition, some hydroxyl
ions are replaced by fluoride ions, but there is no limit to the
possible extent of this substitution; 100% replacement results in
fluorapatite, but this mineral is rarely found in biological tissues
(an exception is shark enameloid). One can tell that carbonate
and fluoride are part of the crystal because they change the
lattice dimensions. Enamel apatite and most other biological
apatites, therefore, are a carbonated fluor-hydroxyapatite. Other
ions that are normally incorporated in biological apatite, but

Stability of calcium phosphates

Above pH 4.3, hydroxyapatite is the most stable calcium
phosphate mineral, and it is understandable why it is the
form laid down during tissue development. However, after
eruption of the tooth the apatite of outer enamel and dentin

Ca10 (P04)6(0H)2

Hydroxyapatite with some
ions replaced by F

~ and CO3

Mg++ F" Ca++ H2 PO"

(b)

Figure 9.1 (a) Cross-cut enamel crystal from outermost highly mineralized human enamel.The hexagonal crystal exhibits a dark central line and a lattice striation

with an interval of 0.817 nm (— 8.2 A) between the lines which intersect each other at an angle of 60° reflecting the unit cell of hydroxyapatite. From [32].
Reproduced with permission of Oxford University Press, (b) Schematic drawing of a 'typical' enamel crystal. These crystals are about 350 A in thickness and 1000 A

in width. Ions in the hydration shell can easily be exchanged. Once ions are bound in the hydroxyapatite lattice (e.g., fluoride) it is not easily exchanged unless the

crystal is dissolved. For an explanation of the drawing, please see the text.
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Figure 9.2 Phase solubility diagram at 25 °C for salts of calcium phosphates that may form under physiological conditions. Adapted from [2]. Reproduced with
permission of the US Department of Commerce.

is exposed to a wide variation in pH through diets, soft
drinks, and plaque metabolism. A phase diagram (Fig. 9.2) can
be used to predict that, below pH4.1, brushite is more stable
than hydroxyapatite and that brushite may precipitate as sepa-

rate crystals or cover existing enamel crystals. However, above
pH 4.3 hydroxyapatite is more stable than any of the other
three calcium phosphates shown. Moreover, the presence of
additional ions, fluoride or magnesium, can result in other
stable calcium phosphate minerals, such as fluorapatite and
whitlockite, precipitating in preference to hydroxyapatite.

By convention, when one unit mass of solid hydroxyapatite
dissolves, five calcium ions, three trivalent phosphate ions,
and one hydroxyl ion are released into solution:

Ca5 (P04 )
3
OH <-> 5Ca2+ + 3P043"

+ OH“

Thus, the ion activity product with respect to hydroxyapa-

tite IAPH (

, is determined by multiplying the calcium ion
concentration (or rather the chemical activity) raised to
the power 5 with the trivalent phosphate concentration
raised to the power 3 by the hydroxyl concentration, all in
moles per liter:Crystal dissolution

All minerals have an inherent and fixed solubility in water at
any given temperature. Dissolution in pure water is relatively
fast at first, but then slows as ions from the crystals accumu-
late in solution. Eventually, net dissolution ceases and the
solution is said to be saturated with respect to that mineral,
although there remains a slow exchange of ions between
crystals and solution. Water is almost unique in its ability to
dissolve inorganic crystals. Water molecules work their way
into the crystal surface and dislodge ions from the lattice by
virtue of their ability to reduce the attractive forces between
oppositely charged ions, a function of waters high dielectric
constant. In addition, water molecules surround the newly
released ions, and this energy of hydration overcomes the
lattice energy holding the crystal together.

Whether or not a solution is saturated with respect to
hydroxyapatite can be determined from the solubility' product
principle. This theory is derived from the law of mass action,
which states that the velocity of a reaction is proportional to
the product of the masses of the reacting substances, each
raised to a power equal to the number of molecules taking part.

IAPHA = (Ca2+ )
5

x (p043- )
3

x (OH" )

In very dilute solution the activity of an ion is similar to its
concentration, but as the dissolved salt concentration
increases, the activity becomes significantly less than the
concentration because of ion interactions. Activity is related
to concentration by the activity coefficient, which can be
calculated with knowledge of the ionic strength; that is, the
saltiness of a solution. The concentration in turn is affected
by the extent of formation of complex ions (e.g., CaH

2
P04+).

When a solution containing hydroxyapatite is saturated
and the mineral is in equilibrium with the ions in solution,
the IAP
KSP
37 °C. Thus, at equilibrium:

equals the solubility product of hydroxyapatite
a constant that has a value of 7.41 x 10~60 mol9/L9 at
HA

HA’

IAPH - KSPHA = (Ca2 + )5
X (P043- )3

x (OH“ )
= 7.41x10-60 mol9/L9
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calcium and phosphate is changed to pH 5, the IAPH is now
much less than the KSPUA and the solution is unsaturated.

Conversely, when the pH is 7, the IAPH ^
is greater than the

KSPHA and the solution is then said to be supersaturated
with respect to hydroxyapatite (Table 9.1, case 3). When the
pH of a supersaturated solution is gradually lowered, a
point at which the solution becomes just saturated with
respect to the mineral in question occurs. In the example in

Table 9.1, this pH is 6. Physically, dissolution of a hydroxy-
apatite crystal is not isotropic but proceeds more rapidly
along the c-axis. This may result in a central cavity in partly
dissolved crystals, a phenomenon sometimes seen in electron
microscope images of carious enamel; see Fig. 9.3 [30].

This value could also result, for example, from solution
calcium and phosphate concentrations of 0.2925 mmol/L at

pH 6 and 37 °C (Table 9.1, case 2).
Many salts (e.g., NaCl) are much more soluble in hot water

than in cold, but hydroxyapatite and most other calcium
phosphates are slightly more soluble in cold water; for
example, KSPHA = 3.72 X 10

~d8 mol9/L9 at 25 °C. Therefore,

when a person drinks a hot fluid, their teeth are not liable to
dissolve any more than when they drink the same fluid cold.

Why is apatite solubility increased by acid?

Unlike many salts, such as table salt (NaCl), the solubility of
hydroxyapatite and other calcium phosphates is greatly
affected by the pH of the water in which it is dissolving. This
is explained above. As P043" and OH" accumulate in solu-

tion, together with Ca2+, dissolution of hydroxyapatite gradu-

ally slows down and stops as the solution becomes saturated.
If acid is added, P043" ions and OH" ions combine with H+ to
form HP042" ions and H20 respectively, thereby removing
a proportion of P043" ions and OH" ions from solution:

Ca5 (P04 )3
OH <H> Ca2+ + 3P043"

+ OH"

IH+ IH+

HPO42
_

H 2O

IH+

H2PO4
-

In this case the IAPUA decreases; the solution is then said to
be unsaturated and more hydroxyapatite dissolves until sat-

uration is re-established. For example (Table 9.1, case 1),
where the pH of the solution containing 0.2925 mmol/L

Table 9.1 Calcium and phosphate concentrations, activities, and activity
products with respect to hydroxyapatite for the same solution at pH 5, 6, and 7
and at a temperature of 37 °C.

Case 2 CaseCase 1

6.0 7.0pH 5.0
Basic strength (mol/I)
Total calcium concentration
(mol/l)
Ca2+ activity (mol/l)
Total phosphate
concentration (mol/l)
Total P043- concentration
(mol/l)
P043" activity (mol/ l)
OH" activity (mol/l)
Total activity product (mol9/l9)
(Ca2+)5 x (P043") x OH-

8.926 x 10"4

2.925 x 10"4

9.653 x 10"4

2.925 x 10"4

8.887 x 10-4

2.925 x 10"4

2.539 x 10"4

2.925 x 10"4

2.553 x 10"4

2.925 x 10"4

2.452 x 10-*
2.925 xIO"4

1.652 x 10"13 1.546 x 10"11 9.395 x 10"10

1.215 x 10"13

4.787 x 10"10

9.31 x 10"67

6.822 x 10"10

4.787 x 10"8

1.35 x 10"53

1.136 x 10"”
4.787 x 10"9

7.41 x 10"6u

Figure 9.3 Transmission electron micrographs of part of the body of a caries
lesion that is severely demineralized (a). The arrows in (a) and (c) indicate
crystals with central dissolution. In (b) and (d) so-called caries crystals are
shown. Some of these are in fact partly dissolved crystals with redeposition of
minerals in the centers of crystals indicated with arrow heads.

In each case the total calcium and phosphate concentrations are the same,
0.2925 mmol/I. In case 2, IAPH = KSPH^

(7.41 x 10-60), thus this solution is
saturated with respect to hydroxyapatite.
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It is apparent from the solubility product equation that if
there is an excess of one ion in solution, then less of the others
is required to attain the KSPHA. This is sometimes called the
common ion effect and explains why addition of either
calcium or phosphate to a solution in which hydroxyapatite
is dissolving reduces the amount that will dissolve. The
solubility product principle also explains why removal of
calcium from a solution in equilibrium (e.g., with a calcium-

binding agent such as ethylenediaminetetraacetic acid) will
cause more hydroxyapatite to dissolve.

Since the activity product of hydroxyapatite is a function of
the calcium ion concentration raised to the power 5, one
might predict that a change in solution calcium concentration
would have the most profound effect on IAPha. However,
change in pH affects both OH" and the proportion of the
total phosphate present as P043-, as well as complex ion
formation, and with typical concentrations found in oral
fluids, changing pH has a larger effect on the activity product
than changing the calcium concentration [21].

In summary, hydroxyapatite crystals dissolve in acid because
the surrounding solution becomes unsaturated owing to the
removal ofPOf ~ and OH~ ions from solution. The driving force
for dissolution is the degree of undersaturation.

which has a KSPFA of 3.2 x 10"61, is less soluble than hydroxy-

apatite, but approximately 50% replacement produces the
least-soluble mineral: KSPFHA05 = 6.6 x 10~63 [16]. Because
of the relatively small amount of fluoride in native enamel,
carbonate has an overriding effect on enamel solubility,
increasing the KSPenamel to 5.5 x 10-55 [15], although there is
evidence that only prism junction material is quite as soluble
[25], the bulk of the enamel mineral having a KSP closer to
10~58. When determining the saturation status of oral fluids
with respect to enamel, a KSP of this order should be used
rather than KSPHA. However, because of the changeable nature
of enamel mineral the exact KSP . is difficult to determine.enamel

Traces of fluoride in solution when hydroxyapatite
dissolves render the solution highly supersaturated with
respect to fluorapatite and especially fluorhydroxyapatite,
which then tends to precipitate or overgrow on the existing
hydroxyapatite. Small amounts of fluoride are therefore
removed from solution during apatite crystal regrowth.
However, since carbonate-free or low-carbonate apatite is less
soluble, this will tend to form in preference to the original
apatite. Thus, when a carbonated fluorhydroxyapatite crystal
dissolves and reprecipitates, fluoride tends to be reincorpo-
rated, whereas carbonate is discarded [13]. The overall effect
of this solution fluoride is to reduce dramatically the amount
of calcium that may be liberated from enamel in acid
solution. This is the scientific basis for the current view that
low concentrations of fluoride in solution in the environment
of the tooth are more beneficial in reducing caries than high
concentrations of fluoride incorporated into enamel (Fig. 9.4 )
as stated by Fejerskov et al. in 1981 [4].

If powdered enamel is repeatedly exposed to acid its dis-
solution is incongruous, meaning that the initial products

Effect of carbonate and fluoride on apatite
dissolution and growth
Ion substitutions influence the physical and chemical prop-
erties of the mineral and, most importantly with respect to
enamel, change its solubility. Carbonate inclusion makes
hydroxyapatite more soluble [17], but fluoride inclusion has
the opposite effect,decreasingthe effective KSP.Fluorapatite,

5 i
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£
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Figure 9.4 Calcium output from enamel during demineralization in solutions initially containing 2.2 mmol/L calcium chloride and 2.2 mmol/L potassium
phosphate, adjusted to the pH and fluoride [F] levels indicated. For original figure, refer to [27,28].
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are not those expected from enamel mineral. Carbonate,

sodium, and magnesium are released preferentially during
the first exposure [12], and this may reflect either the release
of adsorbed ions or the dissolution of enamel mineral and
simultaneous reprecipitation of a more perfect fluorhydroxy-

apatite with a lower solubility During such a reprecipitation
process crystals may become coated with a different calcium
phosphate phase (e.g., brushite), which then becomes the
solubility-controlling’ phase [22]. Moreover, separate whit-
lockite crystals may precipitate [25], which may lead to the
formation of caries crystals,’ the relatively large rhomboidal
crystals sometimes seen at the prism periphery in carious
enamel (Fig. 9.3).

Enamel is not homogeneous throughout its thickness as,

for example, crystals in the 50-100 pm outer surface contain

more fluoride and less carbonate than crystals in the bulk
enamel at time of eruption (see Chapter 14). This is most
likely a result of the pH fluctuations that accompany the fre-

quent cell modulations of the ameloblasts during pre-eruptive
maturation [8]. This renders, in principle, the outer microm-
eters of enamel less soluble than the bulk of the tissue.

indicate a considerable tendency to form fluorhydroxy-

apatite and hydroxyapatite in particular when salivary
secretion is stimulated. This explains why most supragin-
gival calculus consists of mixed fluorhydroxyapatite and
hydroxyapatite. It also shows that there is no rationale in

adding extra calcium or phosphate in various dietary
compounds - saliva is already supersaturated. The only
effect might be enhanced formation of dental calculus!
Occasionally, octacalcium phosphate or brushite has been
observed as a component of calculus. Figure 9.5 shows that
saliva is unsaturated with respect to calcium fluoride, which
explains why this salt only exists in the oral cavity for a
limited period (e.g., after topical fluoride treatments with
high fluoride concentrations such as varnishes and 2% NaF
solutions) and invariably will dissolve. When CaF

2
is formed

inside a porous enamel surface (e.g., after acid etching fol-
lowed by topical fluoride treatment) it will of course dis-
solve at a slower rate (several days) than if it is formed on an
outer tooth surface.

When the pH in the surrounding medium (saliva/plaque
fluid) decreases, the solubility of the tooth mineral apatite
increases dramatically (Fig. 9.6). In general, the solubility of
apatite increases by a factor of 10 with a drop of each single
pH unit (!). Therefore, the mineral is vulnerable to an acidic
environment. Exposure to acids may lead to two types of
lesions: the caries lesion (Fig. 9.7) and erosion (Fig. 9.8). The
initial stages of carious lesion formation are characterized
by a partial dissolution of the outermost enamel, almost an
erosion, but as the above chemical conditions are prevailing
the process instantaneously results in a 20-50 pm thick,

rather well mineralized surface layer and a subsurface body
of the lesion with a mineral loss (Fig. 9.7). As these processes
continue over prolonged periods of time, up to 30-50%

Demineralization and remineralization of the
dental hard tissues

Under physiological conditions (pH 7.4) saliva and the oral
fluids are supersaturated with respect to hydroxyapatite and
fluorapatite (Fig. 9.5). That is the necessary precondition
for the maintenance of dental apatite in the mouth. If the
oral fluids were unsaturated with respect to apatite the
dental hard tissues would dissolve. In general, the higher
the supersaturation with respect to the actual salt the greater
is the tendency for its formation. Thus, the bars in Fig. 9.5
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Figure 9.5 Degrees of saturation with respect to various calcium phosphates and to calcium fluoride in parotid saliva [14]. The degrees of saturation are given by
log n(ion product in saliva)/(solubility product), in which n is the number of ions in the actual salt. The salts may all at least occasionally occur in the oral cavity as

part of teeth or calculus, or as a precipitate after topical fluoride application. Saliva is highly supersaturated with respect to the apatites, which is the basis of the
integrity of the teeth in the mouth.The saturation with respect to the other calcium phosphates explains their occurrence in calculus, while the undersaturation with
respect to calcium fluoride shows that saliva invariably dissolves that salt. Reproduced with permission of Elsevier.
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Figure 9.6 Solubility of hydroxyapatite as a function of pH. Salivary concen-

trations of calcium and phosphate are indicated by the horizontal line. The
solubility of apatite increases considerably as pH decreases. It should be noted
that caries develops in the pH range around 4.0-5.5,while teeth are eroded in
the pH range 2.5-4.0.

Figure 9.8 Microradiogram of an erosion of a human tooth. No subsurface
demineralization is seen as the enamel is dissolved layer by layer.

mineral loss occurs, extending deep into the enamel and
dentin (see Figs 5.47 and 5.59), while a 20-80 pm thick,
rather well mineralized surface zone partly remains.

In contrast, the erosion lesion shows features of complete
demineralization and dissolution layer by layer. Thus, the
dental hard tissues remaining after even extensive erosion
do not show signs of partial demineralization except sur-
face dissolution, but some of the enamel is removed. The
mineral content of the remaining enamel is unchanged.
Therefore, alone, there is not a porous surface to redeposit
minerals into and, as a logical consequence, fluoride does
not help in treating or even preventing erosions from occur-

ring (e.g., the chemical explanation earlier in this chapter).
The histological features are reflected in the clinical

appearance: the active caries lesion is chalky white and
porous, while the appearance of eroded enamel is usually
hard and shiny.

A third type of enamel dissolution by acids is seen when
enamel is conditioned for the retention of resin fillings. The
etch pattern is similar to that of the erosion, in the sense
that it is a surface etching without formation of a surface

Figure 9.7 Microradiogram of a white spot lesion showing the subsurface,
demineralized lesion deep to a relatively well mineralized surface layer. Note
the preferential loss of mineral along the striae of Retzius whereby these and
the prism pattern become clearly visible.
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Caries demineralizationlayer covering a subsurface demineralization. However, the
etching acid penetrates considerably deeper into the enamel
and exposes the prism pattern to a much larger extent than
is seen in eroded enamel. When the water in these surface
etchings is removed by drying (see scanning electron
micrograph in Fig. 9.9) the etched area appears white and
chalky.

Caries is defined as chemical dissolution of the dental
hard tissues by acidic bacterial products from degradation
of low molecular weight sugars. In contrast, erosion is
defined as dissolution of apatite mineral caused by acids of
any other origin introduced into the oral environment,

except for acids used for conditioning of enamel and dentin
for retentive purposes during restorative dentistry.

As pH is lowered in the oral fluids, saliva, and plaque fluid,
the supersaturation with respect to hydroxyapatite is

reduced and at critical’ pH the fluids become just saturated
with respect to hydroxyapatite. Because fluorapatite is less
soluble than hydroxyapatite is, plaque fluid remains super-
saturated with respect to fluorapatite when it is undersatu-
rated with respect to hydroxyapatite (Figs 9.10 and 9.11).
Under these conditions a carious lesion forms. Subsurface
hydroxyapatite is dissolved, while fluorhydroxyapatite is
formed in the surface layers of enamel. In general, the more
undersaturated the plaque fluid, with respect to hydroxyap-
atite ( i.e., the lower the pH), the greater the tendency for
dissolution of the enamel apatite.

The concurrent supersaturation with respect to fluorapa-
tite is responsible for the maintenance and integrity of the
surface layer. Experimentally, the more supersaturated the
solution, with respect to fluorapatite, the thicker and less
demineralized the surface layer remains. However, it is very
important to appreciate that in a cariogenic oral environ-
ment with innumerable fluctuations in pH for days, months,

and years these surface zones will be constantly dissolving
and redepositing mineral, which is reflected in a highly
irregular, almost moth-eaten surface appearance, as seen
in microradiography (Fig. 9.12). This formation of fluor-
apatite at the expense of hydroxyapatite in surface enamel
leads in time to a high content of fluorhydroxyapatite in the
surface layer of the carious lesion (Fig. 9.13).

In Fig. 9.13, it should be noted that the fluoride
concentration in the subsurface body of the lesion of the
enamel is not increased. As long as the surface layer remains
intact and has a reasonable mineral content, fluoride does

Figure 9.9 Scanning electron micrograph of an enamel surface after a condi-
tioning etching with phosphoric acid. The prism pattern is clearly seen, with
accentuated arcade-shaped prism boundaries.
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Figure 9.11 A schematic drawing showing the effect of the numerous pH
fluctuations in the biofilm on the dental enamel. This diagram reflects the sol-
ubility of hydroxyapatite and fluorapatite as a function of pH in the range of
4.5—5.5 as demonstrated in Fig. 9.10. While hydroxyapatite dissolves in the
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the tooth.

Figure 9.12 Microradiogram of a caries lesion in enamel with a highly varying
loss of mineral in the body of the lesion. Both the Retzius lines and the prism
pattern with cross-striation of several prisms are clearly visible. Note how the
apparently greater degree of well-mineralized surface layer exhibits obvious
surface dissolution along the very surface that gives a moth-eaten appearance.
Clinically, this will be apparent as surface roughness when moving the tip of an
explorer across the surface - and the lesion will have an opaque appearance.
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Figure 9.13 (a) Microradiogram of a caries lesion with a well-mineralized surface layer, under which the subsurface demineralization extends to and further into
the dentin, (b) The graph demonstrates a high fluoride content in the surface layer and very little fluoride in the subsurface lesion body, despite a high exposure to
fluoride. A slight increase at the border between the enamel and dentin can be distinguished.
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not diffuse into the body of the lesion. Rather, it reacts as it

diffuses inwards, causing fluorhydroxyapatite formation in

the outer layers, predominantly In a number of respects the
surface layer exerts a protective effect to prevent further
dissolution of the lesion body as long as the pH fluctuations
are in the range of 4.0-5.6 (see Fig. 9.10).

Remineralization of enamel
As will be understood, remineralization of enamel requires
that calcium and phosphate ions are able to diffuse into the
porous subsurface enamel usually through the relatively
intact surface zone. All pores in enamel - whether in normal
enamel or porous carious enamel - are not empty,’ but filled
with proteins. In the surface of the enamel, salivary proteins
penetrate, but it should be acknowledged that in vital teeth
there is an outflow of ions from dentin through the enamel
due to the blood pressure in the pulp. Ions in general only
slowly penetrate into a lesion with an intact surface layer
even under extreme laboratory conditions. A single pH
fluctuation in plaque is unlikely to affect the pH in the
interior of a lesion [11]. The effect of a pH drop is larger
when the surface layer is broken down. In extreme labora-
tory experiments [9, 10], attempts were made to consecu-
tively fill up the pores in demineralized enamel lesions with
phosphate and calcium ions, whereafter the pH in the envi-

ronment was elevated to create a stage of supersaturation
within the enamel. However, no remineralization within
the carious enamel was found. Instead, mineral deposited
on the tooth surfaces (Fig. 9.14) rather than remineralizing
the subsurface porous caries lesion formed in vivo under
natural conditions. Remineralization of dental lesions
requires the presence of partially demineralized apatite
crystals that can grow in size as a result of exposure to solu-

tions supersaturated with respect to apatite. The formation
of entirely new crystals in a subsurface lesion is not likely,
whereas it is seen in the surface of the enamel lesions
where numerous pH fluctuations have occurred (Fig. 9.15).
These conditions set limits to what can be expected from
remineralization.

As an erosion is characterized as a lesion in which enamel
is etched away and the crystals are lost, very little, if any,

remineralization of eroded enamel can be expected, despite
the lesion being exposed to supersaturated saliva for long
periods. The etched surface is covered by the salivary pro-
teins and rapidly the etched outermost crystals are abraded
away (see Chapter 5). Even after weeks the surface exhibits
a faint picture of acid-etched enamel (Fig. 9.16).

In contrast, the carious lesion contains partially demin-

eralized crystals, and considerable remineralization of sur-
face enamel in lesions free of plaque has been observed
(Fig. 9.17). Thus, surface remineralization of carious lesions
that developed during orthodontic treatment is not
uncommon (see Chapter 5), leaving the body of the lesion

Figure 9.14 Laboratory attempt to take teeth with natural active caries
lesions (a) and (c), and expose these consecutively to solutions saturated with
respect to phosphate and calcium respectively in order to fill up the pores of
the lesions with these ions followed by elevating the pH in the solutions to

create a supersaturation within the enamel lesions. The only result was mineral
deposition on the tooth surface (b). From [9, 10]. Reproduced with permission
of John Wiley & Sons.

as a white scar under a shiny hard surface (Fig. 9.17) and
during experimental conditions in situ in Fig. 9.18. The sur-
face changes are a combination of abrasion of the porous
enamel and a slow redeposition of mineral in and onto the
partly dissolved crystals (Fig. 9.16). Owing to slow diffu-

sion, however, it does not seem possible to maintain the
necessary supersaturation in the lesion fluid; therefore,

remineralization of the lesion body is not obtained to any
significant degree in vivol The surface layer of the lesion
protects the underlying lesion body not only from deminer-
alization, but also from remineralization.

When caries lesions are developed in situ experimen-

tally these conditions have been studied systematically
(Figs 9.18 and 9.19), and it is apparent that so called crem-

ineralization’ in the clinic is predominantly a result of
surface modification (abrasion and mineral uptake) and
not reflecting mineral uptake within the body of the
lesion. Thus, this fully explains the histological features of
arrested natural caries lesions when examined by microra-
diography (Fig. 9.20).

On rare occasions the lesion body may be remineralized
when the surface layer has been lost and biofilm covering
the rough exposed surface area is removed. Under such rare
conditions there is free access for salivary calcium, phos-

phate, and fluoride ions (Fig. 9.21). However, it must
be noted that the loss of the surface layer also means a
free access of cariogenic acids, and thus an increase in

the demineralization rate. Therefore, with the possible
exception of orthodontic lesions, therapeutic removal of
the surface layer to increase remineralization is not
recommended.



Figure 9.15 Transmission electron micrographs from the very surface of inactive, remineralized caries lesions. In addition to irregular mineral deposits between
hexagonal enamel crystals (a), numerous small hexagonal crystals form onto partly demineralized larger crystals (b, c), ending within the dissolved crystals (d).

Figure 9.16 Scanning electron micrographs of replicas from an enamel surface before (a) and after acid conditioning (b). After 3 weeks the typical etch pattern
of the prisms can be discerned. The enamel scratch (from brushing with an abrasive toothpaste) in (a) can be seen also in (b) and (c), whereas the small scratches
has been eliminated.

Figure 9.17 Active enamel caries lesions following removal of orthodontic brackets (a) and after 1 month of proper oral hygiene (b). The lesions have diminished
a little in degree of opacity (partly mineral uptake, but in particular surface polishing) and are inactive but remain from then on as scars in the enamel.
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Figure 9.18 In-situ experimental caries lesion development and remineralization, (a) An example of how small enamel samples can be inserted in a device and placed
in the mouth of volunteers for month, (b) Caries lesions created in the laboratory are exposed to proper oral hygiene and followed for 3 months (c). Note that even a

very standardized subsurface artificial caries lesion cannot be totally eliminated by mineral uptake and extensive tooth polishing with a fluoride-containing toothpaste.

Remineralization of dentin
As described in Chapter 5, the natural root-surface carious

lesion is characterized by a subsurface loss of mineral very
similar to that seen in enamel caries. This is true irrespec-
tive of whether it develops while the root surface is still
covered by cementum or has exposed dentin. From a

chemical point of view, therefore, it is tempting to suggest
that the basic physicochemical events leading to an
established natural root-surface lesion are very similar to
those occurring during enamel caries development. Having
said this, it is important to realize that the overall structural
composition of cementum and dentin results in substantial
differences in the way in which microorganisms interact

with dentin and root surfaces during carious lesion
development (see Chapter 5). Thus, in addition to the inor-

ganic chemical events, there will be proteolytic activity in
order to remove part of the collagenous matrix remaining
after demineralization. To understand the chemical events

occurring during carious lesion development in dentin and
cementum, different in-situ models have been used for
experimentation. An in-situ model is a specimen of tooth
tissues inserted into the human oral environment to study
lesion formation (see Fig. 9.18). However, the outcome of
in-situ caries models may differ substantially depending on
their design [5], and, therefore, the choice of model may
influence the conclusions drawn from these studies. For
example, in one design, root specimens were mounted in
a sheltered position underneath orthodontic bands in
palatal appliances and exposed to the oral environment for
1-4 weeks [19]. The type of root-surface lesion created
under these conditions is characterized by a shallow surface
etching.

In contrast, this section will consider chemical events

occurring when root-surface lesions are developed over
3-6 months under conditions where the surfaces are freely
exposed to the oral fluids [18]. In Fig. 9.22 the microbial
deposits on the tooth surface were not removed during the

Figure 9.19 Scanning electron micrographs of the lesions shown in Fig. 9.18b
and c. Note how the etched surface in (b) is partly polished away after
3 months (c).
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first 3 months of the study. During the second 3-month
period two topical treatments with a 2% solution of sodium
fluoride were given for 2 min, one at the beginning of the
treatment period when plaque removal was started and the
second after 1.5 months of regular plaque removal. The
illustration shows that the treatment resulted in an overall
mineral gain in the surface layer and within the body of the
lesion. In a separate experiment during the second 3-month
period no additional oral hygiene measures were taken,

resulting in additional mineral loss (Fig. 9.23). It is not pos-

sible on the basis of such experiments to draw conclusions
about the relative importance of fluoride toothpaste, topical
fluoride treatment, and plaque removal on the outcome of
lesion development. It is remarkable that no studies have
attempted to distinguish the effect of plaque removal from
that of fluoride alone on lesion development. However, top-

ical fluorides inhibit caries, especially when dental cleaning
is insufficient [20].

Notice that actively progressing root carious lesions can
arrest with an increase in mineral content of the surface layer.
Perhaps this increased mineral results from daily fluoride
exposure from toothpaste combined with a reduced cario-

genic challenge due to regular plaque removal. In many ways
the basic chemical events occurring during carious lesion
development in enamel, dentin, and cementum appear sim-

ilar. As stressed earlier in this chapter, it is thus to be expected
that fluorapatite will gradually accumulate in the surface
of the tissues as a result of ongoing demineralizing and
remineralizing processes. Hence, a subsurface enamel car-
ious lesion is covered by a surface layer with a high fluoride

Figure 9.20 Microradiographs of three inactive caries lesions that had been
arrested for several years. Note that the demineralization extends throughout
the enamel. The surface zone varies extensively in mineral content both bet-
ween different lesions (a, b) and within lesions (c-e).

Figure 9.21 Microradiograph of a caries lesion remineralized for years in vivo (a).The surface layer of this third molar has been abraded away, giving the saliva
access to the lesion body and resulting in a considerable uptake of mineral. The graph of the fluoride scan (b) shows uptake of extraordinary amounts of fluoride in
the remineralized zones of the lesion.
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Figure 9.23 Microradiographs of experimental root caries lesion in situ after (a) 3 months and (b) 6 months without plaque removal, (c) The mineral content as a
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Figure 9.24 Transmission electron microscopic pictures of normal cementum not exposed to the oral environment (a, b) and exposed root surface (c, d). Note the
difference in crystal size showing evidence of crystal growth when apatite crystals in cementum had been exposed to the oral cavity. For original figure, refer to
[31]. Reproduced with permission of Sage Publications.

content - higher than that of surrounding normal enamel -
and likewise the well-mineralized surface layer covering a
subsurface dentin or cementum lesion contains a much
higher fluoride content than that of normal tissues [31].

Root surfaces (exposed cementum/dentin) appear to be
more susceptible to carious attack than enamel surfaces
are. A clinical manifestation of this is the occurrence of
dentin caries in some patients with dry mouths, where the
enamel is caries free. In the above-mentioned in-situ study
it was striking that even with daily plaque control, root
surfaces, sound but previously unexposed to the oral envi-
ronment, undergo changes in mineral distribution. This
may lead to a subsurface mineral loss, which is only
detectable at the microscopic level. Unerupted root sur-
faces that become exposed to the oral environment as a
result of gingival recession or periodontal surgery are very
prone to lesion development [7, 23]. The very small apatite
crystals in dentin and cementum, compared with those
of enamel, have a more reactive surface. Thus, unerupted
root surfaces exposed to the oral environment may undergo
substantial modification of the mineral as a result of met-

abolic activity in the biofilms. This may explain the differ-
ences in crystal packing and size in the root surfaces of
unexposed and exposed carious root surfaces (Fig. 9.24).
These processes reflect a substantial uptake and redeposi-
tion of minerals into crystals that are partly dissolved. The

permeability and reactivity of the root surfaces may
change so that they become less susceptible to future cari-

ogenic challenges [29].
The complex events leading to mineral loss and deposi-

tion in dental hard tissues exposed to the oral environment
are not fully understood. Although the in-situ models may
mimic the physicochemical events occurring during lesion
formation in vivo, it should be remembered, for example,
that teeth with a vital pulpo-dentinal organ will respond to
most exogenous stimuli through the apposition of minerals
along and within the dentinal tubules [6]. This phenomenon,
together with the outward flow of dentinal fluid from the
pulp, may be expected to reduce the rate of lesion progres-

sion in vivo significantly in dentin [24]. This may explain
why caries seems to progress more rapidly in dentin in
nonvital teeth.

Background literature
Elliot JC. Structure and chemistry of the apatites and other calcium ortho-

phosphates. Amsterdam: Elsevier, 1994.
Holden A, Morrison P. Crystals and crystal growing. Cambridge, MA: MIT

Press, 1982.
LeGeros RZ. Calcium phosphates in oral biology and medicine. Basel:

Karger, 1991.
Schroeder HE. Formation and inhibition of dental calculus. Berne: Hans

Huber, 1969.



170 The caries lesion and its biological determinants

17. Nelson DGA. The influence of carbonate on the atomic structure and
reactivity of hydroxyapatite. / Dent Res 1981; 60: 1621-9.

18. Nyvad B, ten Cate JM, Fejerskov O. Arrest of root surface caries in situ.
JDent Res 1997; 76: 1845-53.

19. Ogaard B, Rolla G, Arends J. In vivo progress of enamel and root
surface lesions under plaque as a function of time. Caries Res 1988;
22: 302-5.

20. Ogaard B, Arends J, Rolla G. Action of fluoride on initiation of early
root surface caries in vivo. Caries Res 1990; 24: 142-4.

21. Pearce EIE Relationship between demineralisation events in dental
enamel and the pH and mineral content of plaque. Proc Finn Dent Soc
1991; 87: 527-39.

22. Pearce EIF, Larsen MJ, Cutress TW. Studies on the influence of fluoride
on the equilibrating calcium phosphate phase at a high enamel/acid
ratio. Caries Res 1995; 29: 258-65.

23. Selvig KA, Zander HA. Chemical analysis and microradiography of
cementum and dentin from periodontally diseased teeth.J Periodontol
1962; 33: 303-10.

24. Shellis RP. Effects of a supersaturated pulpal fluid on the formation of
caries-like lesions on the roots of human teeth. Caries Res 1994; 28:
14-20.

25. Shellis RP, Heywood BR, Wahab FK. Formation of brushite, monetite
and whitlockite during equilibration of human enamel with acid
solutions at 37 °C. Caries Res 1997; 31: 71-7.

26. Sonju T, Rolla G. Chemical analysis of the acquired pellicle formed in
two hours on cleaned human teeth in vivo. Rate of formation and
amino acid analysis. Caries Res 1973; 7: 30-8.

27. Ten Cate JM, Duijsters PP. Influence of fluoride in solution on tooth
demineralization. I. Chemical data. Caries Res 1983; 17: 193-9.

28. Ten Cate JM, Duijsters PP. Influence of fluoride in solution on
tooth demineralization. II. Microradiographic data. Caries Res 1983;

17: 513-19.
29. Ten Cate JM, Jongebloed WL, Simons YM, Exterkate RAM. Adaptation

of dentin to the oral environment. In: Thylstrup A, Leach SA, Qvist V,
eds. Dentine and dentine reactions in the oral cavity. Oxford: IRL Press,
1987: 67-76.

30. Tohda H, Takuma S, Tanaka N. Intracrystalline structure of enamel
crystals affected by caries. / Dent Res 1987; 66: 1647-53.

31. Tohda H, Fejerskov O, Yanagisawa T. Transmission electron micros-

copy of cementum crystals correlated with Ca and F distribution
in normal and carious human root surfaces. / Dent Res 1996; 75:
949-54.

32. Yanagisawa T, Takuma S, Tohda H, Fejerskov O, Fearnhead RW. High
resolution electron microscopy of enamel crystals in cases of human
dental fluorosis. / Electron Microsc 1989; 38: 441-8.

References
1. Bernardi G, Kawasaki T. Chromatography of polypeptides and proteins

on hydroxyapatite columns. Biochim Biophys Acta 1968; 160: 301-10.
2. Brown WE. Solubilities of phosphates and other sparingly soluble

compounds. In: Griffith EJ, Beeton A, Spencer JM, Mitchell DT, eds.
Environmental phosphorus handbook. New York: John Wiley & Sons,

Inc., 1973: 203-239.
3. Curzon MEJ, Cutress TW. Trace elements and dental disease. Bristol:

John Wright, 1983.
4. Fejerskov O, Thylstrup A, Larsen MJ. Rational use of fluorides in car-

ies prevention. A concept based on possible cariostatic mechanisms.
Acta Odont Scand 1981; 39: 241-49.

5. Fejerskov O, Nyvad B, Larsen MJ. Human experimental caries
models: intra-oral environmental variability. Adv Dent Res 1994;

8: 134-43.
6. Frank RM, Vogel JC. Ultrastructure of the human odontoblast

process and its mineralisation during dental caries. Caries Res 1980;

14: 367-80.
7. Furseth R. A study of experimentally exposed and fluoride treated

dental cementum in pigs. Acta Odontol Scand 1970; 28: 833-50.
8. Josephsen K, Takano Y, Frische S, Praetorius J, Nielsen S, Aoba T,

Fejerskov O. Ion transporters in secretory and cyclically modu-

lating ameloblasts: a new hypothesis for cellular control of
preeruptive enamel maturation. Am J Physiol Cell Physiol 2010;

299: 1299-307.
9. Larsen MJ, Fejerskov O. Remineralization from a clinical point of

view. Dtsch Zahnarztl Z 1987; 42: 91-4.

10. Larsen MJ, Fejerskov O. Chemical and structural challenges in
remineralization of dental enamel lesions. Scand J Dent Res 1989;

97: 285-96.
11. Larsen MJ, Pearce EIF. Some notes on the diffusion of acidic and

alkaline agents into natural human caries lesions in vitro. Arch Oral
Biol 1992; 37: 411-16.

12. Larsen MJ, Pearce EIF, Jensen SJ. Notes on the dissolution of human
dental enamel in dilute acid solutions at high solid/solution ratio.
Caries Res 1993; 27: 87-95.

13. LeGeroz RZ. Chemical and crystallographic events in the caries
process. / Dent Res 1990; 69: 567-74.

14. McCann HG. The solubility of fluorapatite and its relationship to that
of calcium fluoride. Arch Oral Biol 1968; 13: 987-1001.

15. Moreno EC, Zahradnik RT. Chemistry of enamel subsurface
demineralisation in vitro. J Dent Res 1974; 53: 226-35.

16. Moreno EC, Kresak M, Zahradnik RT. Fluoridated hydroxyapatite
solubility and caries formation. Nature 1974; 247: 64-5.



Part III
Diagnosis

10 The foundations of good diagnostic practice

11 Visual-tactile caries diagnosis

Additional caries detection methods

$





The foundations of good diagnostic practice

V. Baelum, B. Nyvad, H.-G. Grondahl, and 0. Fejerskov

Introduction

The making of a dentist

The dental examination: in the best interest of our patients

What are we looking for? What is caries?

The wealth of caries diagnostic methods and criteria

The evolution in caries diagnostic methods

Diagnostic test assessment in the essentialistic gold-standard paradigm

Evaluating caries diagnostic methods

Leaps in the essentialistic gold-standard reasoning

Diagnostic test evaluation in the nominalistic caries paradigm

Inter- and intra-examiner errors in caries diagnosis

How do we deal with the unavoidable diagnostic uncertainty?

The additional diagnostic yield argument

Concluding remarks

References

173

174

175

176

178

178

179

180

181

183

184

185

186

187

188

Introduction
evaluate the evidence and acquire scientific knowledge to
gain a platform, our knowledge base, whereupon we may
build our clinical experience.

In this chapter we review the scientific and conceptual
underpinnings of caries diagnosis. Dental students and
professionals alike may then gain a deeper understanding

It is a common claim that dentistry is an artistic craft, as in
the expression ‘the art of dentistry,’ whose means and
methods can only be learned and optimized by accumu-

lating clinical experience. This is not true. There are also
concepts and principles, rules and guidelines, and we must

1 Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
O 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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mine the practices adopted. The lack of a strategy for
training the master clinicians may result in inconsistent,

and even contradictory, teachers.

The 'art of dentistry' and caries scripts
When inconsistencies or contradictions become obvious,

dental students are typically told that they result from ‘the
natural variation in the best clinical judgment of individual
dentists concerning individual patients’ [8]; that is, they
reflect ‘the art of dentistry’ to be learned by the student. The
students are not supposed to explore the differences, nor are
they expected to challenge the argument. Instead, they are
encouraged to try to understand and memorize as much as
possible the particulars of each single patient (‘no two
patients are the same!’) and each clinical situation in order
to incorporate these details into a mental inventory of
clinical scripts [10]. These clinical scripts incorporate
differential diagnostic considerations; that is, the distinc-
tion between caries lesions on the one hand and fluorotic
lesions, enamel opacities, and hypoplasias on the other
hand. Thus, the caries scripts serve as manuals for the entire
clinical decision-making process to use whenever we next

encounter a similar clinical presentation.
Thereby, the clinical decision-making in dentistry cannot

be compartmentalized into distinct diagnostic and
therapeutic entities. Caries diagnosis is not an activity
undertaken completely independently of the options for
intervention, and clinical decision-making is more charac-
terized by the execution of ‘this-clinical-picture-needs-this-
intervention’-like scripts [10].

Variation in clinical decisions
In view of the learning process described, it is no wonder
that many dentists focus on the minutiae of each single
clinical representation, and value expert opinions and
clinical experience much higher than scientific evidence
and evidence-based practice guidelines. It is likewise not
surprising that a huge variation exists in the way dentistry is

practiced [9, 71, 72, 74]. This variation is characteristic for
both diagnostic and therapeutic decision-making, and
implies that some dentists provide better or more efficient
dental care than other dentists when faced with similar
patients.

Is this variation a problem? Can we not just leave things
the way they are and continue to let dentists develop their
own particular catalogue of clinical scripts? Our answer is a
clear no! While the considerable variation does not seem to
be an area of major concern among dental professionals, it

will be a tangible problem for the patients if they realize that
they receive different standards of care with different prac-

titioners. In times of growing patient expectations and
increasing patient initiated litigations, therefore, it may be a
wise move for the dental profession to face the variation in

order not to fall prey to accusations of deliberate unethical

of the building blocks necessary for creating a good diag-
nostic strategy for use in their daily clinical practice. The
dental professional, who wants to be able to adapt their core
diagnostic skills to different settings, and be able to choose
the best treatment alternatives, must have a thorough
understanding of the fundament of clinical decision-
making. The activities and the decision processes involved
in caries diagnosis are not identical for all patients or in dif-
ferent populations with different caries profiles. Nor can we
assume that caries diagnosis will remain unchanged for all
future to come. It is therefore vital that the dental profes-

sionals have a clear understanding of the factors influencing
their diagnostic practices.

The foundations for our diagnostic practices are laid
during undergraduate training. This chapter, therefore,

will begin by exploring how dentistry is commonly taught
to the bright, but innocent student. We will then proceed
to explore why we concern ourselves with caries diagnosis
and we show that two rather different lines of thinking
operate in our approach to caries diagnosis. Finally, we
emphasize that caries diagnosis, irrespective of the
method(s) used, is an error-prone enterprise, and that
diagnostic decisions are made under uncertainty. The
addition of different caries diagnostic methods, or the
repetition of caries diagnostic methods, inevitably results
in more diagnostic errors. This fundamental diagnostic
uncertainty demands that the dentist exercises a consider-

able degree of restraint when making caries diagnoses that
may have irretrievable negative consequences if the
diagnosis is incorrect. In most contemporary populations,

there is a continued decline in the caries prevalence, the
caries incidence, and caries lesion severity. Thus, the risk
of causing adverse health outcomes increasingly stems
from overzealous operative intervention rather than from
overlooking caries lesions.

The making of a dentist

Clinical dentistry is taught under the auspices of the master
clinician [69], the clinical ‘expert.’ The ‘art and craft’ of diag-

nostic and therapeutic decision-making is learned mainly
through a chair-side apprenticeship. Unfortunately, the
scientific and conceptual underpinnings of the practices
taught during these clinical sessions may not receive ade-
quate attention. Certainly, master clinicians and general
dentists alike tend to be very reluctant to formalize the
clinical decision-making processes they use, and prefer to

view these decisions as embedded in the ‘art of dentistry’

[8]. The ‘art of dentistry’ concept implies that the clinical
decision-making process is informal and intuitive, and can
only be optimized through accumulated clinical experi-

ence. The dental students learn to reproduce what they have
been told and shown by the clinical master, whose opinions,

perceptions, biases, and value judgments therefore deter-
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practice [73], whereby credibility may be irretrievably lost
among the populations we serve [32, 111].

Can caries scripts be changed?

Dentists’ caries scripts are influenced by a large number of
factors [10], including personal dentist characteristics such
as age and experience, skill and diligence, and knowledge
and tolerance for uncertainty; dentist biases concerning the
perceived utility of restorations, treatment preferences,
diagnostic techniques used, and experience with outliers
(such as the innocuously looking lesion that turns out to
cover a soft caries lesion extending all the way to the pulp);
and, finally, practice characteristics such as busyness, size,

delivery system, equipment, guidelines, and personnel.
If the variation in the clinical decisions made by dentists

is to be reduced, some dentists must change their clinical
caries scripts. This can be achieved in one of two ways [10]:
either by means of the introduction into the caries scripts of
a new salient factor or, more likely, by a reinterpretation of
existing salient factors. Examples of such reinterpretations
are many. It is known that older dentists tend to be less
aggressive in their decisions to intervene [7], probably due
to accumulated clinical experience allowing them to gradu-
ally reinterpret some of the factors determining their caries

scripts. Hence, older dentists may have had the experience
that caries does not progress at the rate they once thought,
or that restorations do not last as long as they were once led
to believe. Other examples comprise the observation that
Australian dentists practicing in a water-fluoridated area
have been found to be more inclined to adopt a wait-and-
see attitude when presented with a given radiographic
lesion than dentists practicing in Norway [42]. This was
ascribed to Australian dentists having different experiences
of caries lesion progression. Others have noted that teeth
with decay or unsatisfactory’ fillings are less likely to be
restored when located in patients residing in a fluoridated
area than when found in patients from a nonfluoridated
area [49, 50].

In this context, it is important to realize that the
patients seen in our dental schools are typically not repre-

sentative of the general population. Dental school patients
tend to be admitted based on a need for the specific
mechanical and technical procedures taught during
undergraduate dental training. This means that the oral
disease spectrum presented to the dental student may be
heavily biased towards more prevalent and severe oral
disease than is actually characteristic for the general
population. Thereby, the dental student may be left with
the impression that good dental practice hinges more on
mechanical/technical intervention than is appropriate for
the general population.

The above examples all concern the propensity to
intervene; that is, whether and how to intervene thera-

peutically for a given clinical or radiographic presenta-

tion. However, numerous steps have been taken before
reaching the stage of deciding upon interventions.
Decisions have been made regarding the clinical
recording methods employed and the addition of bite-
wing radiography or other sense-enhancing diagnostic
methods. These decisions are not made consciously and
de novo for each single tooth in each single patient but
are dictated by the routines and practices of the dentist,
as first learned at dental school and subsequently modi-
fied through experience. Thereby, these diagnostic
decisions also contribute as a source of variation in the
clinical decisions made among dentists.

Fortunately, evidence suggests that variation from this
source can be reduced. Hence, a study of the diagnostic
performance of dentists before and after attending a 1.5 h
seminar explaining the key elements in clinical diagnosis
showed that diagnostic decisions improved and became
more consistent as a result of a short education in probabi-
listic reasoning [24]. While it may seem quite paradoxical
that learning about uncertainty will enhance diagnostic
consistency, there are analogous examples from other
branches of dentistry illustrating that clinical experience
and expertise do not guarantee the most consistent
diagnoses [46].

The dental examination: in the best
interest of our patients
Patients come to us for one of two different reasons: they
either have a concrete and tangible dental problem, such as
toothache or tooth mobility, for which they seek our help;

or they go for a routine check-up. In many high-income
countries, the routine screening examinations predominate
among the dentist-patient contacts, whereas in low-income
countries symptom-driven contacts are much more fre-

quent, as indeed they were decades ago in high-income
countries.

The symptom-driven dental visit
These two scenarios, the symptom-driven dental visit and
the routine (screening) check-up visit, have fundamen-

tally different implications for the patients. The symptom-
driven dental visit is strictly patient initiated and prompted
by actual symptoms; that is, concrete and tangible com-
plaints, which make the patient seek help to obtain
symptom relief. The success or failure of the dentist is
obvious in such circumstances. If the diagnostic activities
undertaken result in the identification of the sources and
causes of the problem, and if the ensuing intervention
results in symptom relief, gratification is immediate for
both the dentist and the patient: the diagnosis was correct,
the dentist solved the problem, and the patient got rid of
their symptoms.



176 Diagnosis

The routine (screening) check-up visit

The routine check-up visit, on the other hand, involves an
asymptomatic patient, and thereby amounts to a screening
examination. In many instances, the routine dental visit will
have been prompted by some recall scheme devised by the
dentist, rather than being strictly patient initiated. During
this routine visit, the dentist looks for signs of oral diseases,
which includes an examination of all tooth surfaces for the
presence of signs of caries. If such signs are found, some
form of intervention is carried out to prevent disease
progress. Thereby, the gratification of both the dentist and
the patient is based on a set of assumptions that can be sum-

marized as follows: if the screening examination had not
been carried out and the interventions had therefore not
been made, the patient would have fared worse in the future.

The two situations have one thing in common, however:
the dental professionals will say that they undertake their
activities in the best interest of the patient. In other words,
we look for caries to find the causes of tangible symptoms
presented by the patient, or to prevent asymptomatic caries
lesions from developing into tangible symptoms with all the
unfortunate sequels that this may have.

and symptoms’ [76] and ‘diagnosis is defined as the
determination of disease, but not as the determination of
the signs and symptoms thereof ’ [120].

However, there is no disease, called caries, which differs
from its signs and symptoms. This is illustrated by the
notable absence of the term dental caries in Fig. 10.2, which

Essentialistic caries concept

Signs
and

sympt < ^ ms
*

Nominalistic caries concept

Signs
and

symptoms

Figure 10.1 Essentialistic versus nominalistic caries concepts. The essential-
istic concept holds that a caries truth exists interposed between the causes and
the signs and symptoms.The nominalistic concept holds that dental caries is no
more than a label attached to tooth surfaces sharing certain defining charac-

teristics; that is, a convenient and succinct way of describing the signs and
symptoms.

What are we looking for? What is caries?

The shrewd reader of this textbook will undoubtedly
already have spotted that the notion of caries varies. Many
of the terms aired in preceding and ensuing chapters all
pertain to dental caries, but from rather different perspec-
tives, such as chemistry, bio-imaging, microbiology,

pathology, and epidemiology. This illustrates a lack of a
common understanding of what is meant by the term caries
[15]. This ambiguity stems, in turn, from a more
fundamental lack of clarity about what constitutes a ‘dis-

ease’ [114, 115, 135]. A popular understanding of the dis-
ease ‘dental caries’ holds that the disease caries is a process - a
sort of engine usually termed the ‘caries process’ - that
converts the direct causes of caries (the microbial biofilm
on the tooth surfaces and the fermentable carbohydrates
from the diet) into the signs and symptoms of caries; that is,
the caries lesions (Fig. 10.1). This understanding, which is
termed essentialistic [115, 135], can be shown to be logically
erroneous [15]. Nonetheless, this essentialistic thinking has
led to the unfortunate belief in the existence of a fixed caries
‘truth,’ placed somewhere in the limbo between the causes
of caries and the signs and symptoms of caries. The meaning
of this is perhaps best understood if we apply a timeline.
Hence, the causes of caries must - by virtue of the definition
of a cause - precede the caries process, which - if the caries
process causes signs and symptoms - must precede the
signs and symptoms of caries that it generates (Fig. 10.1).
This mistaken belief is the basis for statements such as ‘diag-
nosis is the act or art of identifying a disease from its signs
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Figure 10.2 The 'caries process' - a schematic illustration of the causes of
caries lesions (=signs and symptoms). Those causes that act at the tooth sur-
face level are found in the inner circle, while the more distant determinants are
found in the outer circle. Adapted from [43]. Reproduced with permission of
the University of North Carolina School of Dentistry.
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also shows that the caries process’ is no more than a conve-

nient descriptor for the entire complex of causal factors that
produces the signs and symptoms we label as caries lesions’

The result of the causal processes is the formation of caries
lesions. Dental caries is therefore no more than a label
attached to clinical presentations that share certain defining
characteristics. In other words, dental caries is a term that
describes the signs and symptoms resulting from the com-
pletion of the caries causal complex. This caries view is
termed nominalistic (Fig. 10.1). Nominalism is the under-

pinning of the old dictum ‘there are no diseases, just sick
people.’ This dictum merely states the fact that the clinical
management of sick people is greatly facilitated by the use
of disease classifications, because a disease name (e.g.,
‘dental caries’) can (in a very short form) be used to com-

municate all the knowledge about etiology, pathogenesis,
treatment, and prognosis that is relevant to a patient with
the particular set of signs and symptoms, labeled ‘dental
caries.’

processes) is happening in the interface between the tooth
and the biofilm, and this something we might choose to call
‘caries’ (this is what essentialists will do). However, this
would lead us to conclude that caries lesion formation is
ubiquitous wherever a biofilm is attached to a tooth surface
[43], which we know is not true. Moreover, if we were to
follow this logic through, we should simply use the presence
of a biofilm to diagnose caries, and we would not really
need to inspect the tooth surface for anything else. This has
not happened because we know that the processes taking
place in the interface between the biofilm and tooth are not
one-way processes that only lead to demineralization and
caries lesion formation. We know, for example, that these
processes may sometimes drift in the opposite direction,

towards calculus formation in the plaque, which is not
compatible with an essentialistic understanding of caries.

Attempts have been made to define caries as a net min-

eral loss [58], but problems have immediately arisen. Hence,
a logical next question is how much loss of mineral should
have happened to deserve the diagnosis of dental caries?
Any net mineral loss, no matter how infinitesimally small,
is nonetheless a net mineral loss. Thereby, our assessment
of the caries truth becomes dependent on the resolution of
the measuring instruments and techniques available to us.
In principle, it is possible to conceive of measurement
devices with infinitely high resolution, and high-resolution
transmission electron microscopy can record loss of min-

eral at the crystal level. It is not possible, therefore, to state a
fixed caries truth that is independent of the scale of
measurement. Decades ago, Mandelbrot [89] showed that
the length of geographical curves, such as coast lines, has no
true value and that any given estimate obtained always
refers to a particular scale of measurement. The same holds
for caries: the diagnosis ‘sound’ or ‘caries free’ always
refers to a particular scale of measurement, reflected in the
diagnostic instrument resolution.

Even if we were indeed able to measure the very first
mineral loss from the enamel surface, this would make little
sense from a clinical perspective. As shown in Fig. 10.3, the
metabolic activities taking place in the biofilm on the tooth
surface result in pH fluctuations. These fluctuations may be
small and erratic [44, 45, 116] and may even occur in the
absence of obvious external stimuli such as sucrose intake
[116]. When the effects of such pH fluctuations are accu-
mulated over time, they describe a series of mineral losses
(‘demineralization’) or gains (‘remineralization’) of the
dental hard tissues [90], depending on the chemical com-
position of the plaque fluid. Most episodes of mineral losses
will be balanced by episodes of gains, and the whole series
of events will not cause discernible signs and symptoms of
caries (i.e., caries lesions), let alone jeopardize the integrity
of the tooth structure. As long as the results of the processes
stay within these limits no one needs to be concerned with
the exact state of affairs (the ‘truth’) with respect to the net

Essentialistic versus nominalistic caries concepts

Understanding the distinction between the essentialistic
and the nominalistic caries concepts is important for under-
standing the logical underpinnings of caries diagnosis. The
essentialistic view leads to the belief in the existence of a
caries truth, a key, which is termed the caries gold standard,’

against which caries diagnostic methods and criteria can be
evaluated. Caries diagnosis thereby becomes a matter of
searching for the caries truth, and this view assumes that a
universal and fixed distinction exists between ‘caries’ and
‘sound.’ However, as will be shown, the truth about caries is
hard to pin down, and the distinction between ‘caries’ and
‘sound’ is indefinable.

The nominalistic view of caries leads to a more patient-
centered approach, because we label dental caries and caries
lesions to suit our particular needs; that is, in a way that
makes it possible to achieve the best long-term health out-

come for the tooth or patient in question. In the nominal-
istic view, we are not particularly concerned with the caries
‘truth,’ because we know it is indefinable. The focus is on
the health benefits of undertaking our diagnostic activities.
We seek to optimize the health outcome by selecting diag-
nostic methods and categories that lead us to the best inter-
ventions and thereby to the best long-term health outcome
for the patient. The close link between the management
options and the relevant caries diagnostic categories is a
centerpiece of the nominalistic caries concept.

The elusive truth about caries

The truth is necessarily elusive about a causal process
(Fig. 10.2) that we cannot observe [135]. We can observe
some of the essential components, such as the biofilm on
the tooth surfaces. We know from related scientific fields
(see Chapters 5-7 and 9) that something (the caries causal
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tion (FOTI) and bitewing radiography, including digital
radiography (Chapters 11 and 12) [3, 33, 58, 65-68, 70, 100,

133]; the Newcomers encompass laser fluorescence
(DIAGNOdent® ), quantitative laser fluorescence (QLF),
and the electrical caries monitor (ECM) (Chapter 12) [11,

52, 78, 83, 86, 104, 118, 119, 124, 125]; and the Prospects are
based on techniques such as multi-photon imaging, ther-
mography, infrared fluorescence, optical coherence tomog-
raphy, ultrasound, and terahertz imaging [26, 54] not yet
developed for clinical use.

Within each diagnostic method, several different sets of
criteria exist to be used with the method. The Classics’
methods illustrate this, as Ismail [68] identified 29 different
sets of visual-tactile caries diagnostic criteria reported in
the literature between 1966 and 2000. Within these criteria
the actual maneuvers undertaken during the visual-tactile
clinical examination may vary a lot; for example, with
respect to the use of explorers [55] or in the perceived
necessity to clean and dry the teeth prior to the examination
[68]. Similarly, bitewing radiography covers a host of
options [58, 132, 133], including conventional versus digital
radiography, number of exposures, different film and
storage phosphor plate types, as well as different criteria

used to describe the radiographic observations.
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Figure 10.3 Schematic illustration of microevents at a surface over time. The
upper fluctuating line indicates pH fluctuations in a biofilm over time (minutes,
hours, days). The curves show different examples of fluctuating mineral loss
(up) or gain (down) in enamel as a result of innumerable fluctuations in pH.The
horizontal dotted lines indicate where loss of mineral may be seen clinically as
a white spot.

The evolution in caries diagnostic methods
There is little doubt that most of the caries diagnostic activ-
ities undertaken in modern clinical practice have evolved
from tradition. They are, therefore, deeply rooted in the his-

tory of dentistry. Until the beginning of the 20th century
the only caries diagnostic option available to the dental
professional was the visual-tactile clinical inspection, or
ocular-instrumental’ examination [109] as it was then
called. The early 20th century was the prime time for pro-
ponents of the focal infection theory [14, 22, 130], and a
main concern among dental professionals was not so much
caries per se but rather the danger that caries could lead to
pulpless teeth.’ The pulpless’ tooth was considered a serious
risk for grave systemic diseases in other parts of the body,
and for decades periapical radiographs had been used to

diagnose such teeth. However, in 1925, a different form of
radiography was proposed [109] - the bitewing radio-

graphic examination - to be used annually or biannually to
detect cavities of decay before they caused pain, as pain is
indicative of pulp involvement. Raper [109] noted that den-

tists overlook many carious cavities when using only
ocular-instrumental’ examination, and demonstrated this
by letting a young woman with a pretty good set of teeth’

undergo a radiographic bitewing examination, which
revealed five cavities and two insufficient fillings. The
woman subsequently went to each of 10 independent den-
tists for an ordinary ocular, instrumental examination’

focused on observations cin between the teeth.’ This resulted

mineral loss or gain, because the mineral losses and gains
are transient and self-limiting in nature. The biological
processes described are physiological processes occurring
in any biofilm on a tooth surface and should not be confused
with caries.

The key messages are two fold:

• It is meaningless to continue to pester ourselves with
attempts to refine the search for the ‘truth’ about caries.

Rather, we need to consider what is sensible and mean-
ingful from a clinical patient-oriented health outcome
perspective. The essentialistic gold-standard caries para-
digm is unhelpful, because it leads us into a blind alley in

search of an elusive caries ‘truth.’
• For the future, we should base ourselves in the nominal-

istic, patient-centered paradigm, according to which we
choose those caries diagnostic criteria that correspond to
the interventions resulting in the best long-term health
outcomes for the tooth and the patient.

The wealth of caries diagnostic
methods and criteria
As will also be evident from Chapters 11 and 12, the caries
diagnostic options available to the dentist are abundant and
wide ranging. Broadly speaking, they fall into one of three
groups that maybe designated the Classics, the Newcomers,
and the Prospects. The Classics comprise the visual-tactile
inspection, which may include fiber-optic transillumina-
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in ‘ten out of ten ... not finding] what the roentgen ray
had revealed’ [109]. This reasoning marked the birth of the
concept of the additional caries diagnostic yield, which we
discuss in more detail later.

apatite fluorescence induced when dental hard tissues are
exposed to coherent light from lasers. Fluorescence belongs
to a continuous measurement scale, but may be expressed
as an integer, as is done by the DIAGNOdent device for
caries detection where the signal is converted to an integer
with a theoretical range from 0-99.

Clinical and radiographic caries diagnostic recordings typ-
ically belong to the dichotomous, the nominal or the ordinal
scale (Table 10.1), whereas the more advanced methods, such
as laser fluorescence (DIAGNOdent, QLF) and electrical
resistance measurement (ECM), in principle produce record-
ings on a continuous numerical scale, which, as shown above,
may be converted to a discrete numeric scale.

Diagnostic accuracy: sensitivity and specificity
If our caries diagnostic observations originate in a
dichotomous scale, it is very easy to compare our findings
with the caries ‘truth’ as expressed by our gold-standard ref-
erence method. This is done in a simple 2 x 2 table
(Table 10.2). From this table we can calculate the diagnostic
test sensitivity as TP/(TP + FN) and the test specificity as
TN/(FP + TN). The test sensitivity expresses the probability
that our diagnostic method (the test) indicates caries’ when
caries is truly present; and the test specificity expresses the
probability that the test indicates no caries’ when caries is
truly not present. The ideal caries diagnostic test method
has sensitivity = specificity =1, indicating that the test
always reflects the true state of affairs.

From a clinical perspective, sensitivity and specificity
values are not overly interesting, because they are based
on a-priori knowledge of the true state of affairs: caries
presence or absence. In the real-life clinical diagnostic
situation, the caries ‘truth’ is unknown, and the probabil-
ities of interest to the dental clinician would instead be the
predictive value positive and negative of the caries diag-

nostic test in question. Referring to Table 10.2, it is more
interesting for the clinician to know if a positive diagnostic
test result can be trusted as evidence of caries (predictive
value positive), and whether a negative test result is indeed
indicative of a sound surface (predictive value negative).

Diagnostic test assessment in the
essentialistic gold-standard paradigm
Despite the obvious flaws of the essentialistic gold-standard
paradigm, the dental profession has almost exclusively
based approaches to the evaluation of caries diagnostic
methods on the mistaken faith in the existence of a caries
‘truth,’ a caries gold standard. In view of the popularity of
the reasoning that follows from this belief, it is important to
understand in some detail the methods used and their
limitations.

In the gold-standard paradigm, the focus of attention is
the degree of correctness of the diagnosis. We estimate this
correctness by comparing our actual findings using the
diagnostic test method with the ‘truth’ as expressed by our
gold-standard reference method (see discussion below).

The observations made using the caries diagnostic test
method belong to one of four measurement scales
(Table 10.1), the dichotomous, the nominal, the ordinal, or
the numerical scale, the latter being either continuous or
discrete. A dichotomous (or binary) measurement scale
is one where observations fall in one of two possible
categories, such as cavity present/cavity absent. A nominal
scale of measurement is one where observations belong to
one of several categories, such as sound/enamel caries/
dentin caries/filled. For observations belonging to an
ordinal scale, it is possible to rank order the categories,
such as none/mild/moderate/severe, but the distance bet-

ween categories - that is, how much worse is ‘moderate’

than ‘mild’ - is not known. For measurements belonging to
a numerical scale, we can both rank order the observations
and tell exactly how far apart they are. In the discrete
numerical scale, the observations are restricted to integers,
whereas the observations in the continuous numerical
scale can take on any value. An example of the latter is the

Table 10.1 Examples of measurement scales used in caries diagnosis.

Measurement scale

Dichotomous Nominal Ordinal Numerical

Visual-tactile Visual-tactile or radiographic RadiographicDiagnostic
method

Laser fluorescence

Possible
outcomes

Sound
Decayed
Filled
Filled with decay
Missing

Sound
Lesion<Vi into enamel
Lesion > 1/2 into enamel;but not in dentin
Lesion into dentin; but< 1/2 way through
Lesion> V2 through dentin

Cavity present
Cavity absent

Readings in the range from 0 to 99
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Table 10.2 The diagnostic test matrix for a dichotomous test result (T) in the
diagnosis of caries.

A closely related method involves the use of likelihood
ratios [47] to convert prior disease odds to posterior disease
odds. The likelihood ratio for a positive test result is defined
as sensitivity/(l -specificity), and the likelihood ratio for a
negative test result is (1 — sensitivity)/specificity. Odds are
mathematically related to disease probabilities by the for-
mula Odds = P / (1-P), and the relevant predictive values
are therefore easily calculated.

Receiver operating characteristic curves

When the caries diagnostic observations belong to an
ordinal scale, or a numerical scale (Table 10.1), it is
possible to calculate pairs of sensitivity and specificity
estimates for each possible threshold value that can be
used to turn the measurement scales into a dichoto-
mous scale. The pairs of accuracy estimates defined by
(1-specificity, sensitivity) are defining points for a curve,

termed the receiver operating characteristic (ROC) curve
(Fig. 10.4). The ideal diagnostic test in the gold-standard
paradigm hassensitivity =1, indicating that all caries lesions
are found; and 1-specificity = 0, indicating that no sound
surface is erroneously deemed carious. This corresponds
to the point defined by the left-hand upper corner in the
diagram in Fig. 10.4.

ROC curves are commonly summarized by calculating
the area under the curve (AUC), as a fraction ranging bet-
ween 0 and 1. The numerical value of the AUC for a given
caries diagnostic test can be interpreted as the probability
that a randomly chosen caries lesion will elicit a higher
diagnostic test value than a randomly chosen sound surface
[56, 80]. An AUC value of 0.50 corresponds to the area
under the diagonal in Fig. 10.4 and indicates a fifty-fifty
chance that a carious surface will elicit a higher test value
than will a sound surface. In other words, an AUC value of
0.50 indicates a useless caries diagnostic test.

True caries status=gold standard

Caries absentCaries present

False positive (FP)

True negative (TN)
True positive (TP)

False negative (FN)
Test result T+

T-

Predictive values positive and negative

In caries diagnostic research, predictive values have been
calculated from the very same data sets that gave rise to the
accuracy parameters (i.e., based on the data corresponding
to Table 10.2), or by application of Bayes’ theorem. Bayes’

theorem may be used to convert prior disease probabilities
(by means of sensitivity and specificity values) to posterior
disease probabilities (expressed in the predictive values
positive and negative). The concepts of prior and posterior
probabilities are perhaps best understood by considering
an example. Suppose a man phones you at your dental
clinic, asking whether you think he might have caries. In
the absence of any other information, your best estimate of
the probability of caries would be 0.50, corresponding to
the fifty-fifty chance of being correct when guessing.

Thinking that the older the man is, the more probable is
caries, you would probably attempt to come up with a more
informed estimate; for example, by asking the man about
his age. Such is a part of taking the patient history, and this
can be considered a (very simple) diagnostic test. If, more-
over, you happen to know that the prevalence of caries
among 50-59-year-old men (the age group to which the
man on the phone belongs) in your area is 90%, you can
revise your prior caries probability estimate of 0.50 to a
posterior probability estimate of 0.90. This is precisely
what Bayes’ theorem is about: the revision of prior (not so
informed) disease probabilities into posterior (more
informed) disease probabilities using new evidence (diag-

nostic test information).
Bayes’ theorem dictates that the caries predictive values

positive (PV+) and negative (PV-) can be calculated using
these formulas:

Evaluating caries diagnostic methods

Although the clinical and the bitewing radiographic exam-

inations have remained the centerpieces of caries diagnosis
since the early 20th century, a more formal approach to the
evaluation of the clinical and radiographic caries diagnostic
methods had to await the middle and later half of the 20th
century. As World War II approached, focus moved away
from focal infection being the main concern in relation to
caries. Increasing attention was paid to issues concerning
the best ways to treat and prevent the disease. In the late
1930s the beneficial effects of fluoride on caries incidence
began to crystallize, and the correctness (validity or accuracy)

of clinical and radiographic caries diagnosis gradually
became an area of concern [4, 21]. Beginning with formal
statistical evaluations of the reproducibility (reliability) of
the radiographic diagnostic methods [6], formal statistical
evaluations were also instigated of the correctness (validity)

Prev x Sens
PV+ =

Prev x Sens + (1-Prev) x (1-Spec)

and

(1-Prev) x Spec
PV-=

(1-Prev) x Spec + Prev x (1-Sens)

where Sens and Spec denote the sensitivity and specificity
respectively and Prev denotes the prevalence (prior proba-

bility) of caries.
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Figure 10.4 The ROC curve connecting points determined by (1- specificity, sensitivity). The test is a hypothetical caries test with nine threshold values (the
end-points (0,0) and (1,1) do not count as threshold values because they respectively correspond to never declaring caries present or always declaring caries
present). See text for explanation of points A and B (p.183).

of the caries diagnoses made [31], using a gold-standard
methodology. The issues of the correctness and repro-

ducibility of caries diagnostic methods were further
expanded when caries epidemiology gained interest and
called for standardization of diagnostic methods and
criteria and calibration of examiners. The diagnostic test
evaluation methods then outlined have increasingly been
applied to evaluate the host of new diagnostic options
developed and offered for use in dental practice over the
last few decades.

Spectrum bias and transferability
The gold-standard reference for caries is often established
using in vitro methods applied to extracted teeth assessed
for the presence or depth of demineralization [58, 64] by
radiographic, visual, or histological methods. The tooth
materials available for such assessment are often limited
and selective, and the use of these in vitro methods usually
results in a distorted disease spectrum compared with the
disease spectrum that would be observed in vivo in the free-
living populations, for which the caries diagnostic methods
are intended. Comprehensive reviews by Bader et ol. [12,
13] have shown that the caries prevalence in the tooth
populations used for gold-standard’ evaluation of caries
diagnostic methods is often exceedingly high (50-90%)
compared with the situation encountered in free-living
natural populations, where estimates of less than 20% are
more probable. This means that caries lesions are grossly
overrepresented in the tooth populations’ studied, while
sound surfaces are severely underrepresented. It is increas-
ingly recognized that the diagnostic accuracy parameters,
sensitivity and specificity7, are not diagnostic test constants,
but vary according to the disease spectrum [18, 47, 51, 77,
108]. The disease spectrum is, in turn, influenced by a host of
socio-demographic factors, including age, gender, place of
residence, and access to dental health care. This means that
there is a considerable risk that most of the accuracy estimates
provided in the literature may have limited relevance and
transferability for caries diagnosis in free-living populations.
This problem also affects the predictive values, whether calcu -

lated by means of Bayes’ theorem, the likelihood ratio method,

or from the biased tables that gave rise to the sensitivity
and specificity parameters. Either way, the predictive values

Leaps in the essentialistic gold-standard
reasoning
Which is the caries gold standard?

In the preceding, we have shown that the truth about caries
is elusive. It is not surprising, therefore, that a wealth of
different methods has been proposed and used for estab-
lishing the caries gold standard [58, 64, 134]. The variation
is so great in the gold-standard reference methods that the
test method investigated in one study maybe serving as the
reference gold-standard method in other studies [58, 60].
Not only may so many gold standards lead to circular
reasoning, there is also a considerable danger that new ref-
erence methods are adopted merely on the grounds of
showing no statistically significant difference from older
ones. Since a new test method can never be observed to
perform better than the reference (gold-standard) method
used for comparison [134], there is a real danger that the
confused use of the gold-standard methodology may make
new tests seem worse methods even when they are actually
better methods [47].
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rarely in both [126]. When the sensitivity approaches 1 the
test is good at detecting disease when it is present, whereas
when the specificity approaches 1 the test is good in detect-
ing health. However, great care must be exercised when
interpreting the absolute values of sensitivity and speci-
ficity, as the example provided in Table 10.3 shows. The
data shown originate in an in vivo study [61] of three com-
monly used diagnostic methods for cavity detection in
approximal surfaces: the conventional visual-tactile
clinical examination, bitewing radiography, and FOTI.
Neither FOTI nor bitewing radiography allow for
immediate detection of cavities, and the FOTI and bite-
wing radiographic observations need interpretation. With
FOTI a shadow extending into dentin was interpreted as
evidence of cavitation, and with bitewing radiography a
radiolucency extending into dentin was assumed to indi-
cate cavitation. The true cavitation status of the surfaces
was subsequently established by a direct visual inspection
of the surfaces following a 3-day tooth separation using
orthodontic rubber rings or separation springs.

The visual clinical method was observed to produce the
lowest total number of diagnostic errors (5.3% of all diag-
noses), closely followed by FOTI (5.9%), whereas bitewing
radiography nearly doubled the total number of errors (9.2%).

The direction of the errors differed: whereas the errors
made in the visual-tactile clinical examination and with
FOTI were biased towards overlooking carious cavities
(65% and 97% respectively of the 60 cavities were over-
looked), bitewing radiography produced an overweight of
false-positive cavity diagnoses (65% of the 108 positive
diagnoses were false) (Table 10.3). This occurred despite
bitewing radiography having the highest Youden index
value (0.556 for bitewing radiography versus 0.327 for the
visual-tactile clinical examination and 0.040 for FOTI), the
highest sensitivity (0.631 versus 0.342 and 0.041), and an
apparently only slightly lower specificity (0.925) compared
with the visual-tactile clinical examination (0.985) and
FOTI (0.999). However, it is precisely the combination of
the slightly lower specificity and the high occurrence of
noncavitated surfaces (i.e., the low caries prevalence) that

obtained will attain a similarly limited transferability to free-

living populations and, therefore, are likely to be of modest
relevance for clinical caries diagnostic decision-making.

Problems in interpreting sensitivity
and specificity
As indicated above, the ideal caries diagnostic test has sensi-
tivity and specificity values of 1, predictive values of 1, and an

area under the ROC curve of 1. However, in real life these
parameters never reach 1, and some trade-offs must be made.
One rule devised for the evaluation of the appropriateness of
a diagnostic test from sensitivity and specificity estimates is

based on Youdens index [136]. The index value is the
maximal value of the sum of the accuracy parameters minus

one ( i.e., max[sensitivity + specificity-1]), over all possible
cut-points (threshold values; see p.180) if applicable. Youdens
index ranges between 0 (indicating a limited correctness of
the test) and 1 (indicating a high degree of correctness of the
test) [117]. The Youden index values required for a test

being considered useful are typically above 0.6, and no
caries diagnostic test has consistently been shown to fulfill
this requirement, as evidenced by the extensive reviews of
caries diagnostic methods by Bader et al [12, 13].

In Youdens index the same weight is attached to the sen-
sitivity and specificity of the test, meaning that the conse-
quences of making a false-positive diagnosis are considered
equivalent to the consequences of a false-negative diag-

nosis. That, however, is not a valid assumption. There is a

world of difference between the long-term consequences of
erroneously inserting a restoration and those of overlook-
ing a caries lesion. This difference becomes even greater in

regular dental attendees in low-caries populations, in whom
an overlooked lesion is likely to be found on the next

appointment, before having progressed to an extent that
would alter the treatment options.

Caries lesion: ruled in or ruled out?

Diagnostic tests are expected to help us achieve the dual
aim of ruling in and ruling out disease. However, diag-

nostic tests are usually good in only one or the other, but

Table 10.3 Number of errors resulting from the application of three caries diagnostic methods used to detect cavitated lesions.

Caries diagnostic method

RadiographicVisual-tactileN FOTI

The 'truth' C NC C NC C NC

Cavitation (C)
No cavitation (NC)
Total N
Predictive values

3821 39 2 58 2260
939 70 870940 14 926 1

108997 8921000 35 965 3
0.94 0.35 0.980.60 0.96 0.67

The methods include visual-tactile clinical examination (sensitivity 0.342, specificity 0.985), FOTI (sensitivity 0.041, specificity
0.999), and bitewing radiography (sensitivity 0.631, specificity 0.925). A true cavity prevalence of 6% is assumed.
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results in bitewing radiography producing substantially
more false-positive diagnoses than the visual-tactile clinical
examination.

The predictive values shown in Table 10.3 indicate that
cavitation is best ruled out by bitewing radiography
( PV-= 0.98 ), whereas cavitation is best ruled in by the
visual-tactile clinical examination ( PV+ = 0.60 ). (FOTI
appeared to have a slightly higher predictive value positive
than the clinical examination, but a calculation based on
only three positive diagnoses is quite unreliable.) In other
words, if these results were universally applicable, they would
indicate that we should trust the positive visual-tactile
clinical findings and trust the negative bitewing findings.

Problems interpreting receiver operating
characteristic curves

AUC values have often been used to compare caries diag-
nostic test methods [40, 53, 62, 95], typically by testing the
null hypothesis that the AUC values for two alternative
methods do not differ statistically significantly. Rarely do
these studies discuss the fundamentally important distinc-
tion between clinical and statistical significance, just as the
observation of no statistically significant difference bet-
ween two methods often (mis-)leads researchers to con-
clude equality of the methods. This is very problematic
owing to the lack of agreement about the most appropriate
caries gold standard, leading to the aforementioned confu-

sion of diagnostic test methods with gold-standard refer-
ence methods.

ROC curves are interpreted as global measures of diag-
nostic test performance because they produce a single sum-

mary, the curve or the AUC, which condenses several
alternative options for the diagnostic threshold (cut-point)
used to declare caries presence or absence into a single
number. This means that the ROC curves and their areas do
not have immediate applicability for the clinical diagnostic
situation. In the clinical situation, we cannot act on an ROC
curve or an AUC value; we need to select our diagnostic
threshold level by selecting only one point among the many
points that define the ROC curve. This is perhaps best
understood considering Fig. 10.4, which shows the ROC
curve for a hypothetical caries diagnostic test with nine
possible threshold values. Let us assume that these are:
lesion <u4 into enamel, >J4 into enamel, >14 into enamel,
> 34 into enamel, into dentin but < 14, >14 into dentin, >14
into dentin, > 3

/4 into dentin, or reaching pulp. If we choose
the diagnostic threshold level at point A = >14 into enamel,
we will find more caries lesions than if we choose a more
restrictive threshold level for a positive diagnosis, say at
point B = >14 into dentin. If we choose threshold A, we will
diagnose caries with a high sensitivity (0.95), but a low
specificity (0.20); and if we select threshold B, we will diag-
nose caries with a somewhat lower sensitivity (0.85), but a
higher specificity (0.70). Thereby, we are back to the

situation described above on the interpretation of sensitivity
and specificity estimates. For the purpose of selecting our
diagnostic threshold we thus have to make a trade-off bet-

ween sensitivity and specificity. This is a decision whether
we are happier with false-positive diagnoses (i.e., overag-
gressive lesion diagnosis) or with false-negative diagnoses
(i.e., overlooking lesions), and this decision cannot be made
merely on the basis of the ROC curve or the AUC estimate.

Caries diagnostic correctness: a blind alley
Dentistry is a craft that has grown from its cottage industry
roots into attempting to embrace a professional and
scientific evidence-based approach to the activities under-

taken. Seen in this light, the evaluations carried out of the
correctness of our caries diagnostic methods based on the
essentialistic gold-standard reasoning must be compli-

mented. However, as shown above, the essentialistic
thinking leads to failure when the ‘truth’-defining charac-
teristics are found in naturally occurring physiological
processes, such as those determined by microbial activity in
biofilms located on tooth surfaces. Biological systems and
processes tend to involve a multitude of self-regulating
mechanisms. This influences diagnosis because a poten-

tially deleterious sequence of events in a biological system is
often naturally countered by a subsequent beneficial
sequence of events, and therefore requires neither diagnosis
nor intervention. Just think of the countless errors’ that
occur during the innumerable daily cell divisions necessary
for maintaining human organ function. These are taken
care of by naturally occurring clean-up mechanisms. This
self-regulation means that diagnostic research will increas-
ingly come to recognize that trying to identify the ‘first step’

in a potentially deleterious sequence of events may amount
to entering a blind alley. Rather, researchers and clinicians
alike should be concerned with the identification of clini-
cally relevant points of no return.’ These may be defined as
points that, if they are surpassed, tangibly alter the prog-
nosis for the patient, or substantially alter the treatments
options towards the worse.

Diagnostic test evaluation in the
nominalistic caries paradigm
So far, we have shown that there is no easy or objective’ way
to decide whether a caries diagnosis is correct or not. The
key to appropriate caries diagnosis is not found in a gold-
standard reference method, but in the outcomes of our car-
ies diagnostic activities. The best caries diagnostic method
is the one that results in the best long-term dental health
outcome for the tooth and the patient. It follows that the
more relevant approach to caries diagnostic test evaluation
uses the randomized, controlled clinical trial (RCCT) study
design to determine whether a new caries diagnostic
method results in better long-term health outcomes than
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examinations. In the dental diagnostic research literature, it

is commonplace to describe the agreement between exami-

nations, or between examiners, using the percentage
agreement. Table 10.4 shows that this was high, amounting
to 99% of all diagnoses made. However, owing to the fact
that some of the agreement may have been obtained by
chance, it is also customary to account for this by calcu-
lating the chance-corrected agreement in the form of
Cohens K [25]. In the example provided in Table 10.4, K was
0.82, indicating an agreement that was 82% of the maximum

obtainable chance-corrected one.

Is this good or bad agreement? The dental research
literature commonly answers this question by referring the
K value to one of the normative scales published for
the interpretation of K values [23, 79]. Depending on the
choice of reference scale, a K value of 0.82 would justify
descriptors such as ‘very good,’ ‘excellent,’ or ‘almost per-
fect.’ Unfortunately, such descriptors often lead dental
researchers to completely ignore the existence of
measurement errors, and this is a fundamental flaw in

much dental diagnostic reasoning. Table 10.4 shows that a

total of 104 teeth received a cavity diagnosis at one or the
other examination. Only 73 (70%) of these were from the
same teeth, and from a clinician’s point one may indeed
wonder whether confirmation of only 70% of the cavities is

suggestive of the near-perfect reproducibility of the caries

diagnostic method. In real life, the dentist would probably
restore all 90 cavities observed at the first examination, even

though 17 of these would not have been confirmed, had a
second examination taken place. The reproducibility data
of Table 10.4 suggest, moreover, that examination of the
children again (e.g., after a recall period of 6 months),

might result in an additional 14 cavities being detected and
restored. Undoubtedly, most dentists would perceive the
additional cavities observed at the second visit as resulting
from caries progression, just as they would never realize the
probable overtreatment of the 17 unconfirmed cavities that
they restored following the first examination (Table 10.4).

The example highlights that diagnostic decisions are
made under uncertainty, and that the repetition of less-than-
perfect diagnostic methods leads to an accumulation of

the traditional method does. The use of the RCCT design
allows evaluation of the professionally determined dental
health outcome and may also include evaluation of patient
preferences and cost aspects. However, no such RCCTs have

yet been carried out, and we must therefore make do with a
different approach.

The approach taken is a clarification and elucidation of
the key salient factors involved in the making of caries

scripts [10]. As pointed out earlier in this chapter, a number
of factors determine the nature and content of the ‘this-
clinical-picture-needs-this-intervention’-like caries scripts
used by dentists for caries management purposes.

Long-term health outcomes: the management
options?

As previously pointed out, the caries management options
are crucial in determining what should be diagnosed.
Cavitated caries lesions usually need restorations because it

is very difficult to keep such lesions under sufficient plaque
control to prevent further progress of the lesion. Cavities
located in easily accessible buccal surfaces, and occasionally
occlusal surfaces, could be exempted from this general rule,

as it is possible to keep such cavities fairly plaque free and
thus arrest further progression [99]. However, aesthetic
considerations may prevent the patient from accepting this
management option, as arrested caries lesions tend to be
dark and aesthetically displeasing. Noncavitated lesions
may be classified as either inactive/arrested lesions or as
active/ongoing lesions (Chapter 11). Obviously, an inactive

noncavitated caries lesion needs no intervention unless
the patient expresses aesthetic concerns. The management
options for the active noncavitated caries lesion are nonop-
erative and include plaque control, use of topical fluorides,

and dietary intervention (see Chapter 17).
It follows that the information sought when performing

clinical caries diagnostic examinations concerns lesion cav-

itation and lesion activity, as these features are decisive for
the best management options and, therefore, the best long-
term health outcome.

Inter- and intra-examiner errors in
caries diagnosis

Any caries diagnostic test method is error prone owing to

less than perfect intra- and inter-examiner reproducibility
[61, 87, 100]. Dentists are neither able to reproduce com-
pletely their own caries recordings nor those of a fellow
dentist. A real-life example of this is shown in Table 10.4
[100]. A dentist was asked to repeat on different days the
clinical caries examinations made in 50 children. During
the first examination, the dentist observed 90 cavities in the
5510 tooth surfaces examined. During the second examina-
tion, a similar number (87) of cavities were observed, indi-

cating a difference of ‘only’ three cavities between the two

Table 10.4 Example of data-table arising when assessing the intra-examiner

reliability of caries diagnoses made at the cavity level.

Second examination

CavityNo cavity

First examination No cavity
Cavity

5406 14 5420
17 73 90

87 55105423

% agreement =5479 x 100/5510=99.4%.
K = { P+-P.,m- /Lp) = 0.82.
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diagnostic errors. As the error-free diagnostic method does
not exist, we should acknowledge this uncertainty and inte-
grate it into our clinical script inventory. Routine dental
screening examinations (check-up visits) involve the regular
repetition of less-than-perfect diagnostic methods in asymp-
tomatic patients, and this clearly calls for a consideration of
the intra-examiner agreement for our diagnostic methods.
The inter-examiner agreement in dental diagnosis is typi-
cally lower than the intra-examiner agreement [61, 87, 100],
and these findings imply that it can indeed be risky to
undergo routine dental examinations too often, just as they
illustrate the additional risk of diagnostic errors from chang-
ing dentist. As many dentists continue to consider restor-
ative treatment the treatment of caries [39], these diagnostic
errors only add to the risk of entering the patient into the
cycle of re-restorations [34-38], termed ‘iatrogenesis’ [37].

A famous tonsillectomy example published more than 70
years ago [2, 17], and later confirmed for other treatments
[5], may be used to illustrate the potential problem involved.
The tonsillectomy study was based on a screening of 1000
11-year-old children for the need for tonsillectomy.
Children, who were deemed negative on the first physical
examination, were reexamined by another physician and
this scheme continued for three rounds. The study clearly
demonstrated that undergoing more screening examina-

tions will cause more ‘disease’ to be found, and the absurd
end result was that only 65 of 1000 children would still
remain untreated after three routine screening examina-

tions. Although this example is extreme, it is nevertheless
worth keeping in mind, considering that the dental profes-
sions encourage the populations served to adopt dental
attendance patterns involving routine screening examina-

tions, typically every 6-12 months [94, 98].

The key question to answer is this: What will happen if
I make a diagnostic mistake? The false-positive diagnosis of
a cavity where no cavity exists may needlessly enter the
tooth into the vicious cycle of re-restoration [20, 39].
Restorations have a limited survival in relation to the
human life span [20, 105, 107, 112, 131], and they tend to
grow bigger for each replacement [20, 39]. Each replacement
carries with it a risk of adverse effects on the pulp, a consid-
erable risk of iatrogenic damage to neighboring teeth [81,
85, 91, 106], and economic costs to the patient.

The consequences of a false-negative diagnosis of a cavity
(i.e., overlooking a carious cavity) depend on a number of
factors. If the patient in question is at a high risk of rapid
caries progression and only attends the dentist in case of
symptoms, there is a real risk that an overlooked carious
cavity may progress to pulp involvement and serious dental
hard tissue breakdown, causing pain and endangering tooth
survival, before a dentist has had a chance to detect it.
However, evidence suggests that this risk may often be
exaggerated. Studies show that the risk of a primary tooth
being extracted [97, 122], developing pain [96], or becoming
extracted due to pain [96, 123] is not influenced whether
the tooth is restored or not. While these results may in part
be explained by difficulties in making adequate restorations
in children [112], they also serve to challenge a widely held
treatment philosophy.

If, on the other hand, the patient in whom we have over-
looked a carious cavity is characterized by slow caries pro-
gression, and attends the dentist fairly regularly, it is likely
that the overlooked cavity will be detected at a later dental
visit before any serious additional tissue destruction has
occurred. If such is the case, the health outcome conse-

quences of having overlooked the lesion may be limited.
The false-positive diagnosis of an active noncavitated

caries lesion will not result in operative treatment but in
nonoperative intervention, including plaque control, top-
ical fluorides, and dietary intervention. While this repre-

sents a cost for the patient, it does not result in a deleterious
health outcome.

The consequences of overlooking an active noncavitated
caries lesion (a false-negative diagnosis) depend on several
factors. If the patient is caries active and an irregular dental
attendee then there is a risk that the lesion may progress to
the cavitation stage before it is detected. Thereby, the
consequence could be unnecessary entry into the cycle of re-

restoration as detailed above. If, however, the patient shows
low risk/slow caries progression and/or is a regular attendee
it is probable that the caries lesion will be detected at a later
visit before having progressed to the cavitation stage.

The major sections of the populations living in high-

income countries are characterized by continued declines
in the prevalence and severity of caries lesions, indicating a
continued lowering of the caries progression rates
(Chapter 4). The answers to the key questions discussed

How do we deal with the unavoidable
diagnostic uncertainty?

First, it is necessary to realize that it is only human to err.
Perfection is simply not compatible with human observation.
As a dental profession, we should clearly strive to reduce
diagnostic errors as much as possible, and we can undoubt-

edly achieve much more in this respect. Regular calibration
exercises might reduce differences between dental clinicians,

and make them see more eye to eye on different clinical pre-
sentations. However, no one has ever been able to demon-

strate that diagnostic errors can be eradicated by means of
intense calibration. The data presented on intra-examiner
reproducibility in caries diagnosis testify to this, as no
examiner has been reported to consistently be able to avoid
diagnostic errors in caries diagnosis. The bottom line is that
we should accommodate the fact that we cannot completely
eradicate diagnostic errors in caries diagnosis, whereby the
diagnostic errors become inevitable facts that we need to take
into account when we make clinical decisions.
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one of the diagnostic tests is positive, will result in an
increase in the total number of errors from 53 (visual-
tactile examination alone) to 97 (both methods combined).
More cavities are correctly detected, but this occurs at the
expense of an increase in the number of false-positive diag-

noses from 14 to 83! Therefore, adding diagnostic test
methods also means adding diagnostic errors [16].

The potential magnitude and seriousness of this problem
has also been highlighted in a study of the variation among
dentists in radiographic caries diagnoses [41]. The study
indicated that dentists generally produce many false-

positive diagnoses of dentin caries when examining approx-

imal or occlusal surfaces that are either sound or with caries
confined to the enamel, as are indeed most surfaces. Overall,
21% of the diagnoses made were false-positive diagnoses
and more than 70% of the dentists had at least three false-

positive diagnoses of 16 possible.

In the land of the blind the one-eyed is king

It is a serious limitation of the additional diagnostic yield
argument that the actual yield observed depends on the
diagnostic criteria used with the diagnostic methods being
added. The additional yield of bitewing radiography is

really only apparent when the clinical criteria have been
restricted to recording cavitated lesions only [16] . When
the clinical caries examination also comprises recording of
the noncavitated stages of lesion formation, the added value
of bitewing radiography is no longer obvious [16, 87, 88]. In
fact, these studies indicate that in such circumstances the
clinical caries examination will result in the detection of
many more lesions than will the bitewing radiographic
examination, indicating that the clinical examination is

superior in detecting the early caries lesions [87, 88] that
can be controlled by nonoperative means (Chapter 11).

Different diagnostic methods tell different stories

When considering whether to add another caries diagnostic
method to the basic clinical visual-tactile examination one
must account for the fact that the different diagnostic
methods portray rather different aspects of caries lesions.

Depending on the specifics of the diagnostic criteria used,

the visual-tactile clinical examination focuses primarily on

surface characteristics (Chapter 11) and to a lesser extent on
lesion size/depth. Conversely, the bitewing radiographic
observations primarily reflect the depth of penetration of
demineralization into the dental hard tissues, and the more
advanced methods reflect yet other physico-chemical
aspects of caries lesions (Chapter 12).

Adding observations, therefore, is no simple matter and
involves a number of assumptions about the criteria to use
that best portray the same underlying dimension or the fea-
ture sought. Returning to the example given in Table 10.3,

the bitewing radiographic diagnostic criterion used to indi-

cate cavitation was a radiolucency extending at least into

above imply that in such circumstances dentists should
adopt very stringent caries diagnostic criteria and allow all
diagnostic doubts to benefit the tooth by choosing the non-

operative options over the irreversible operative options. In

populations living in high-caries countries characterized by
increasing caries incidence, dental clinicians should exercise

diligence and meticulousness in the detection of signs of
noncavitated stages of caries lesion formation, in order to

postpone the entry to the vicious cycle of re-restorations for
as long as possible. In such high-caries populations, the
benefit of the doubt concerning the presence or absence of
noncavitated lesions should be biased towards providing
nonoperative caries treatment. In other words, the possible
cost of unnecessarily carrying out such nonoperative treat-
ments should not preclude their routine use if noncavitated
lesions are suspected. Having said so, it is also clear that
classical chair-side dentistry stands little chance of exerting
influence over the caries situation in populations where car-
ies is increasing, and that population strategies must be
implemented to bring about effective control of the caries

situation.

The additional diagnostic yield argument

As previously mentioned, bitewing radiography was intro-
duced as an adjunct to the visual-clinical caries examina-

tion based on the argument that bitewing radiography leads
to detection of lesions that would otherwise remain unde-
tected. This additional diagnostic yield argument is effec-
tively a sensitivity enhancement argument, though this
does not imply that we adhere to the gold-standard tradi-
tion. The additional yield argument is still frequently
invoked in the caries diagnostic literature, although the
focus has moved away from the detection of cavities towards
the detection of earlier stages of caries lesion formation [57,

59, 75], and so called ‘hidden’ caries in occlusal surfaces
[128, 129].

Indeed, most studies comparing the diagnostic yield of a
clinical and a radiographic caries examination conclude
that substantially more lesions are detected in approximal
surfaces [30, 63, 75, 82, 102] and occlusal surfaces [27, 48,

103, 127] using bitewing radiographs than by clinical exam-
ination alone. This explains the common recommendation
to use bitewing radiography as an adjunct to the clinical
examination. It is implicit in the additional diagnostic yield
argument that a positive diagnosis has been reached when
at least one of the diagnostic test methods used is positive.
However, while this decision rule increases the sensitivity of
the combined diagnostic test, it also diminishes the speci-
ficity, and this is likely to have the unintentional consequence
of actually increasing the total number of diagnostic errors
[16]. Using the data in Table 10.3, it can be shown that add-

ing bitewing radiography to the visual-tactile examination,

and considering a positive diagnosis reached when at least
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tion longevity [20, 105, 107, 112, 131] (Chapter 21). While
we have to accept these adverse effects when the restoration
is necessary, they are intolerable wherever they could have
been avoided.

Concluding remarks
In this chapter we have shown that two different lines of
thinking exist in caries diagnostic reasoning. The essential-
istic view pursues a search for the caries ‘truth,’ while the
nominalistic view is more concerned with making diag-

noses that reflect the best caries management options. Until
now, the former has dominated caries diagnostic research
and caries diagnostic test evaluation, although the changing
caries concepts have rendered this gold-standard paradigm
increasingly inadequate. According to the nominalistic
view, the crux of caries diagnosis is to categorize caries
lesions to reflect the best management options, which in
turn necessitates a profound understanding of the caries
causal processes and how they may be interfered with.

We have shown that the central role of the clinical
inspection and the bitewing radiographic examination for
caries diagnosis does not originate in formal diagnostic test
evaluations, but is deeply rooted in the history of dentistry.
Bitewing radiography was introduced as an adjunct to the
clinical caries examination more than 80 years ago using
the additional diagnostic yield argument. However, an
additional diagnostic yield of bitewing radiography is dis-
cernible only when the clinical examination is limited to
cavity diagnosis. The additional benefit of bitewing radiog-

raphy may indeed be questioned when the clinical exami-

nation encompasses the noncavitated stages of caries lesion
formation. We have pointed out that the visual-tactile
clinical examination and the bitewing radiographic exami-
nation capture different features of caries lesions, and that
the features most relevant for the selection of the best
management options are those reflected in the visual-tactile
caries examination.

Based on these considerations we suggest that good car-
ies diagnostic practice involves the following elements:

• Selection of a visual-tactile diagnostic method that links
directly to the management options for caries: cavitated
versus noncavitated and active versus arrested are the fea-
tures that determine the management options, and hence
should be recorded.

• Full exhaustion of the visual-tactile diagnostic
method - that is, recording of noncavitated lesions is
a must.

• Careful consideration of the pros and cons of adding
other diagnostic test methods, such as bitewing radiog-
raphy, to the visual-tactile method.

• Continued attention to the possibility of diagnostic
errors, such that doubt always should bias toward less
invasive decisions.

Figure 10.5 Undemineralized section of lower first molar and second pre-
molar both showing caries lesions with complications in the pulpo-dentinal
complex. Only the first molar shows a cavity and the premolar might be
recorded as sound. Hanagawa Collection. Ciba University, Japan. Courtesy of
Professor T. Yanigazawa.

the outer third of the dentin [61]. Thereby, the assumption
has been made that all radiolucencies extending into the
outer third of the dentin represent cavitated caries lesions.
But is this a tenable assumption? The cover illustration of
this book (Fig. 10.5) shows that it is not. The scientific liter-
ature also leans towards a negative answer, as only two small
studies [93, 113] have been able to demonstrate clinical cav-

itation in all (100%) of the approximal radiographic lesions
extending into dentin. Most other studies indicate a high
frequency of cavitation (75-90%) [1, 28, 29, 92] or a sub-

stantially lower cavitation frequency (28-65%) [19, 84, 101,

110, 121] of radiographic dentin lesions (see also Table 12.1).
Therefore, if we uncritically use the observation of a radio-

graphic dentin lesion to overrule the clinical observation,
the risk may be substantial that an unnecessary restoration
is inserted. There are many adverse effects associated with
the insertion of a restoration, including iatrogenic damage
to neighboring teeth [81, 85, 91, 106] and limited restora-
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The history of visual-tactile caries examination goes
back to antiquity. However, the caries diagnostic criteria
used and the means and methods employed have changed
over time. Until about 90 years ago, when bitewing radiog-
raphy was introduced [60], clinical caries diagnosis relied
completely on a combined visual and tactile examination of
the teeth using a probe to search for caries lesions. This
practice still prevails, especially in countries where dentists
do not have easy access to dental radiography or other
‘advanced’ diagnostic methods. However, concurrent with
the spread of bitewing radiography, generations of dentists
seem to have lost reliance on the classical visual-tactile car-
ies examination. Many explanations may be offered for the
undermining of the visual-tactile examination by bitewing

Introduction

This chapter on visual-tactile caries diagnosis discusses the
very basics of clinical cariology. Dentists diagnose caries
every day of their practicing lives. Or do they? Consider for
a moment the description of caries in Chapter 2: ‘Caries is a
result of metabolic activities in the microbial deposits cov-

ering the tooth surface at any given site.’ Clearly, clinical
inspection of the teeth at the chair-side does not allow the
dentist to observe the caries process itself. What dentists
can do is to examine the consequences of microbial meta-

bolic activity when looking for signs of lesions that have
formed as a result of it. This is what caries diagnosis is
about: detection of signs and symptoms of caries.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Ny\ ad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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rather straightforward once the diagnosis is clear. If, for
unforeseen reasons, the patient does not respond to the
treatment, the physician may ultimately have to reconsider
and revise the diagnosis.

The dental perspective

The medical and the dental diagnostic universes differ in

important aspects [6]. Most of the patients seen in general
dental practice in high-income countries are asymptomatic
and come for routine check-ups in the belief that by doing
so they achieve better oral health outcomes. This implies a

screening examination for caries, periodontal diseases, and
other forms of oral pathology. The dentist should not over-
look oral disease/pathology in need of treatment, and, at the
same time, should avoid unjustified diagnoses leading to

overtreatment. Therefore, the main task for the dentist is

not to find out what disease the patient has, but whether the
patient has caries, periodontal disease, or other forms of
oral pathology, and, not least, whether the patient would
benefit from treatment. The logic behind this strategy is

that the course of these diseases may be changed for the
better if they are detected and treated before they reach a

stage at which they elicit symptoms or require more inva-
sive intervention. Therefore, in dental practice, diagnosis is

closely linked with the management options.

Caries scripts

When screening for oral pathology, the dentist does not use
the differential diagnostic approach described for the med-
ical situation. Dentists know that they are examining for a
relatively limited number of oral diseases (caries, periodonti-
tis, mucosal lesions). Moreover, the major oral diseases affect
different anatomical locations (e.g., the oral mucosa, the
periodontium, or the dental hard tissues), and these are
examined separately. Even though the number of dental
pathologies of differential diagnostic relevance is limited,

differential diagnostic reasoning is too difficult to repeat for
each tooth surface present in each patient. A caries examina-
tion of a patient with a full dentition of 32 teeth would thus
involve going through 148 differential diagnostic processes
(20 molars and premolars with five surfaces plus 12 incisors
and canines with four surfaces). Clearly, this does not hap-

pen. When dentists diagnose caries they use preconceived
caries scripts to identify particular clinical manifestations of
interest. All the differential diagnostic considerations that are
relevant for examination of the dental hard tissues, as well as
all the management considerations, are incorporated in these
caries scripts. Caries diagnostic reasoning predominantly
consists of a ‘this-clinical-manifestation-needs-this-kind-of-
treatmenf classification of the tooth surfaces [4] . However, as
we shall see in this chapter, the clinical manifestations looked
for, and the caries scripts used, have varied over time, as a

function of changing knowledge about the caries processes
and the management options available.

radiography, including the general fascination with tech-

nology and the strive for documentation. However, the risk
of underdiagnosis [60] (Chapter 10) is probably the main

reason why most cariology courses continue to stress the

importance of repeated bitewing examinations. This concept
is still haunting the profession, in spite of a considerably
lower rate of lesion progression in many populations today.

As a consequence, in some parts of the world it is now con-
sidered inappropriate to screen a patient for caries without at

the same time performing a radiographic examination [14].
There are several reasons why this belief and the resulting
clinical practice is very unfortunate, and this chapter will
demonstrate that the large majority of initial caries lesions
are much better diagnosed by visual-tactile methods only,

even in difficult-to-reach areas such as approximal surfaces.
However, to do this, dentists must acquire the necessary
knowledge and skills.

The aim of this chapter is to discuss the theoretical
foundation and the practical implementation of the visual-
tactile caries examination, and to show that it is the only
clinical method that provides the information necessary for
the choice of appropriate treatment.

The diagnostic process

In dentistry, we have often turned to medicine when search-
ing for clarification of concepts and methods, and caries

diagnosis is no exception. In medicine, diagnosis is defined
as ‘the art or act of identifying a disease from its signs and

symptoms’ [49].

The medical perspective on diagnosis

Medical diagnostic reasoning is thought to be a complex
process that involves elements of simple pattern recogni-

tion (pathognomonic signs and symptoms); considerations
about the probability of various differential diagnostic
alternatives, and the generation of hypotheses about the
underlying disease, followed by diagnostic tests, the results
of which may be used to disprove the hypothesis in favor of
an alternative diagnosis (hypothetico-deductive thinking)

[68]. Basically, a patient presents with a complaint (symptom);

for example, abdominal pain. The clinician makes a mental
list of the diseases most likely to cause the symptom (a list
of tentative diagnoses). Using the most probable tentative

diagnosis as a starting point, a deductive process is begun
that involves taking a patient history, performing a physical
examination, and prescribing diagnostic tests to obtain
information that will allow the clinician either to confirm
of refute this tentative diagnosis. This process of pattern
recognition and testing of alternative hypotheses con-
cerning the diagnosis is continued until a final diagnosis is

reached, which is consistent with the results of the various

tests carried out. When the diagnosis has been established,

the treatment selection process begins. This is usually
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Why do we diagnose caries?

The medical literature on diagnosis cites at least five reasons
why diagnosis is important [37]. These include:

• detecting and excluding disease;

• assessing prognosis;

• contributing to the decision-making process with regard
to further diagnostic and therapeutic management;

• informing the patient;

• monitoring the clinical course of the disease.

As discussed before, this list applies well to the medical
situation owing to the medical focus on differential diag-
nosis. However, the situation is different in dentistry, and
tends to be the opposite. In caries diagnosis, we know what
disease we are looking for, namely the signs and symptoms
that we attribute to dental caries. We do not perform
classical differential diagnosis in the medical sense, but we
seek to differentiate between caries-free and caries-
affected’ tooth surfaces, just as we try to classify lesions into
categories. When selecting a lesion classification we should
always acknowledge that caries examinations are carried
out in order to influence the patients oral health outcome
for the better. A lesion classification must, therefore, reflect
the best caries management options available. When caries
management options change as a function of new evidence,
lesion classifications should change accordingly in order
to ensure that we achieve the best possible health benefits
for our patients.

has been destroyed, leaving only a relic root (the word
caries’ originates in Latin and means rot’). Hence, our
classification of caries should reflect the best management
options for the different stages of lesions.

Cavitated caries lesions
A distinctive stage in the caries process is the stage of cavity
formation. When a carious cavity has formed it is much
more difficult to control the biofilm by oral hygiene proce-

dures. Therefore, the treatment of choice for such cavitated
lesions usually involves operative intervention in the form
of restorations (see Chapter 19). This intervention will not
manage the causes of caries, but restoring the tooth makes it
easier to perform proper oral hygiene. An exception to this
rule is the cavitated lesion with a hard floor (inactive lesion)
for which the patient has already learned to master proper
biofilm control (Chapter 13). Such lesions may only need to
be restored for functional or cosmetic reasons.

Noncavitated and microcavitated caries lesions
Noncavitated and microcavitated lesions can be managed by
nonoperative means (Chapters 13-18). Like clinically sound
surfaces, all noncavitated lesions should as a minimum be
subjected to basic prevention, such as daily tooth brushing
with fluoride toothpaste. This regimen is a simple but highly
effective method of nonoperative caries control when per-
formed properly (Chapters 13 and 14). However, depending
on the activity state of the lesions and the risk factors of the
patient, some noncavitated lesions may need professional
nonoperative treatments (Chapter 17).

Diagnosis from a dental caries perspective
On the basis of this discussion we can now revise the list of
reasons for diagnosis provided by Knottnerus and van Weel
[37] to suit caries diagnosis. We diagnose, or perhaps more
correctly classify, caries lesions in order to be able to:

• achieve the best health outcome for the patient by select-
ing the best management option for each lesion type;

• inform the patient;
• monitor the clinical course of the disease.

Active lesions
Active noncavitated lesions always require professional non-
operative management because such lesions are otherwise
likely to progress [54] (Fig. 11.1). By means of professionally
applied treatment, progressive (active) noncavitated caries
lesions with or without microcavity formation may be
turned into arrested (inactive) noncavitated caries lesions.
Lesion-specific instruction in improved oral hygiene pro-
cedures is a must, since the most effective management for
an active noncavitated caries lesion involves daily removal
of the biofilm in conjunction with the use of fluoride
toothpaste. Occasionally, the dentist may need to help the
patient in achieving this goal by performing regular
professional cleaning of the teeth. Topical fluoride appli-
cation is another professional management option that
may be applied in patients with several active noncavitated
lesions. Moreover, in some patients, caries control cannot
be obtained without instructions in proper diet. This
highlights the important fact that the general treatment
philosophy for active lesions advocated in the decision
tree in Fig. 11.1 ( active caries lesion needs professional
management’) should be tailored to the particular needs
of the patient (see Chapter 17).

Achieving the best health outcome for
the patient by classifying caries lesions
corresponding to the best management
options for each lesion type

It should now be clear that we cannot discuss the best diag-

nostic classification of caries lesions without due reference
to the management options available. As explained in detail
in Chapters 7 and 9, a caries lesion may occur when
the metabolic activity of bacteria in the biofilm shifts the
physiological equilibrium at the biofilm-tooth interface
towards a net mineral loss. If not interfered with, this min-
eral loss may continue until the entire crown of the tooth
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Figure 11.1 Decision-making tree for dental caries, including activity assessment as a key factor in the decision process.The flow diagram promotes the concept

that active lesions - cavitated and noncavitated as well as recurrent lesions - need professional management, whereas inactive lesions do not need treatment

besides self-performed toothbrushing with fluoride toothpaste. The flow diagram does not consider individual factors that may influence the modality or intensity

of the professional treatment. See text for further explanation. Modified after [52]. Reproduced with permission of John Wiley & Sons.

them of their crucial role for the control and management
of their caries lesions, this may lead to disappointment at

best or legal action at worst.

Longitudinal assessment of the caries process

Once it has been decided to intervene with an active caries

lesion the dentist should monitor the fate of the lesion over
time and record any changes in surface integrity and activity
status (see Chapter 17). An active lesion that converts into

an inactive lesion or regresses to a sound surface is consid-
ered a positive outcome. Active lesions that remain active

most often reflect a lack of compliance. In such cases, it

should be considered whether the chosen intervention is

suitable.

Longitudinal monitoring of caries is also relevant at

the population level. Health service planners organize
epidemiological studies for surveillance of the caries status
in selected populations. Such reports are used to identify
possible trends in the caries profile in given populations
over time in an attempt to allocate limited economic

resources in the most appropriate way.

Inactive lesions
By contrast, inactive/arrested lesions do not require
professional intervention (see Fig. 11.1). Indeed, such
professional intervention would be a waste of time and

money. It is important to note that inactive noncavitated
caries lesions may also be seen in patients who have never

received professional nonoperative interventions, as lesion
arrest could happen in response to tooth eruption and
salient changes in oral health behavior.

As will be shown later in this chapter, active and inactive

noncavitated caries lesions have clinically distinct features.
The ideal caries diagnostic method, therefore, is one that
allows a distinction between cavitated and noncavitated car-
ies lesions, as well as between active and inactive noncavi-
tated caries lesions. The visual-tactile clinical examination is

the only method so far available that can fulfill this purpose.

Informing the patient

The patient is central to the management of the carious pro-
cess. It is the patient who will control the process, not the
dental professional. The dentists’ role is to inform the

patient of the diagnosis and treatment options, and whether
any action is required.

Many patients still expect the dentist to ‘take care of their
mouths’ and think that caries control can be obtained by
merely visiting a dentist at regular intervals. If the dentist
does not share the diagnosis with the patients and inform

How early should caries lesions be detected?

The signs and symptoms of caries form a whole continuum

of changes, ranging from barely discernible at the ultrastruc-
tural level to overt cavities. This raises the question which
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(lower) threshold to use to distinguish between caries and
no caries. So far, this lower threshold has predominantly
been determined by the limits of detection of the traditional
diagnostic methods; that is, what we are able to detect based
on the visual-tactile examination or in bitewing radio-
graphs. The low prevalence of dental caries observed in
many countries today has prompted researchers to look for
more refined diagnostic tools that can detect carious lesions
even earlier (Chapter 12). This development has essentially
been driven by the belief that the earlier a lesion is detected,

the better the possibility for successful nonoperative inter-
vention. However, there are several reasons why this philos-

ophy of earlier detection may be questioned. First of
all, lowering of the diagnostic threshold does not merely
result in the detection of more small lesions, but also
in more false-positive diagnoses, because caries diagnosis,
like any other measurement process, is prone to error
(Chapter 10). One consequence of lowering the detection
threshold, therefore, could be more unnecessary nonoper-
ative treatment. Second, many subclinical lesions will arrest
or regress without active professional intervention as a result
of natural physiological processes in the biofilm [20]. Thus,

lowering the diagnostic threshold may not be cost-effective.
Finally, there is currently no advanced caries diagnostic
alternative to the visual-tactile clinical examination that
allows a distinction between active and inactive noncavi-

tated lesions. Use of advanced high-resolution diagnostic
methods will therefore add to the aforementioned problem
of unnecessary nonoperative treatment, primarily because
such methods cannot distinguish between active lesions in
need of treatment and inactive lesions for which treatment
has no effect.

Numerous studies have shown that clinically detectable
carious lesions can be arrested by nonoperative interven-

tions at any stage of lesion development when plaque con-

trol is adequate (see [52] for a review), particularly when
lesions are easily accessible to cleaning [2, 3, 51]. It thus
remains to be demonstrated that lowering the diagnostic
threshold by means of more refined caries diagnostic
methods will bring about a health benefit to the patients
that outweighs the additional costs incurred due to unnec-
essary treatments. Until such evidence has been presented,

we cannot recommend lowering of the diagnostic threshold
below that which can be obtained by the visual-tactile
examination for practical clinical purposes. However, this
does not preclude the use of more advanced methods for
research purposes (see Chapter 12).

visual-tactile classifications of carious lesions [28]. Each of
these classifications has been developed to serve specific
purposes by individual researchers, and it may therefore be
difficult for the clinician to critically appraise their useful-
ness. Some classifications focus specifically on the presence
of cavitated lesions, while others seek to include both cavi-
tated and noncavitated lesions. Some are mainly concerned
about estimation of lesion depth, while others classify
lesions according to the dental tissues involved.

In recent years a new dimension has been added to the
classical visual-tactile caries examination: the concept of
lesion activity assessment [53]. It has thus been shown
that, in addition to determining the surface integrity of a
lesion (cavitated or noncavitated), it is sensible to classify
lesions according to their activity state on the basis of
surface characteristics (active or inactive) [54]. These obser-
vations hold great promise for clinical cariology as such
simple recordings have prognostic value and may assist
in treatment planning as well as monitoring individual
lesions over time.

It is important to stress that there is no universal set of
diagnostic criteria or diagnostic threshold that can be
recommended for all purposes. It is up to the clinician/
researcher to choose the classification that is best suited for
the purpose. For some epidemiological surveys, where
reliability and comparability with previous surveys may be
key issues, a classification that records cavities only may
occasionally be advised. However, in clinical settings and
research it is now mandatory that both cavitated and non-

cavitated lesions are recorded [29, 57]. When a clinician/
researcher wants to monitor changes in the activity state of
lesions over time it is essential to apply a diagnostic method
that has proved its effectiveness for such purposes.

Caries diagnostic methods are frequently introduced
without much prior scientific evaluation. This is highly
unfortunate, as it may later turn out that a diagnostic tech-
nique cannot deliver what it promises. It is often stated that
the fundamental requirement for a good diagnostic method
is that it is valid and reliable. However, no predetermined
bounds have been agreed for the validity and reliability of
caries diagnostic tests. It is important, therefore, to have
some understanding of these concepts.

The concept of validity
A valid method results in measurements that measure what
they purport to measure [38]. For example, whenever we
clinically record a carious cavity in an approximal surface,
we want our clinical recordings to represent the true state of
the surface. In the case of approximal carious cavities we
could (theoretically!) establish the truth by extracting the
teeth and verifying the presence of cavities by means of
meticulous inspection in the laboratory. This is referred to
as the so-called gold-standard truth.’ If we did this
experiment, we might generate a 2 x 2 table as shown in

What are the best visual-tactile caries
diagnostic criteria?
As shown in Chapter 3, carious lesions come in many sizes
and shapes, surface features, and colors. This may explain
why the literature has described a large variety of visual or
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Table 11.1. Obviously, for the perfectly valid test, the test

results show a perfect match with the gold-standard truth.

However, only rarely have tests been described that are per-

fectly valid, and we are usually faced with a situation where we
have to consider the consequences of the errors made. In the
hypothetical example in Table 11.1 we made 15 true-positive
(TP) cavity diagnoses; that is, we found a cavity in 15 cases
where a cavity was indeed present. We made 10 false-negative
(FN) cavity diagnoses; that is, we overlooked 10 cavities.
Thereby, we can calculate the ability of our test to find cav-
ities as test sensitivity = TP/(TP + FN) = 15/(15 +10) = 0.60

(Table 11.1). We also made five false-positive diagnoses
(FP) and 170 true-negative (TN) diagnoses. These
numbers can be used to express the ability of the test
to exclude cavities where there are no cavities:

test specificity =TN/(TN + FP) =170 / (170 + 5) =0.97. App-

arently, in this case our clinical diagnostic test was better suited
to rule out cavities (specificity) than to rule them in (sensi-

tivity), but the trade-off also involves balancing the health
consequences of 10 overlooked cavities against five diagnoses
of nonexistent cavities (see Chapter 10).

The validity concept just described is a form of criterion
validity that is termed concurrent validity. This necessitates

a gold-standard reference of truth. However, as discussed in

much greater detail in Chapter 10, it is usually not possible
to identify a real reference of truth. An example that illus-

trates this is the diagnosis of active caries, as no gold stan-

dard exists for caries activity assessment. In such
circumstances, we must resort to a different form of crite-
rion validity, namely predictive validity. Predictive validity
makes use of the fact that a truly active lesion - if not inter-
fered with - will progress, whereas this will not happen if
the lesion is truly inactive. In other words, we predict a
higher probability of lesion progression for a caries lesion
judged to be active than for one judged to be inactive. This
approach was used by Nyvad et al. [54] to determine
whether certain diagnostic categories were better than
others in predicting particular outcomes (e.g., cavity
formation). This method of validity assessment is particu-
larly meaningful because it has direct clinical implications
for prognosis and treatment decisions [54] (see later this
chapter).

From the patient perspective, however, information
about criterion validity is relatively uninteresting. What
matters to the patient is not a precise judgment of the true

or predicted state of affairs but rather the prognosis of their
condition under different treatment alternatives [67].
Patients will only benefit from a diagnostic test if the
information generated by the test can be used to alter the
subsequent treatment decision in the direction of a better
health outcome [40]. The clinical relevance of a caries diag-
nostic method is therefore closely linked with its ability to

alter the treatment towards interventions that achieve better
long-term health outcomes (Chapter 10).

Table 11.1 The 2 x 2 table that might arise if we attempted to verify our

approximal cavity diagnoses in 200 consecutively examined first molars by
means of subsequent extraction and inspection of the teeth.

Gold standard (the truth)

Cavity No cavity

Result of clinical
examination (our test)

Cavity
No cavity

15 =TP
10= FN

205 = FP
170=TN 180

20025 175

TP, true-positive diagnoses:15; FP, false-positive diagnoses: 5;FN, false-negative
diagnoses: 10;TN, true-negative diagnoses: 170.

Sensitivity is the ability of test to detect cavity when cavity is truly present:
TP/(TP +FN) = 15/25 = 0.60.

Specificity is the ability of test to exclude cavity where there is truly no cavity:

TN/(TN+ FP) = 170/175 = 0.97.

The concept of reliability

A reliable diagnostic method is a method that can be used
by the same or by different examiners so that they obtain
identical results. The reliability of a diagnostic method can
easily be evaluated; for example, by repeat (but independent)

examinations of a number of patients carried out within a
time interval sufficiently short to ensure that no real change
in the disease situation has occurred. Examinations may be
repeated by a single examiner, in which case we talk about
intra-examiner reliability, or by different examiners (inter-
examiner reliability ). In the simplest scenario, where the
diagnostic method distinguishes between presence and
absence of disease (e.g., cavity or not), the results of such
repeat examinations can be presented in a 2 x 2 table
(Table 11.2). If we calculate the reliability as the observed
proportion of agreement, we see that it is high, amounting
to 0.99. However, the observed proportion of agreement
may be misinterpreted if it is not taken into account that
when most surfaces are cavity free there is a substantial risk
that some of the agreement reflects chance. The analogy is

that if a person who is completely ignorant of a subject takes
a multiple-choice test they will by chance check some
correct answers. For this reason, it has become customary
in dental diagnostic research to express the reliability in the
form of K, which is a chance-corrected measure of
agreement. The K value for the data shown in Table 11.2 is

0.74, showing that the agreement between the two exam-

iners was 74% of the maximum obtainable beyond chance
agreement. As discussed in Chapter 10, this K value is

usually interpreted in the caries diagnostic literature as

indicative of a high reliability. Unfortunately, neither the
observed nor the chance-corrected agreement K can be
used to judge whether the diagnostic test is good for clinical
practice. The two dentists, AA and BB (Table 11.2), have
diagnosed a similar number of cavities, 162 and 158 respec-

tively. While this may seem fine, it is indeed problematic
from a clinical perspective that the two dentists only agreed
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Table 11.2 The hypothetical 2 x 2 table that might arise if we evaluate the
inter-examiner reliability of cavity diagnoses in 6000 surfaces in 50 consecutively
examined patients.

18

16 -

14 -Examiner BB
u

45 12 -
i-D
|10 -

Cavity No cavity

Cavity
No cavity

Examiner AA 120 38 158
Q

42 5800 5842 8 -

E 6 -162 5838 6000

2
Observed proportion of agreement: (120 + 5800)/6000 = 0.99.
Chance-corrected proportion of agreement K = 0.74.

4 -

2 -

on 120 (60%) of the total of 200 cavities diagnosed by one
or the other dentist. The practical consequence of such
observations of less than perfect reliability should be
obvious if we assume that our patients first visited dentist
AA where the ‘necessary’ 158 restorations were made, and
then visited dentist BB only to have an additional 42 cavities
filled! With this level of reliability one might advise patients
not to change dentist, and in any case not to go too often,
as the intra-examiner reliability of caries diagnostic methods
is typically only marginally better than the inter-examiner
reliability. In Chapter 10 we expand the discussion on how
to act clinically in such circumstances.

o
Noncavitated level Noncavitated level
(Pitts & Fyffe, 1988) (Nyvad etal., 1999)

Cavity level
(WHO, 1997)

Noncavitated (active and inactive) Noncavitated (inactive)
Cavitated (active)
Extracted

Noncavitated (active)
Filled

Figure 11.2 The caries profile of 12-year-old Lithuanian children exemplified
by three different visual-tactile caries lesion classifications. Note differences in
the clinical outcome with regard to total number of lesions, cavitated and non-

cavitated lesions, and active and inactive lesions. Data from [43].

Recording of cavitated and noncavitated lesions
As discussed before, up-to-date caries recording in surveys
and in clinical studies requires that lesions be assessed at the
noncavitated level of diagnosis. Pitts and Fyffe [58] pre-
sented a classification in which noncavitated lesions were
included along with cavitated stages of caries. A plane
mouth mirror and a sickle probe were used by the exam-

iners, and the following diagnostic levels were applied:

• D
]

(enamel lesions, no cavity);
• D

2
(enamel lesions, cavity);

• D
3

(dentin lesions, cavity);
• D

4
(dentin lesions, cavity to the pulp).

A major advantage of including noncavitated lesions in
the classification is that it gives a more realistic picture of
the total caries experience in individuals or populations.
Caries recording including noncavitated diagnoses typi-
cally increases the diagnostic yield by more than 100%
compared with counting cavities only [1, 43, 46, 47, 58]
(Fig. 11.2). Trained examiners can reliably perform diagnosis
of noncavitated level lesions, and the diagnostic approach is
compatible with the philosophy of nonoperative caries con-

trol. However, the method does not inform about the activity
status of lesions.

Commonly used visual-tactile criteria
The following diagnostic classifications represent selected
examples of commonly applied strategies for visual-tactile
caries diagnosis. Note that the methods differ by their
clinical approach. Furthermore, the examples illustrate how
differences in the diagnostic criteria may influence the
clinical outcome in terms of the number of lesions detected
as well as the distribution of individual features of the
lesions, such as surface integrity (cavitated/noncavitated)
and activity state (active/inactive) (Fig. 11.2).

Recording of cavities only
The World Health Organization (WHO) recommends
that carious lesions be diagnosed at the level of cavitation
[66]. A community periodontal index (CPI) probe should
be used to verify the diagnosis when a lesion has an
unmistakable cavity, undermined enamel, or a detectably
softened floor or wall.’ This approach is still advocated
owing to the belief that it is not possible to obtain a reli-
able diagnosis of the noncavitated stages of caries [66].
Even so, several studies have shown that this assumption
does not hold when examiners are thoroughly trained and
calibrated; for example, [30, 46, 53, 58]. By focusing on
frank cavities only, the WHO approach to caries diagnosis
ignores the opportunity for nonoperative interventions
and, therefore, cannot be recommended in modern caries
management.

Lesion depth assessment

Ekstrand et al. [16] presented a visual ranked scoring system
for assessment of the depth of lesion penetration, including
noncavitated stages of caries. The authors performed visual
examination (without the use of a probe!) of cleaned
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According to the Nyvad criteria, all lesions - including
fillings - should be assigned to one of the following nine

diagnostic categories:

• active, noncavitated (score 1);

• active, noncavitated with microcavity (score 2);

• active, cavitated (score 3);

• inactive, noncavitated (score 4);

• inactive, noncavitated with microcavity (score 5);

• inactive, cavity (score 6);

• filling (score 7);

• filling with active caries (score 8);

• filling with inactive caries (score 9).

The typical active noncavitated enamel caries lesion is a

whitish/yellowish opacity with loss of luster, exhibiting a

chalky’ or ‘milky’ appearance. The surface feels rough when

the tip of a sharp probe is moved gently across the surface
(Fig. 11.3a and b). By contrast, inactive noncavitated enamel

caries lesions are generally shiny and feel smooth on gentle
probing (Fig. 11.3c and d). The color of an inactive lesion
may vary from whitish to brownish or black, but color is not

a reliable differential diagnostic characteristic distinguishing
active and inactive noncavitated lesions.

Some active lesions exhibit localized shallow surface
defects in an otherwise noncavitated enamel surface. Such

microcavities may arise as a result of wear and tear in the
oral cavity [2, 9] (Fig. 11.3e). Microcavities at the active

stage have sharp borders. When the local environment

changes (e.g., as a result of tooth eruption), the borders of
such shallow defects may become smooth. Hence, enamel

lesions with an overall smooth topography should be
recorded as inactive, in spite of the presence of a microcav-

ity (Fig. 11.3f ).
For cavitated lesions (total collapse of the enamel), the

diagnostic criteria mimic those applied for dentin/root car-
ies (see later), typically active lesions being yellowish, soft,
or leathery (Fig. 11.3g), while inactive lesions are shiny and
feel hard on easy probing (Fig. 11.3h). Inactive lesions often
take on a brownish or black color, but again color is not a

conclusive criterion for activity.

Lesion activity assessment can also be applied in the pri-

mary dentition [61]. Typical examples of Nyvad scores in

the primary dentition are shown in Fig. 11.4a-f.
The chalky opacity of an active enamel caries lesion

relates to two discrete phenomena. The opaque appearance
is explained by an increased internal porosity of the lesion
due to subsurface demineralization. The chalky look is

caused by dissolution of the intercrystalline enamel spaces
in the very surface zone of the lesion that occurs following a
period of net mineral loss (surface erosion). When the sur-
face is eroded, the enamel loses its shiny appearance due to

diffuse back scattering of light [64] (Fig. 11.5a). This is the
reason why an active enamel caries lesion may appear
whiter and more opaque than an inactive enamel lesion.

occlusal surfaces on extracted teeth and demonstrated that
distinct macroscopic changes on the occlusal surface were

related to the histological depth of the lesion [17] . The
authors used the following codes:

• no or slight change in enamel translucency after prolonged
air drying (5 s);

• opacity or discoloration hardly visible on the wet surfaces,

but distinctly visible after air drying;

• opacity or discoloration distinctly visible without air drying;

• localized enamel breakdown in opaque or discolored
enamel and/or grayish discoloration from the underlying
dentine;

• cavitation in opaque or discolored enamel exposing
dentine.

This diagnostic method is based on the well-known
phenomenon that noncavitated lesions may change their

optical properties depending on whether the lesion is exam-
ined in the wet or dry stage [63]. When a wet enamel lesion

is dried it becomes more opaque because of increased light
scattering in the porous tissue. This phenomenon also
explains why a lesion that is distinctly visible in the wet

stage penetrates deeper into the tissue than a lesion that can

only be seen when it is examined dry. A noncavitated lesion

that is only visible after thorough drying may have pene-
trated halfway into the enamel. However, when a noncavi-

tated lesion is visible on a wet tooth the demineralization
may extend into the outer dentin [17].

The International Caries Detection and Assessment

System (ICDAS) criteria is an example of a caries detection

method that is based on lesion depth assessment (http:/ /
www.icdas.org/what-is-icdas). Such criteria have been
found to be reliable [31] and valid for assessing lesion depth
using the gold-standard approach on extracted teeth [32].
However, in spite of the widespread propagation of ICDAS,

it has not yet been evaluated whether this particular method

of visual caries diagnosis is able to indicate the prognosis of
lesions. Moreover, the two-digit mode of recording is time

consuming and difficult to apply in clinical practice [12].

Lesion activity assessment: Nyvad criteria

Lesion activity assessment was introduced as a refined visual-

tactile method of caries detection to allow dentists to monitor

dynamic changes in lesion progression over time [53]. The

patho-biological rationale of the method is based on the
observation that the surface characteristics of the enamel and
dentin change in response to changes in the metabolic activity
of the biofilm covering the tooth surface (see for review, see
[64] ) (Chapter 5). Thus, rather than concentrating on a pre-

cise estimation of lesion depth, lesion activity assessment
focuses on the surface characteristics of lesions. Two discrete

features are addressed: activity, as reflected by the surface tex-

ture of the lesion, and integrity, as expressed by the absence of
a cavity or microcavity in the surface.
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If the surface of an active lesion is exposed to regular
mechanical disturbances by, for instance, toothbrushing,
then the lesion gradually assumes a smooth surface; how-

ever, depending on the depth of demineralization, the
internal porosity often persists (Fig. 11.5b). Therefore, in
most cases the inactive lesion is seen as a scar’ in the enamel
(see Chapter 5).

Such a refined scoring system necessitates clean and dry
teeth. Tacky bacterial deposits that are physically interrelated
with the eroded enamel surface [22] often cover the active
noncavitated lesions, and removal of this biofilm (using the
side of the probe or a brush) is an integral part of the diag-

nostic process. The probe should never be used to poke vigor-
ously into the tissues but rather serve as a highly refined tactile
tool. Rough and careless probing can force the probe through
the surface zone of the lesion and create a cavity. In fact, pok-

ing with the probe requires a firm grip, which precludes the
tactile approach used with the Nyvad criteria.

For some lesions it may be difficult to decide whether the
lesion should be scored as active or inactive, since lesions
often contain elements of both active and inactive sites.
However, from a treatment perspective, it is important not
to overlook an active lesion. Therefore, a lesion is scored as
active in all cases when any part of the lesion reveals the
classical signs of activity (dullness and roughness). When
adopting such decision rules, the Nyvad criteria have been
shown to be reliable when used under epidemiological con-
ditions by trained examiners in both the primary and
permanent dentitions [53, 61].

As discussed previously, lesion activity assessments
cannot be validated by the classical gold-standard approach
because there is no gold standard for caries activity.
However, it has been shown that activity assessments have
predictive validity for lesion activity when used in a clinical
trial of the effect of daily supervised brushing with fluoride
toothpaste [54]. It was thus demonstrated that active non-

cavitated lesions have a higher risk of progressing to a cavity
than inactive noncavitated lesions do, which, in turn, have a
higher risk of progressing to a cavity than sound surfaces
do. The important implications of these predictions are that
activity assessments have prognostic value and, therefore,
may help to guide the subsequent course of treatment (see
decision tree in Fig. 11.1).

For documentation and monitoring of clinical changes in
caries lesion activity, specific symbols have been devised for
the different lesion categories (Fig. 11.6). Active lesions are
indicated in the caries diagram by filled circles (noncavitated
without/with microcavity) and filled boxes (cavities), while
inactive lesions are marked by empty circles and boxes respec-

tively. Such symbols have been used successfully at the Dental
School in Aarhus for the past 20 years and were recently
implemented in a computerized patient record. Alternatively,
for epidemiological purposes, for example, each activity score
may be recorded by a single digit, as outlined on p. 198.

) £ Nyvad

Figure 11.3 Typical clinical manifestations of active and inactive caries
lesions according to [53 ]. Active noncavitated lesion on smooth surface (a)
and occlusal surface (b). (c, d) Inactive noncavitated lesion on smooth
surface (c) and occlusal surface (d). (e) Active noncavitated lesion with
microcavity on approximal surface, (f) Inactive noncavitated lesion with
microcavity on smooth surface. Active (g) and inactive (h) cavitated lesions.
See text for further explanation, (a), (b), and (d) from [53 ]. Reproduced
with permission of Karger Publishers.



200 Diagnosis

Figure 11.4 Typical clinical manifestations of active and inactive caries lesions in the primary dentition, (a) Active noncavitated lesion on buccal surface, (b) Active
noncavitated lesion with microcavity in occlusal surface, (c) Active cavitated lesion on approximal surface, (d) Inactive noncavitated lesion on occluso-lingual
surface, (e) Inactive noncavitated lesion with microcavity on occlusal surface, (f) Inactive cavity on lingual surface.

Figure 11.5 Polarized light microscopic images of noncavitated enamel caries lesion showing subsurface loss of mineral responsible for the opaque appearance
of the lesion in the clinic.The white contour at the surface layer of the lesion indicates the principal difference between a rough/dull active lesion (a) and a smooth/

shiny inactive lesion (b).

Root-surface caries

Fejerskov and coworkers introduced a classification for
diagnosing root-surface lesions that integrates activity
assessment and assessment of surface integrity [ 21]. The
criteria were developed on the basis of empirical observa-
tions of experimental nonoperative treatments of root-

surface caries [51] (see Chapter 13, Fig. 13.4a-d). Active
lesions were described as soft or leathery (Fig. 11.7a) and
were usually found at plaque retention sites next to the

% Active caries noncavitated

|Active caries cavitated

O Inactive caries noncavitated

Fd Inactive caries cavitated

Figure 11.6 Symbols for indicating lesion activity in the dental diagram. Active
lesions are marked by filled circles (noncavitated) and filled boxes (cavities),
whereas inactive lesions are marked by empty circles and boxes respectively.
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of caries (see p. 198). This approach automatically guides
the subsequent treatment (Fig. 11.1). Hence, noncavitated
active recurrent lesions that are amenable to plaque
removal should principally be managed by nonoperative
procedures (Fig. 11.8), while noncavitated inactive recur-
rent lesions need no further treatment apart from daily
toothbrushing (Fig. 11.9). By contrast, active lesions with
cavity formation (soft on probing!) that cannot be cleaned
properly should be repaired or replaced (Figs 11.10 and
11.11). Diagnosis of caries at the margins of a restoration
is sometimes difficult, but it is imperative to distinguish
recurrent lesions from ditching (Fig. 11.12) and minor
defects. Ditching and minor defects, including overhangs
(Figs 11.13, 11.4, and 11.15) maybe managed adequately
by refurbishing [50]. Repair and refurbishing saves dental
tissue and are reliable alternatives to complete replacement
of restorations [24]. Occasionally, dark shadows reflecting
an underlying amalgam filling (Fig. 11.8) or staining of
composite fillings due to residual amalgam (Fig. 11.16)
may confuse the diagnosis. Some dentists routinely replace
fillings that have staining and minor defects ( Figs 11.13,
11.14, 11.15, and 11.16) in the belief that such clinical
signs are indicative of microleakage that leads to caries.
However, recurrent caries does not develop as a result of
microleakage along the tooth-restoration interface [50].
Bacteria may invade the dentin through larger gaps between
a filling and a tooth (width >0.4 mm) [34, 36] , but narrow
ditches are usually not prone to bacterial invasion and
should not be confused with recurrent caries, which
develops as a surface lesion similar to primary caries
lesions (Chapter 5).

-^

*

(a) f Nyvad

Figure 11.7 (a) Active root surface caries lesion in upper canine presenting a
softened surface, (b) Inactive root surface caries lesion in upper incisor show-
ing a smooth discolored surface.

gingival margin or along the cemento-enamel junction.
Inactive lesions, on the other hand, were typically located
at some distance from the gingival margin, felt hard on
gentle probing, and often presented with a shiny appear-
ance (Fig. 11.7b). The color of the lesion was not helpful
in distinguishing between active and inactive stages. The
following diagnostic categories were proposed:

• inactive lesion without surface destruction;

• inactive lesion with cavity formation;

• active lesion without definitive surface destruction;

• active lesion with surface destruction (cavitation) but
cavity is estimated not to exceed 1 mm in depth
(visually);

• active lesion with a cavity depth exceeding 1 mm, but
not involving the pulp;

• lesion expected to penetrate into the pulp;

• filling confined to the root surface or extending from a
coronal surface onto the root surface;

• filling with an active (secondary) lesion along the margin;

• filling with an inactive lesion (secondary) confined to the
margin.

Differential diagnosis
When performing a caries diagnosis it should be appreciated
that not all opaque lesions on the tooth surface represent dental
caries. All opacities reflect a decreased mineral content in the
enamel, but these may be caused by different mechanisms,
either duringenamel formation or post-eruptively.Differential
diagnostic considerations of white opaque lesions are particu-
larly relevant in populations showing evidence of dental fluo-
rosis. Because of its developmental origin, dental fluorosis has
a symmetric distribution on homologous teeth [13, 62]. For
this reason, the dental examination should always start by a
quick screening of the entire dentition in order to identify
possible enamel changes symmetrically distributed on both
sides of the dental arch. In mild cases (TF1), fluorosis appears
as fine white horizontal striae reflecting the perichymatal
pattern of enamel. When such white lines merge (TF2) in the
gingival part of a tooth they might be suggestive of inactive
noncavitated caries lesions (smooth on probing!) (Fig. 11.17).
However, the typical noncavitated enamel caries lesion con-

trasts with the fluorotic lesion by being arcade-, banana-, or
kidney-shaped, reflecting the retention of plaque along the

Recurrent (secondary) caries
The term recurrent (secondary) caries refers to caries at
the margin of restorations [50]. Hence, recurrent caries
reflects the result of unsuccessful plaque control.
Recurrent carious lesions are most often located on the
gingival margins of restorations, both approximally and
sometimes on free smooth surfaces, because this is where
the biofilm may stagnate. Recurrent caries is less often
diagnosed at the margin of occlusal restorations as these
are easier to clean.

Diagnosis of recurrent caries may be accomplished
according to the Nyvad criteria by differentiating between
cavitated and noncavitated as well as active and inactive stages
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Figures 11.8-11.16 Figure 11.8: Active recurrent root surface caries lesions on lower canine and premolar next to composite fillings with overhangs (arrows).
These lesions should be treated by nonoperative intervention (site-specific improved hygiene and application of topical fluorides) in conjunction with refurbishing

of the lesions to facilitate biofilm removal. Note also dark shadow on the buccal surface of the premolar reflecting underlying amalgam filling. Figure 11.9: Inactive

recurrent root surface lesion next to amalgam filling on lower incisor. No treatment is needed. Figure 11.10: Active recurrent caries lesion next to composite filling

on the occlusal surface.The lesion needs operative treatment because the cavity cannot be cleaned properly. The cavity is soft on probing. Figure 11.11: This filling

has fractured across the isthmus and part of the restoration is loose. Biofilm forms beneath the loose amalgam resulting in an active recurrent caries lesion that

needs operative treatment. The cavity is soft on probing. Figure 11.12: Ditching along margins of amalgam restoration which most likely developed because of

overfilling. No caries is detected. No treatment is needed. Figure 11.13: Gingival amalgam fillings with stained margins and inactive recurrent caries. Refurbishing

of the fillings may facilitate oral hygiene. Figure 11.14: Buccal amalgam with overhang and inactive recurrent caries. The filling should be refurbished to make

cleaning easier. Figure 11.15: Old amalgam fillings in patient with erosion. Note that the normal anatomy of the teeth has gone and that the fillings are elevated

above the eroded enamel/dentin surface. In spite of defective margins, no caries is present. No treatment is advocated.The filling in the neighboring premolar was

lost due to progression of erosion. Figure 11.16: Stained margins of composite filling in upper premolar. The stain may be due to incomplete removal of previous

amalgam filling. No need for replacement if the margins of the filling are clinically intact.

the dentition. However, in most cases of dental fluorosis,

white opaque lesions occur on several groups of homologous
teeth indicative of their systemic origin (see [55] for a review).

Opacities of non-fluoride origin rarely represent a
differential diagnostic problem as they are mostly round
or oval and clearly defined from the adjacent enamel.

curvature of the present (or former) location of the gingival
margin (Figs 11.3a and c, 11.4, 11.5, and 11.17). Thus, the
main discriminatory features for an inactive caries lesion and
mild dental fluorosis are the shape of the lesion and the
pattern of distribution in the dentition. Of course, noncavitated
caries lesions may accidentally be present in both sides of
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Figure 11.18 Well-demarcated opacities of non-fluoride origin in incisal part
of lower incisors [55] Reproduced with permission of John Wiley & Sons.

MIH-associated opacities/hypoplasia are usually easy to
differentiate from caries when they occur in areas of the
tooth that are normally not affected by caries (e.g., cuspal
tips; Fig. 11.19a-c). Higher decayed, missing, and filled
teeth (DMFT) values have been reported for children with
MIH compared with children without MIH [11, 39].
However, it remains an open question as to whether this is
due to children with MIH having a higher overall caries
activity or whether the DMFT index is inflated by increased
restorative treatment of teeth affected by severe hypoplasia
[10, 25].

In recent years dentists have noted an apparent increase
in the occurrence of subgingival lesions in otherwise car-

ies-inactive patients (Fig. 11.20a). Some researchers claim
that such cavitated lesions may represent root caries lesions
[33], but in most cases their subgingival location makes it is
more plausible that they are external cervical root resorp-
tions. First, the biofilm in this eco-niche is deprived of die-

tary carbohydrates that could shift the ecological balance
(Chapter 7); and second, the alkaline pH of the gingival
fluid precludes the preservation of an acid environment
for longer periods of time [7]. Therefore, external cervical
root resorption should always be considered a possible
differential diagnosis when root defects are observed
subgingivally [23]. Root-surface caries lesions may occa-
sionally appear in a subgingival location due to secondary
swelling of the gingival tissues. However, root caries lesions
are relatively easy to distinguish from cervical root resorp-

tions as the latter are hard on probing and present with
sharp undermined borders (Fig. 11.20b). Furthermore, root
resorptions may be associated with granulation tissue,
which is redder in color than the surrounding gingiva and
bleeds freely on probing. Finally, most cervical root resorp-

tions are asymptomatic until a very advanced stage of
development [23].

Figure 11.17 (a) Dental fluorosis (TF1) in the gingival part of upper canine
and premolar. Note the fine white horizontal lines which reflect the perichyma-
tal pattern of enamel. This clinical manifestation is distinctly different from the
arcade-shaped inactive noncavitated caries lesions shown in (b) reflecting the
retention of plaque along the former gingival margin. From [55]. Reproduced
with permission of John Wiley & Sons.

They appear on single teeth, especially incisors (Fig. 11.18),
and predominantly in the incisal two-thirds of the
crown.

Occasionally, patches of whitish, yellowish, or brownish
enamel opacities occur on several molars and incisors in the
same individual (molar-incisor hypomineralization, MIH).
MIH is defined as hypomineralization of systemic origin of
one to four permanent first molars, frequently associated
with affected incisors [65]. Permanent first molars are the
teeth most commonly affected, but primary second molars
are also often compromised [18]. Depending on the severity
of the hypomineralization, such developmental defects may
exhibit a softened surface with or without post-eruptive loss
of enamel (Fig. 11.19). The brownish opacities character-
ized by a high protein content [19] are particularly at risk of
enamel breakdown soon after eruption, and this condition
may lead to rapid caries progression because of impaired
plaque control of the exposed sensitive dentin (Fig. 11.19d).
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Figure 11.19 MIH in the primary (a, b) and permanent dentition (c, d). Note that MIH-associated hypoplastic enamel defects are easy to differentiate from caries

when they appear in areas of the tooth that are commonly not affected by caries, such as cusps, (d) Active cavitated caries lesion with undermined enamel has
developed in central occlusal fossa. At this advanced stage of lesion development it is not possible to say whether caries was accelerated because of the presence
of a hypoplastic defect in the fissure. Note also areas of opaque enamel in all the MIH-affected teeth.

Figure 11.20 (a) Clinical manifestation of invasive cervical root resorption on lower canine. Note the sharp occlusal border of the lesion and the presence of
reddish granulation tissue, (b) It is obvious from the radiograph that the lesion is subgingival. There is a small opening to the periodontal membrane. From [69].
Reproduced with permission of John Wiley & Sons.
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Visual-tactile caries examination:
a systematic clinical approach
The clinical caries examination should be carried out in a
systematic manner after each quadrant of the mouth has
been isolated with cotton rolls and a suction device to pre-

vent saliva from wetting the teeth once they have been
dried (Fig. 11.21). For practical purposes, begin with the
upper right molars and move tooth by tooth to the upper
left molars; then jump to the lower left molars and finish
up with the lower right molars. It is recommended to
examine every tooth surface in the same order, starting
from the occlusal surface, then continuing with the mesial,
buccal, distal, and oral surfaces. A consistent examination
pattern ensures that no teeth or surfaces are missed. In
cases of large, extended lesions, there are certain decision
rules concerning which surfaces should be recorded.

Usually, the detected caries lesion is located on the surface
from where it originates, even if it extends slightly into a
neighboring surface. However, when the lesion extends
from its perceived surface of origin and more than one-

third into an adjacent surface, it can be considered as
involving two surfaces.

oral cavity may vary considerably from site to site and from
patient to patient.

The teeth are examined by the aid of a dental mouth
mirror and a sharp probe (see later). The mouth mirror is
used to displace the cheeks and lips and to facilitate vision
in difficult-to-reach areas on the teeth. Reflected light from
the mouth mirror can be applied to inspect the surfaces that
cannot be observed directly, as well as to search for dark
shadows, which may be suggestive of dentinal lesions
(Fig. 11.22). Transmitted light from the operating lamp is
particularly helpful for examining the approximal surfaces
of anterior teeth (Fig. 11.23). Many dentists do not look for
noncavitated lesions on approximal surfaces. However,
even if direct access to an approximal surface is limited,
careful inspection may reveal a noncavitated lesion that
extends onto the buccal or lingual surfaces (Fig. 11.24).

Sensible use of the probe
If the teeth are heavily covered by plaque, it is necessary
to clean the dentition before a proper caries diagnosis can
be performed (Fig. 11.25a and b). However, it should be
appreciated that the presence of plaque covering a lesion
may be of diagnostic value when assessing lesion activity
(see p. 199). Sticky plaque adhering to a chalky/opaque
enamel lesion is strongly indicative of activity. Therefore, in
most situations it is more sensible to remove the plaque
concurrent with performing a caries examination rather
than just removing it before looking. In any case, for plaque
removal purposes, as well as for assessment of surface
roughness, we recommend the use of a sharp metal probe.
The probe serves two purposes. First, to remove the biofilm
(using the side of the probe!) to check for signs of deminer-

alization and surface break; and second, to ‘feel’ the surface
texture of a lesion, as sensed through minute vibrations of
the instrument by the supporting fingers when moving the
tip of the probe at an angle of 20-40° across the surface
(Fig. 11.26). It may take some training to learn this tactile
skill, but once this skill has been acquired it is an important
adjunct to the visual assessment. One should definitely
abstain from poking’ vigorously into the tissue, thereby
running the risk of causing irreversible damage to the sur-
face layer of a noncavitated lesion [15] (Fig. 11.27), which
might potentially accelerate localized lesion progression.
Histological evaluation has shown that gentle probing does
not disrupt the surface integrity of noncavitated lesions
[42]. A clinical caries examination performed according
these principles takes about 5-10 min depending on the
caries status of the patient [53, 61].

Some researchers are concerned that probing of sus-
pected carious lesions may serve to spread infective plaque
(e.g., mutans streptococci) to other teeth in the same mouth
[41], thereby facilitating caries lesion development.
However, this concern has not been confirmed by
longitudinal studies of repeated probing of fissures in

Good lighting and clean, dry teeth
Visual-tactile caries examination requires good lighting
and clean, dry teeth. Proper illumination is an essential part
of the diagnosis of caries lesion activity. The typical surface
characteristics of noncavitated caries lesions, such as loss of
luster, roughness, and discoloration, can be observed under
direct light only. Thorough drying is performed with a
gentle blast of air from a three-in-one syringe. A noncavi-

tated enamel lesion is more easily disclosed when the tooth
is dry, since the difference in the refractive index between
carious and sound enamel is greater when water is removed
from the porous tissue. It is not feasible to give a standard-

ized drying time, as the humidity and salivary flow in the

Figure 11.21 Making ready for a visual-tactile caries examination after
isolation of the teeth with cotton rolls and a suction device.
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Figures 11.22-11.24 Figure 11.22: Reflected light from the mouth mirror reveals a dark shadow on the mesial approximal surface of upper first molar (arrow).
Note also the presence of a noncavitated lesion on the mesio-oral part of the same surface (arrow). Figure 11.23:Transmitted light from the operating lamp allows
detection of approximal lesions in upper anterior teeth. Figure 11.24: Inactive noncavitated lesion on the mesial surface of lower molar detected after careful
inspection using a mouth mirror (arrow).

Figure 11.25 Lower canine and incisor (a) before and (b) after plaque removal. Note the presence of typical active noncavitated lesions after plaque has been
removed with the side of a probe.

Caries predilection sites

In every dentition there are sites that are at increased risk of
lesion development. These sites reflect the stagnation areas for
dental plaque, mainly the areas along the gingival margin,
occlusal fissures, and gingival margins of restorations.

second molars at regular intervals [27]. Furthermore, such
a hypothesis is incompatible with the ecological concept of
caries. Transferred microorganisms would not survive
unless their new eco-niche favored their existence (see
Chapter 7).
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Figures 11.26 and 11.27 Figure 11.26: Examination of noncavitated caries lesion using the tip of a sharp probe that is moved gently across the surface of the
lesion at an angle of 20-40° to assess lesion texture. Figure 11.27: Forceful poking with the probe perpendicular to the lesion should be avoided in order not to
cause irreversible damage to the surface of the lesion!

Furthermore, caries predilectionsites vary distinctlyaccording
to the age of the patient. In preschool children the distal sur-
face of the first primary molar is the most caries prone, fol-
lowed by the mesial surface of the second primary molar.
Children with erupting first and second permanent molars
require special attention. Because of a relatively long eruption
period, permanent molars run an increased risk of lesion
development, particularly on occlusal surfaces [8]. In teen-

agers, the distal surfaces of the second premolars and the
mesial surfaces of the second molars are particularly prone to
lesion development [48]. In elderly patients with gingival
recession, root caries may become a problem. Root caries
lesions are confined to stagnation sites, such as the area along
the gingival margin, the cemento-enamel junction, and other
difficult-to-clean irregularities on the root surface.
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Additional aids in visual-tactile
caries diagnosis
Fiber-optic transillumination
Fiber-optic transillumination (FOTI) is a diagnostic
method by which visible light is transmitted through the
tooth from an intense light source; for example, from a fine
probe with an exit diameter of 0.3-0.5 mm. If the trans-

mitted light reveals a shadow when the tooth is observed
from the occlusal surface, this may be associated with the
presence of a carious lesion. The narrow beam of light is of
crucial importance when the technique is used in the pre-

molar and molar region. For optimal performance the
probe should be brought in from the buccal or lingual
aspect at an angle of about 45° to the approximal surfaces
pointing apically, while looking for dark shadows in the
enamel or dentin (Fig. 11.28). Shadows are best noticed
when the office light is switched off.

Although transillumination is a simple, fast, and cheap
supplementary method well known to most practitioners for
diagnosingapproximal caries in the anterior teeth (Fig. 11.23),

Figure 11.28 Caries lesion detected by FOTI on the mesial aspect of upper
second premolar (arrow).The lesion is seen as a dark shadow. Reproduced with
courtesy of Dr C. Pine.

the fiber-optic method has never become broadly accepted
for detection of lesions in approximal surfaces in the pre-

molar and molar regions. One of the reasons for this may be
that the sensitivity of the method is low [5]. Even if the spec-
ificity has been reported to be relatively high, 88-100%,

depending on type of surface and type of lesion [5], it remains
to be documented that FOTI adds substantially to the clinical
caries examination for detecting caries lesions.

Tooth separation
It is anticipated that the presence of a cavity, if not interfered
with, will increase the rate of progression of a caries lesion.
Neither radiographs nor FOTI can help to identify the
presence of a cavity on contacting approximal surfaces.
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Figure 11.29 (a) An orthodontic elastic separator has been placed between upper premolar and molar. To insert the separator the elastic is stretched between
two surgical forceps and one half of the elastic is worked down through the contact point, (b) After 2-3 days the separator is removed. It is now possible to see

and 'feel' the surface texture of the lesion with the tip of a probe.

according to the criteria suggested by Nyvad et al. [53] is

presently the best choice for performing a caries diagnosis.
These criteria are the only criteria that reflect the current
evidence-based management options for different stages of
caries lesion formation. Importantly, we have shown that
the criteria have predictive value for lesion activity, which
means that they are highly relevant for clinical decision-
making. The criteria can be applied for all entities of caries,

including root-surface caries, recurrent caries, and caries
in primary teeth. Last but not least, a visual-tactile car-

ies examination is quick and easy to perform, it does not
require expensive equipment, and unwarranted radiation is
prevented.

It should be appreciated that the effectiveness of a visual-
tactile caries examination depends strongly on the caries

diagnostic level used [43, 45]. When noncavitated diag-

noses are included in the classification, the diagnostic yield
of the visual-tactile caries examination is greater than that
of radiographic examination (Fig. 11.30). This observation
may seem surprising as it is often postulated that radiog-

raphy is superior to clinical caries examination in lesion
detection, particularly on approximal surfaces [35, 56].
However, minor mineral losses cannot be detected on
radiographs, and the additional diagnostic yield of bitewing
radiography is confined to lesions diagnosed at the cavity/
dentin level (Fig. 11.30). Furthermore, the radiographic
examination is unable to determine lesion activity and
cavity formation, and suffers from a high number of false-

positive diagnoses (see Chapter 10). Not every dentinal
lesion that appears on a radiograph needs a filling, and too

much reliance in radiographic diagnosis inevitably leads to
overtreatment (see Chapter 12). Visual-tactile caries exam-
ination and activity assessment circumvent this problem by
identifying most of the lesions that are indicated for
professional treatment. Certainly, clinical signs such as dark

Therefore, other methods, such as tooth separation, have
been introduced. With this technique, orthodontic elastic
separators are applied for 2-3 days around the contact areas
of surfaces to be diagnosed, after which access for inspection
and probing is improved (Fig. 11.29a and b).

Most studies that have applied tooth separation have
detected more noncavitated enamel lesions than visual-tactile
examination without separation or bitewing examination
[26, 59]. However, accessibility for inspection after tooth
separation is not always improved as much as needed, and
use of the technique may create some discomfort, especially in

patients with established dentitions. Furthermore, it requires
an extra visit. Therefore, at present we do not recommend the
technique for routine use in general practice. In the past, how-

ever, the technique has generated important knowledge about
the relationship between radiographic lesion depth and the
presence/absence of cavity formation on contacting approxi-

mal surfaces [26, 59]. Such information is highly useful when
deciding whether to treat a radiographically observed dentin
lesion operatively or nonoperatively (see Chapter 19).

Magnification
Some contemporary textbooks advocate the use of magnifi-
cation in caries diagnosis. Surely, most dentists above the
age of 40 should be concerned with potential eyesight diffi-
culties and wear glasses. However, it should be pointed out
that there is no scientific evidence that magnification per se
improves caries detection in clinical settings.

Benefits and limitations of visual-tactile
caries diagnosis
In this chapter we have reviewed the clinical application of
visual-tactile caries examination. We conclude that a visual-
tactile caries examination incorporating activity assessment
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Machiulskiene V et al. 2004 [45].
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RadiographyIntroduction
Indications for radiography
Prescription of a radiograph requires that there is an indica-

tion that the additional diagnostic information (additional to
clinical examination) obtained by the radiographic examina-
tion is likely to benefit the patient and outweigh the potential
disadvantages of the method [24]. This implies that radio-
graphs should not be taken without a prior clinical exami-
nation indicating a problem that needs further consideration
before final diagnosis or treatment can be decided. Such a
strategy may sound rather restrictive. However, radiographs
are not harmless. There is always an exposure to ionizing
radiation. X-ray photons can damage the DNA in the
chromosomes and ultimately lead to the formation of a
tumor, particularly related to the brain, salivary glands, and
thyroid gland. The risk of a tumor caused by a particular
X-ray dose is dose dependent, and since individual doses
for basic dental radiography are low, being equivalent to a
few hours/days of natural background radiation, the risk
connected with dental radiology is considered to be very
low. Nevertheless, identical radiographs taken in the same

Because of the less than perfect visual-tactile caries exam-
ination - visual-tactile inspection having a rather good
ability to rule out a caries lesion but a moderate ability to
rule in a lesion (see Chapter 10) - several detection tools
have been developed to improve the efficiency and accu-

racy of caries diagnosis. Radiography is the most commonly
used additional diagnostic tool for such purposes. More
recently, caries diagnostic principles based on light and
electrical current have been introduced in an attempt to
further improve the accuracy of caries detection. The basic
philosophy behind the use of these additional diagnostic
tools is to help the dentist to identify caries lesions that are
difficult to detect clinically. However, as we shall learn,
every diagnostic method has benefits and limitations, and
it is not obvious that methods based on new technologies
are better than old and well-established ones. The aim of
this chapter is to describe the performance of some com-
monly available additional diagnostic tools for caries
detection and to discuss their application and usefulness in
clinical practice.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
O 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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structures passed by X-ray photons. Owing to the summation

phenomenon, very shallow initial caries lesions and small cav-

ities in the enamel are not visible in dental radiographs.
Another important shortcoming of dental radiographs is that

they cannot show activity because caries lesion activity is a

surface texture phenomenon (see Chapter 11). From one

radiograph it is possible only to disclose and estimate the

depth of a caries lesion. If a second radiograph taken at a later

timeshows that the depth of an existing lesion has progressed,

it maybe concluded that the lesion was active. However, based

on radiographic lesion depth alone, it cannot be predicted
whether the lesion might progress in the future.

Radiographic technique

The most effective radiographic technique for caries

diagnostics is the bitewing technique, which is an intraoral,

paralleling technique. However, other techniques
undertaken with extraoral X-ray units - might also be used.

Whichever technique is used, the requirement for radiographs
used to detect caries is that they have a dark density and a

good contrast, ensuring optimal differentiation of the

various hard tissues. In radiographs with light density and

poor contrast, existing lesions might be overlooked (false-

negative diagnoses) (Fig. 12.2), whereas the opposite - that

nonexistent lesions are detected (false-positive diagnoses) -

might be the case in radiographs with a very dark density
[81]. Furthermore, radiographs used for caries detection

should image the relevant teeth with optimal sharpness and

without overlaps between approximal surfaces.

Intraoral bitewing technique
The bitewing technique depicts the crowns of the maxillary
and mandibular teeth and the top of the alveolar crest on

the same image receptor (Fig. 12.1). To place the image

receptor correctly in relation to the teeth in need of the

examination, it is necessary to position the receptor in a

individual during a long life might increase the radiation

risk. In that context, it should be remembered that radiation
risk is lower in elderly persons than it is in young persons
with a high cell turnover and in whom dental radiography
is most frequently performed.

Based on the above, it is clear that radiographs should
always be taken on the basis of individual needs. Similarly,

it is apparent that the use of radiography for screening pur-

poses in large patient groups is not recommended [24].

What does the dental radiograph show?

Dental radiographs show differences in mineral content of the

dental hard tissues. Since demineralizations such as dental

caries do not absorb X-ray photons to the same extent that
sound enamel and dentin do, mineral losses might appear

only when the tooth has lost a certain amount of mineral

(Fig. 12.1). Intraoral radiographs represent a summation of all even

Figure 12.1 Bitewing radiograph showing radiolucencies in nearly all

approximal surfaces due to caries.

Figure 12.2 (a) A 25-year-old presenting with toothache in the lower right first molar (46). The bitewing radiograph reveals a deep occlusal dentin lesion in 46.

(b) Bitewing radiograph taken less than 2 years previously. It is far too light, without contrast, and useless for caries diagnosis.
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Figure 12.3 A bitewing radiograph is being taken. A film holder supports the
film lingually and the patient closes together on a part of this holder. A beam-

aiming device helps the operator to position the tube so that the beam is
directed at right angles to the film. Figure 12.4 A bitewing radiograph on a size 2 image receptor covering as

many surfaces as possible when the receptor is placed with its middle behind
the upper first molar. Dentin caries is present in the distal surface of the upper
right first premolar. Note also lesion in enamel.holder with a bite part placed often right in the middle of

the receptor. When the receptor is placed in the holder, both
parts should be placed in a comfortable position orally to the
teeth/surfaces to be examined (Fig. 12.3). The X-ray beam
should be aligned between the maxillary and mandibular
teeth and parallel with the occlusal plane. To succeed predict-
ably it is desirable to use a holder with a beam-aiming device
which ensures that the X-ray beam passes perpendicular
through the interproximal tooth spaces and ensures that the
X-ray beam is oriented correctly in relation to the image
receptor to avoid cone-cuts.The long axis of the image receptor
for bitewings in the posterior part of the mouth is usually
oriented horizontally, but it can be oriented vertically if the
incisors are examined.

To obtain the best contrast in intraoral bitewing radio-
graphs, a rectangular collimator (tube) with a size fitting the
size of the image receptor should be used instead of the tra-

ditional circular tube. The usual smaller size of a rectangular
tube reduces the amount of scattering radiation produced
from the tissue in front of the receptor compared with a
circular tube and thereby improves the image contrast.
Rectangular collimation of the X-ray beam will further
reduce the effective dose to the patient by up to 50% [76].

In teenagers and adults, a size 2 image receptor is tradi-
tionally used for bitewings of premolars and molars, whereas
in young children a size 1 receptor might be more useful for
comfortable placement of the receptor in close contact with
the teeth to be examined. A large size 3 receptor specifically
designed for bitewing radiography is not recommended,
however, as it often results in several overlaps between
neighboring approximal surfaces and cone-cuts where a
rectangular collimation fitting the size of a size 2 receptor is
used. In adults, two size 2 bitewing radiographs are needed
to cover all surfaces of premolars and molars from one side
of the mouth. However, because of the relatively low caries
prevalence in many contemporary populations it may be

appropriate to perform bitewing examination of only those
surfaces that are assumed to be carious based on the clinical
examination, or surfaces that are assumed to have a high
risk of caries progression [30] (see later in this chapter).
This will often result in the use of only one radiograph per
side (Fig. 12.4).

Image receptors
Image receptors for intraoral radiography consist of con-
ventional films and digital receptors consisting of either a
sensor or a phosphor plate. Conventional films have been in
use for more than a century, but these will without doubt
disappear from the market in the near future in favor of
receptors for digital radiography, which has advantages
such as:

• being dynamic - meaning that the radiograph can be
altered in relation to a number of parameters influencing
the interpretation of specific tissue/disease characteristics;

• being fast - meaning short time from exposure to image
display;

• being reusable - meaning that the receptor is useable again
and again after a simple cleaning in between different
patients;

• offering possibilities of working with programs for
automated caries detection and subtraction technology for
monitoring lesion progression, although at the moment no
such accurate facilities are available;

• facilitating easy exchange of radiographs between colleagues-
meaning that a radiograph can be sent electronically to, for
example, a specialist for a second opinion while the patient
is seated in the dental chair waiting for the answer;

• storage might be easier as it requires only a minimum of
space on a computer hard disc with a safe back-up.
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interpretation. From one study evaluating whether the
quality and cost of the monitor has an influence on the diag-

nostic outcome, it was concluded that caries can be detected
as accurately on a cheap monitor as on an expensive medical

monitor [37].

Many studies have shown that caries lesions can be
detected as accurately from digital radiographs as from
conventional film-based radiographs [31, 34]; however, less
is known about how digital images should be displayed,

enhanced [25, 26], and viewed to obtain the highest diag-

nostic quality. In addition, little is known about the costs of

digital radiographs in comparison with film radiographs.
Even though digital radiography does not make use of
developing machines and chemicals, it requires image
receptors (which are much more expensive than conven-

tional films) and computers and monitors instead of light
boxes. Whether investment and current expenditures for
the different techniques are comparable and how they
might influence the patient, the dentist, and society remain

to be established.

Phosphor plates
An alternative digital receptor system consists of plates con-

taining storage phosphor particles embedded in a polymer
binder coated onto a plastic base with dimensions similar to

the common conventional films. After exposure, information
is stored in the phosphor particles. The information can

thereafter be transferred to a computer and displayed as a

digital dynamic radiograph by a read-out device based on a

laser light scanner. In general, phosphor plates are more

sensitive to radiation than conventional films are, but owing

to the requirement of short scanning times the radiation
dose used for intraoral image plates are often comparable to

those needed for conventional films. Image plates are also
sensitive to visible light and should, therefore, be protected
in light-safe plastic envelopes. The protection material
needed for each exposure on intraoral phosphor plates raises

the costs of such digital radiographs.
Digital phosphor-based radiographs should be displayed

and analyzed in the same way as sensor-based radiographs
(see earlier).

Conventional film
A conventional film captures only a small percentage of the

X-ray photons that reach it, it needs chemical processing
(which is time consuming), and it represents a static image
in which the radiographic characteristics (density, contrast,

magnification, and sharpness) cannot be changed once the

film has been developed. The fastest film on the market
today is the F-speed film. This film requires a 25% lower
radiation dose than the second fastest film type ( the

E-speed film) and should be preferred because the diag-

nostic capability does not differ between the two films [62].
It is recommended that, after developing, film radio-

graphs are mounted in frames with dark borders and are

interpreted on a light box with high luminance by the use of
an X-ray viewer with built-in magnification. This should
result in optimal conditions for assessment.

Extraoral bitewing technique
In some newer-fashion panoramic units, programs for
bitewing radiography are available. These bitewings are

obtained on a conventional large film or digital receptor
(sensor/phosphor plate) placed extraorally. Extraoral bite-

wings are characterized by large magnification and often

they have substantial approximal overlaps since the X-ray
beam cannot be aligned individually to the various approxi-

mal spaces (Fig. 12.5). Thus, they often demonstrate an

inferior quality in comparison with intraoral bitewings, but
they can be obtained in patients who are unable to open
their mouth (e.g., fixtured because of jaw fracture) and in

patients who are unable to have an intraoral image receptor
behind the relevant teeth because of severe retching reflexes.
Furthermore, they show the roots of the teeth, which raises

the possibility also to examine the teeth’s periapical condi-
tions, which might be relevant in case of deep lesions or
fillings and root canal treatments.

Radiographic detection of caries lesions

As said before, a certain amount of mineral must be lost
before a carious demineralization can be perceived in the

radiograph. The minimum amount of mineral loss to be

detected will depend on the thickness of the surrounding soft
and hard tissues and a number of physical and technical

radiographic factors, such as receptor resolution, image

density’ and contrast, projecting angles, and examiners’ skills.

Digital receptors
Sensors
A sensor displays the radiographic image directly on a

monitor almost immediately after exposure. The analogue
electronic signal produced in the sensor is carried along a

wire or as a radio signal (wireless sensor) to the computer
where it is converted into a digital signal. Today, several
sensor systems for intraoral radiography are available on

the market, but all sensors are characterized by being much
thicker than films. This makes them uncomfortable and dif-

ficult to position correctly in the mouth, resulting in more
retakes. The largest sensor size is size 2, but often the active

image area is smaller than the standard size 2, resulting in a

smaller area depicted per sensor exposure compared with

conventional film exposure. Some sensors are more sensitive

to X-rays and require a lower radiation dose than conven-

tional films do [31, 99], whereas others should be exposed
with the same amount of radiation as conventional films.

It is generally recommended that digital radiographs are
displayed on a monitor in their full resolution and that the

monitor is placed in a room with subdued light for the ideal
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Figure 12.5 Bitewing radiographs obtained with a panoramic unit. Note distinct radiolucencies in the upper right second molar and premolar.

Figure 12.7 Magnified radiograph of approximal caries lesions in enamel in
lower left premolar and molar. The enamel lesions are depicted as radiolucent
triangles with their bases towards the tooth surface. Note also 'cervical
burnout' in the cervical part of the premolar.

Figure 12.6 The shape and extent of a lesion influence its radiographic
depiction.A superficial lesion with a great extent along a proximal surface may
seem both deeper and darker than a lesion that is smaller in the direction of
the X-rays but actually deeper.

superficial but widespread demineralization encircling the
entire approximal surface (Fig. 12.6). Typically, the lesion in
enamel presents as a radiolucent triangle with its broad base
at the tooth surface and its apex towards the enamel-dentin
junction (Fig. 12.7).When the lesion affects the dentin, another
radiolucent area with its base towards the enamel-dentin
junction and its vertex towards the pulp may be observed
(Fig. 12.8).

From a radiograph it might be possible to estimate the depth
of an approximal lesion fairly accurately [38], but it is impos-
sible, based on radiography alone, to determine whether such

Approximal surfaces
A caries lesion in a contacting approximal surface starts
cervical to the contact point. The depth and extent of an
approximal caries lesion will influence its radiographic appear-
ance. Thus, a relatively deep but localized demineralization in
enamel may result in a lesion that appears less severe than a
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radiography is merely an adjunctive diagnostic aid that
must never stand alone. No caries lesion should be treated

operatively before it has been affirmed clinically that such a

decision may be justified. For example, it would be wrong to

drill an outer dentin lesion that has presented as an inactive

noncavitated lesion for years.

To assess properly whether an approximal carious lesion

is cavitated or not, direct visual inspection and/or tactile

examination are required. Although dentists may improve
their clinical skills in visual-tactile caries examination, it is

often impossible to get sufficient access to contacting

approximal surfaces to perform an accurate diagnosis.
Therefore, it has been suggested to separate the surfaces
from their natural contacts, either by the use of orthodontic

separation springs or elastics (see Fig. 11.29a and b). This

procedure requires an extra dental visit and may be uncom-

fortable for the patient; therefore, it is not used routinely.

Hence, dentists will always have to live with a certain uncer-

tainty for a correct diagnosis in its entirety of approximal
caries.

Figure 12.8 Magnified radiograph of approximal caries lesions in enamel
and outer dentin in lower left molars.

Occlusal surfaces
Enamel lesions in occlusal surfaces rarely result in percep-

tible radiographic changes. Usually, an occlusal lesion
should have penetrated beyond the enamel-dentin junction

before it can be imaged as a radiolucent spot or line in the
dentin. Deep dentinal caries may be seen as a semicircular

radiolucency with its base towards the enamel-dentin

junction or as a manifest radiolucency between the enamel-

dentin junction and the pulp (Fig. 12.10). The deeper the
occlusal lesion, the easier it is to identify the lesion in a

radiograph.

Contrary to some approximal surfaces, the caries status

(activity and cavity) of occlusal surfaces maybe determined

directly by clinical examination. This is fortunate, because

bitewing radiography does not add much supplementary
information to the detection of occlusal caries [55, 56]
(Fig. 11.30). Owing to the projection of the X-rays, the min-

eral loss of shallow noncavitated enamel lesions may simply
be too small to be depicted in the radiograph. Deeper
lesions, clinically identified because of the presence of dark

shadows or microcavities, will usually manifest themselves

as dentin lesion by radiography and thereby confirm the

clinical diagnosis. However, this does not automatically
imply that lesions should be drilled. In such lesions, radiog-

raphy might be needed to estimate the depth of the lesion

in relation to the pulp. It is self-evident that all occlusal sur-
faces imaged in bitewing radiographs should be examined

for caries just as carefully as approximal surfaces.

Figure 12.9 (a) Magnified radiograph showing dentin caries lesion in mesial
surface of upper right molar and enamel caries lesion in distal surface of neigh-

boring premolar, (b) Stepwise drilling of the dentin lesion revealed the presence

of a micro cavity (arrow). This case illustrates that micro cavitation cannot be
detected by radiography.

lesions are cavitated (Fig. 12.9). This is a serious drawback

of the radiographic method because this means that radio-

graphs cannot be used for deciding whether an operative or

nonoperative intervention is required (see Chapters 11 and

19). Based on comparative clinical and radiographic studies,
it has been possible to estimate the probability that defined

radiographic stages of caries lesions may have developed a

cavity (Table 12.1). According to these results, the proba-

bility of detecting a cavity at stages of radiographic enamel

caries is low, in many studies in the order of less than 20%

(Table 12.1). When the lesion has entered the outer third of
the dentin the probability for detecting a cavity clinically
increases to about 40% in recently examined populations
[33, 68], depending on caries prevalence and the examiners

conducting the examinations. Only when a lesion has pene-

trated into the inner two-thirds of the dentin does the

chance of observing a cavity clinically increase to about
100% (Table 12.1). While such information is quite valuable

for the clinician in helping to decide whether or not a lesion
should be treated operatively, it has to be emphasized that

'Hidden caries'
Several studies from the 1990s (e.g., [40, 98] ) have shown

that radiography can reveal a high number of occlusal and

approximal caries lesions that remain undetected from a
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Table 12.1 Percentages of cavitations in permanent teeth with radiographic approximal enamel and dentin caries found in in vivo studies [28].

Authors Study sample, no. of surfaces Validation method Radiographic lesions clinically cavitated
(total no. of surfaces)

Enamel Outer dentin Inner dentin

Children (mean 13.9 yrs; n = 460), 370Rugg-Gunn [77] Direct visual inspection of open
contacts3

Clinical assessment during cavity
preparation3

Visual inspection after tooth
extraction6

Photographs taken during drilling
and stepwise excavation following
tooth separation6

Clinical assessment during cavity
preparation3

Direct visual examination following
tooth separation3

Direct visual examination following
tooth separation6

Clinical assessment during cavity
preparation and clinical
examination of adjacent approximal
surface after class II preparation6

Assessment of stone dyes made
from impressions following tooth
separation3

Direct visual examination following
tooth separation
Four individual examiners

27% 100% 100%
(n = 4)
100%
(n = 9)
100%
(n = 6)

(n = 75) (n = 8)
Bille andThylstrup [16] Children (8-15 yrs), 158 16% 52%

(n = 85) (n = 58)
Mejareet al. [59] Children (14-15 yrs;n = 63), 598 13% 100%

{n = 129) (n = 6)
Children (7-18yrs;n = 43), 60Mejareand Malmgren 61% 78%

[57] (n = 28) (n = 32)

Thylstrup et al. [95] Children and adults, 660 10% 52% 88%
(n = 215) (n = 330) (/7 = 102)

100%
(n = 4)

Pitts and Rimmer [65] Children (5-15 yrs; n = 211), 1468 2% 41%
(n = 119) (n = 22)

De Araujo et al. [20] Students (n = 168), 77 19% 90% 90%
(n = 58) (/1 = 19) (/1= 19)

100%
(n = 18)

Akpata et al. [1] Adults (17-48 yrs), 108 13% 79%
(n = 47) (n = 43)

Lunderand von der Fehr 140 teenagers (17-18 yrs; n = 140), 46 30% 65%
(n = 23)[47] (n = 23)

Adults (21-38yrs;n = 53), 277-320Hintze etal. [33] Obs1:6%
(n = 95)
Obs2: 3%
(n = 73)
Obs3: 4%
(n = 74)
Obs4: 4%
(n = 71)

Obs1:29%
(n = 28)
Obs2: 42%
(/1= 19)
Obs3: 37%
(n = 35)
Obs4: 22%
(n = 32)

Obsl:50%
(/1= 4)
Obs2: 100%
(/i = D
Obs3: 80%
(n = 5)
Obs4: 44%
(/1= 9)

Ratledgeet al. [68] Adults (>16yrs;n = 32), 54 Assessment of impressions
following tooth separation3

64% 93%
(n = 14) (n = 40)

3 One examiner performed the validation.
6 Two or more examiners performed the validation in consensus.

traditional clinical examination. However, the additional
radiographic diagnostic yield of caries is strongly influ-
enced by the choice of the clinical diagnostic criteria.
When cavitation, is the threshold for recording a clinical
caries diagnosis, radiography will often result in detection
of a higher number of lesions than if noncavitated stages of
caries are included in the clinical diagnosis [32, 55, 56].
Hence, the high prevalence of ‘hidden occlusal caries
reported in some studies [97] may partly represent a bias
due to inadequate clinical examination.

Radiographic detection of recurrent caries lesions
When caries develops in a surface with a restoration it is
termed recurrent caries, even if it is a new lesion that occurs
adjacent to a restoration (see Chapter 11). Recurrent caries
is most frequently located cervical to an approximal restora-
tion and radiographically it appears as a diffuse, radiolucent

Figure 12.10 Magnified radiograph of deep occlusal dentin caries lesion in
lower left first molar. The lesion appears as a semicircular radiolucency in
dentin. No radiolucency is seen in enamel.
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Figure 12.11 Recurrent caries on the distal surface of an upper left second

molar (arrow).
Figure 12.12 Bitewing radiograph of a patient with active caries lesions
diagnosed clinically. The radiograph shows several radiolucencies in enamel
in approximal surfaces of lower molars and premolar. Large radiolucency in
dentin in distal surface of upper right first premolar resembling caries appeared
clinically to be a composite filling without detectable caries (false-positive
radiographic diagnosis). Note also the radiolucent area in the distal part of the
occlusal surface of lower right second molar that might be caries.

change without sharp borders (Fig. 12.11). Such a lesion
might be easier to detect adjacent to a metallic restoration -

which is imaged as a white, sharply demarcated object - as

opposed to a composite restoration - which may have the
same density as the lesion itself. Recurrent caries can some-
times be difficult to distinguish from a composite restoration.
In such cases it may be helpful to look at the margins of the
radiolucent change. The margins of a restoration will often be
sharp and well defined, reflecting the borders of the prepara-
tion, whereas recurrent caries will show diffuse and ill-defined
margins.

Recurrent caries should not be confused with residual

caries, which is caries overlooked by excavation of the
original lesion. However, in some cases residual caries is

purposely left behind, such as during stepwise excavation

(see Chapter 20). This underscores again the importance
of not making treatment decisions on the basis of radio-
graphs alone.

False-positive caries diagnoses in radiographs

Not every radiolucency observed in a dental radiograph
represents caries. For example, incorrect horizontal and
vertical angulation of the X-ray beam can result in an illusion
of a caries lesion -a so-called false-positive diagnosis leading
to misclassification. Similar errors may occur in cases where
radiolucencies caused by anatomical variations of teeth (pits
and groves), developmental defects in enamel, composite
restorations without contrast, residual caries, and incorrect

exposure or processing parameters are misinterpreted as car-

ies (Fig. 12.12). Furthermore, it is important to distinguish
cervical burnout’ from dental caries to avoid false-positive
caries diagnoses. Cervical burnout is a radiolucent band
located in the cervical part of the mesial and distal aspects of
a tooth, in the area between the enamel-cementum junction
and the upper crest of the marginal bone (Fig. 12.7). This
phenomenon occurs because the X-ray photons are absorbed
differently by different parts of the tooth. As the crown and

the root covered by bone absorb a high number of X-ray
photons these areas are imaged rather radiopaque. By con-

trast, the cervical part of the tooth, being less compact, allows
more X-ray photons to penetrate, resulting in an illusion of a
radiolucency that sometimes might look like an approximal
caries lesion. To distinguish cervical burnout from an approx-
imal caries lesion it is important to remember the localization
of the two different phenomena. Cervical burnout is always
localized in the cervical part of the tooth - far below the

approximal contact point - whereas an approximal caries

lesion is localized just below the approximal contact point.

To avoid false-positive caries diagnoses it is important
that the radiographic caries diagnosis is always supported
by a careful clinical examination.

Diagnostic validity of radiography for caries
lesion detection
All diagnostic methods have inherent errors. In the exami-
nation for caries this means that lesions are sometimes

diagnosed as being present in situations where no caries

exists and that existing lesions are not diagnosed. The
former error is termed a false-positive diagnosis, whereas
the latter error is termed a false-negative diagnosis. In
addition, the interpretation of bitewings is subject to varia-

tion both between and within examiners.

Accuracy
In a diagnostic process the aim is to diagnose diseased sites

as diseased - termed ‘true positives’ - and healthy sites as

healthy- termed ‘true negatives’ (Table 12.2). But with most

diagnostic methods it is not possible to separate perfectly
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Table 12.2 Expression of diagnostic accuracy for diseased and healthy surfaces. This expectation, however, is not obtainable since all caries
diagnostic methods are influenced by inter-examiner varia-

tion, which is the term used for expressing the performance
of different examiners using the same method on the same
patients. Hintze and Wenzel [29] evaluated the reliability
for three dentists who examined 336 conventional bitewing
radiographs for the presence and depth of caries lesions.
The results showed large variations in the number of enamel
and dentinal lesions recorded by each dentist (Fig. 12.13).
One dentist found 42% more enamel lesions than another.
The dentist who detected the highest number of dentinal
lesions recorded nearly 88% more such lesions than the
dentist who found the lowest number.

If the inter-examiner reliability for the three dentists
referred to in Fig. 12.13 was calculated for the examiners two
by two for the detection of dentinal lesions, the K values (see
Chapter 10) ranged from 0.25 to 0.50, expressing agreements
varying from slight’ to moderate’ [43] This is not impressive
and is comparable to results found in several other studies
about examiner performance for caries lesion detection in
radiographs [62, 63]. It can be expected, however, that the
deeper the lesions are the higher the examiner reliability is
because such lesions will show themselves more clearly.

Gold standard

Diseased Healthy TotalTest

Diseased
Healthy
Total

True positive (TP)
False negative (FN)
TP+FN

False positive (FP)
True negative (TN)
FP+TN

TP+ FP
FN +TN
N

Sensitivity: TP/(TP+FN). Specificity: TN/(FP+TN). N= TP +FP + TN+FN.

diseased sites from healthy sites. In the diagnosis for caries
this means that sometimes carious surfaces are diagnosed
as sound - termed ‘false negatives’ - and sound surfaces are
diagnosed as carious - termed ‘false positives’ (Table 12.2).
To express the extent the diagnostic test reflects the correct
caries status the term accuracy is used. To test the accuracy
of radiography for caries detection the ‘true’ caries status
should be known. The true diagnosis is often called ‘the
gold standard.’

A highly accurate diagnostic method will be characterized
by a receiver operating characteristic (ROC) curve that is
high to the left side of the ROC space, resulting in a high
ROC area (see Chapter 10). From in vitro studies, wide ranges
of ROC areas for radiographic caries detection have been
reported. Thus, ROC areas ranging from 0.55 to 0.88 have
been found for the detection of approximal caries, whereas
ROC areas of about 0.80 have been reported for the detection
of occlusal caries. From the literature, there might be a ten-
dency for ROC areas for occlusal caries detection to be some-
what higher than for approximal caries. The most obvious
reason for this difference is the various thresholds for caries,
since it may be easier to diagnose deep lesions in dentin
(which is usually the threshold for occlusal lesions) more cor-
rectly than to diagnose shallow lesions in enamel (which is
usually the threshold for approximal lesions) [101].

Factors determining the progression of caries
in radiographs
Approximal caries
Over the years a number of studies have evaluated the
progression of caries as observed in radiographs. Most of
these studies have been conducted in children and adoles-

cents. In particular, the studies by Mejare and coworkers,
who followed Swedish school children in the 1980s and
1990s offered clinically relevant information about a broad
variety of parameters that may influence the progression of
approximal lesions [58, 60, 61]. Such parameters include
post-eruptive age of teeth; previous caries experience; pri-
mary vs. permanent teeth; tooth and surface types; lesion
depth at baseline; risk of cavitation; caries/restoration status
of neighboring surfaces.

Reliability
For the detection of caries it is expected that two different
dentists examining the same patient will perform identi-
cally - meaning that they can reproduce each other’s results.

95
Surfaces with

^dentin caries lesions I
Dentist 1179

Dentist 2

Dentist 3434
Surfaces with

enamel caries lesions 397
565

6,755Sound or filled
surfaces (x10) 6,501

6,271

Figure 12.13 Number of caries lesions in enamel and dentin reported from 336 bitewing radiographs by three dentists [29].
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lesion progression through the primary teeth is more rapid
than in permanent teeth because of the smaller thickness
of the enamel.

Post-eruptive age of teeth
The post-eruptive age of the teeth plays a significant role
for the caries risk, possibly because over time the enamel

becomes more resistant to caries along with its adaptation
in the oral environment [12]. From studies in Swedish
and American children, the median time for progression
through the approximal enamel was estimated to be about
4 years for 10-11-year-olds and about double that in

17-22-year-olds [80]. The same tendency has been found
in other studies [58]. Thus, the progression expressed in

surfaces per 100 surfaces at risk per year for approximal
enamel to outer dentin lesions was 7.4 in 12-15-year-olds,

4.9 in 16-19-year-olds, and 3.6 in 20-27-year-olds. The

corresponding figures for outer dentin to inner dentin

lesions in the same age groups were 32.5, 17.8, and 10.9

respectively [61]. These figures indicate that lesion pro-

gression is about two to three times faster among the youn-

gest than among the eldest group.

These results might well be valid also for even younger
individuals, as it has been observed that caries progression
from the inner half of the enamel to the outer half of the
dentin in the mesial surface of the first permanent molar in

6-11- and 12-22-year-olds is almost four times faster in the

youngest than in the eldest age group [58]. The difference in

caries development from sound to caries in the inner half of
the enamel in the two age groups, however, was not found
to be significantly different.

Tooth and surface types
In the permanent dentition, approximal caries lesion pro-

gression may vary considerably for the different tooth and
surface types. Mejare et al. [60] showed that the risk of car-
ies development from sound to caries in the inner part of
enamel for first molars was 1.3 times higher than for second

molars and 1.4 times higher than for second premolars. In

first molars, the risk of caries development was significantly
higher in the distal than in the mesial surfaces irrespective
of whether the molar was placed in the maxilla or the man-

dible. Also, a difference between teeth was found for lesion

progression from the inner half of the enamel to the outer

half of the dentin. Among maxillary teeth the mesial sur-
face of the second molar was the surface with the highest
risk (about 8.5 surfaces per 100 at risk per year) (Fig. 12.14a),

Previous caries experience
In general, individuals with a high number of lesions or

restorations at baseline run a higher risk of rapid lesion

progression than individuals with few or no lesions or res-

torations [84] . Thus, in Swedish children it was found that
individuals with more than one approximal lesion/restora-
tion at the age of 12-13 years had a two-and-a-half times

higher risk for the development of new approximal enamel
lesions over a 10-year period than individuals with one or
no baseline lesions [60]. Therefore, information about

previous caries history is important for the prediction of
the patients future caries risk.

10 -,

TO

5 -
Primary vs. permanent teeth
In general, caries lesion progression is faster in approximal
surfaces in primary teeth than in permanent teeth, possibly
because the enamel of primary teeth is considerably thin-

ner than in permanent teeth. In 6-12-year-old children the
lesion progression rate - expressed as the number of sur-

faces found to progress out of 100 surfaces at risk in 1 year
- from sound to inner enamel demineralization was found
to be 11.3 in primary second molars compared with 4.6 in

permanent molars. Corresponding values for lesion pro-

gression from the inner enamel to the outer dentin were

found to be 32.6 for primary molars and 20.5 for permanent
molars [58]. These values demonstrate convincingly that

u

0
(b) 5m

Sound to enamel (state 0 to 2)

Enamel to dentin (state 2 to 4)

Figure 12.14 Annual caries rates (number of new lesions/100 tooth-surface-

years) of (a) upper and (b) lower posterior approximal surfaces from 12 to

22 years of age by tooth surface From [60]. Reproduced with permission of

Karger Publishers.
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whereas among mandibular teeth the distal surface of the
first molar was the surface with the highest risk (8.3 surfaces
per 100 at risk per year) (Fig. 12.14b). Comparison of lesion
progression between distal surfaces in the two premolars
showed a significantly higher rate for second than for first
premolars, and for second maxillary premolars the distal
surface had a progression rate that was 1.7 times higher than
the rate for mesial surfaces. This information may be useful
for the dental practitioner when searching for noncavitated
lesions during the clinical examination and when timing
radiographic follow-up of previously observed lesions.

studies (Table 12.1). For radiographic enamel lesions the
percentages of cavitation range from 2 to 61, whereas the
percentages of radiographic inner dentin lesions with cavi-
tation range from 44 to 100. Reasons for the relatively broad
ranges in the percentages of cavitations for the various
lesion depths may be due to differences in the samples (age,

gender, tooth types, caries activity, caries experience, etc.),
the radiographic depth scales, the veracity of the gold stan-
dard, and examiner recording variations with both the
radiographic registration scale and the gold standard. In
particular, the latter parameter might have a strong
influence on the percentage of radiographic lesions that are
identified as clinically cavitated. Furthermore, Lunder and
von der Fehr [47] have shown that the risk of cavitation of
radiographically detected caries lesions penetrating into the
inner enamel and outer dentin depends on the caries
activity of the individual. In caries-active adolescents with
six or more new dentin lesions during the past 3 years, lesion
cavitation was much more frequent than in adolescents with
little or no caries activity.

Lesion depth at baseline
It is generally agreed that deep lesions progress faster than
superficial lesions, indicating that the progression through
enamel is slower than through dentin. This is probably a
reflection of the fact that dentin lesions are more likely to be
cavitated than are enamel lesions (Table 12.1). In individ-
uals 11-22 years of age the mean progression rates for new
and established enamel and dentin caries lesions were 3.9,

5.4, and 20.3 per 100 surface-years respectively [60],
meaning that 3.9 of 100 sound surfaces at baseline devel-
oped enamel caries during 1 year, 5.4 of 100 surfaces with
enamel caries at baseline progressed into the outer dentin
during 1 year, and 20.3 of 100 surfaces with outer dentin
caries at baseline progressed into the inner dentin dur-

ing 1 year (Fig. 12.15). The mean progression values varied
significantly, however, for the different teeth and for the dif-

ferent surfaces in the same tooth.

Caries/restoration status of neighboring surfaces
Preparation damage of neighboring approximal surfaces in
permanent teeth seems to be a frequent phenomenon.
Thus, up to 70% of surfaces that are adjacent to a surface
with a restoration have been found to show unintended
burr damages [67], and such surfaces are subsequently
restored four times more frequently than surfaces that are
adjacent to a surface without restoration.

In a study by Stenlund et al [85] it was shown that the
risk of caries development in an approximal surface - from
the distal surface of the first premolar to the mesial surface
of the second molar - was several times higher if the surface
was adjacent to a carious surface instead of neighbor to a
sound surface (Table 12.3). Furthermore, it was docu-
mented that if caries (restored/unrestored) was present in
the distal surface of the second primary molar the risk of
caries in the neighboring mesial surface of the first
permanent molar was 15 times higher than if no caries was
present in the primary molar (Fig. 12.16).

Risk of cavitation
Higher progression rates for dentin lesions than for enamel
lesions and sound surfaces may be connected with the higher
occurrence of cavitations in deep lesions. The frequency of
cavitated approximal lesions detected radiographically has
been evaluated by various validation methods in several

3 Sound to enamel (state 0 to 2)

IEnamel to dentin (state 2 to 4)

IIn dentin (state 3 to 4)

0-2

Table 12.3 Risk of approximal caries development in relation to caries status
of the neighboring surface in 11/13-21/22-year-olds [85].

20.3

Surface IR -

Neighbor to a sound surface Neighbor to a carious surface

7 mesial
6 distal
6 mesial
5 distal
5 mesial
4 distal

1.1 13.5u

3.1 20.23-45.4
3.0 11.13.9
3.6 14.9
1.1 21.7
2.1 16.6

Figure 12.15 Annual caries rates (number of new lesions/100 tooth-surface-

years) of posterior approximal surfaces from 12 to 22 years of age. Median
values of all surfaces. From [60].

Reproduced with permission of John Wiley & Sons.
Number of surfaces showing progression per 100 surfaces at risk per year.
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*

(a)

Figure 12.16 Two magnified radiographs showing caries lesion progression over 4 years in the same patient, (a) Dentin caries lesion in the distal surface of lower
right primary second molar - a condition that increases the risk of caries development in the neighboring surface, (b) Four years later the second premolar had

erupted and the mesial surface of the permanent first molar showed dentin caries.

The following clinical situations may call for a bitewing
caries examination:

• multiple new active caries lesions (cavitated and/or
noncavitated);

• discolorations (e.g., dark shadows) or defects of the teeth
that cannot immediately be explained or evaluated on the
basis of a clinical examination;

• large/extensive approximal fillings with gingival margins
suspected having recurrent caries;

• follow-up of nonoperative caries treatment.

Table 12.4 Risk of development of new lesions in occlusal surfaces in relation

to tooth types [61].

Progression of occlusal caries lesions/IRaAge/years

All teeth1st molars 2nd molars

2.012-15
16-19
20-27

4.4 6.7
3.0 0.92.3

1.5 0.72.7

Reproduced with permission of Karger Publishers.
aIR: number of surfaces showing progression per 100 surfaces at risk
per year.

It has been shown that clinical caries increments are cor-
related with radiographic caries increments in the permanent
dentition of young teenagers [64]. This implies that the
dentist can be fairly certain that, when there are new/active

caries lesions clinically, new lesions may also be detected in

radiographs. In such cases it is advised to record the extent
and severity of the lesions radiographically as a landmark
for future lesion progression. In contrast, it may be pre-

sumed that patients with a sound gingival status, no signs of
active lesions, and risk factors controlled (Chapter 17) are

less likely to benefit from a new bitewing examination.

Repeated bitewings with short intervals (e.g., yearly) should
only be justified on very rare occasions; for example, in

patients with dubious or poor control of caries risk factors
and/or sites with increased risk of lesion progression, such
as outer dentin lesions. In most patients with clinical signs
of caries control, bitewing examination may not be needed
for several years.

However, timing of radiographic examinations is challeng-

ing because caries activity is not constant. Changes in caries
risk may followlifestyle changes (e.g., dietary changes, changes
in social environment, reduction in saliva following the use of
medications) or simply periods with less focus on dental
hygiene (see Chapter 17). Therefore, it is important that
the dentist pays attention to changes in a patients lifestyle
when deciding to perform the next bitewing examination.

Occlusal caries
Similar to approximal surfaces, development and progres-
sion of caries in permanent occlusal surfaces appears to be
highest during the first 5 years after tooth eruption.

A longitudinal study in 12-27-year-olds showed that most

new lesions in occlusal surfaces developed among 12-15-year-
olds (Table 12.4) [61]. No data are available for progression of
occlusal lesions in primary teeth.

Timing of radiographic follow-up

There are no fixed rules for how often radiographs should
be repeated in different individuals. As stated at the

beginning of this chapter, it is important that radiographs
are prescribed on the basis of individual needs, following a
visual-tactile caries examination. If fixed time intervals
between bitewings are used, many individuals might be
exposed without any benefit. When Lith and Grondahl [45]
estimated the time interval until the next bitewing exami-

nation in Swedish children based on the number and extent

of approximal lesions in baseline radiographs, it was found
that for most children the usual 1 year interval could be
extended without a concomitant risk of missing lesions
developing into deep dentin. Hence, the study supported an
individualized scheduling of bitewing examinations.
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Such information should be combined with clinical
observations in the patient that are known to influence the
rate of lesion progression; for example, patient age, caries
prevalence, risk of surface cavitation, caries status of neigh-

boring surface. In some patients, previous bursts of caries
activity may be a decisive factor for making a radiographic
examination. In other patients, the emergence of a dry
mouth may call for radiographic follow-up. Improvement
of the clinical status of a patient, such as changes in caries
lesion activity and improved control of risk factors, should
always delay the time for radiographic follow-up. This may
not always come forward when the dentist meets the patient
for the first time, but when the dentist gets to know the
patient it may become obvious that frequent bitewing
examinations are not needed.

In order to meet the difficulties with timing of bitewing
examinations, some scientific communities [23] recom-

mend that patients be allocated to risk categories, with
each category operating with fixed time intervals for
repeated bitewing examinations. However, while such an
approach seems attractive and easy to handle, it is hardly
justified to prescribe bitewings according to a fixed scheme
because of limited additional diagnostic information
obtained by mass screening of individuals that have under-
gone a thorough clinical caries examination [55, 56].
Moreover, it should be appreciated that frequent radio-
graphic examinations may lead to overtreatment because
of false-positive diagnoses, particularly in low-caries pop-

ulations. Therefore, patients receiving frequent bitewing
examinations might paradoxically end up with a poorer
dental status than if such examinations had not been per-

formed (see Chapter 10) [13]. The risk of overtreatment
due to false-positive diagnoses can be minimized if the
clinician brings together complementary information
from both the clinical and the radiographic examination.
Clearly, radiographs must never be used as the sole criterion
for making treatment decisions.

It is often ignored that the information gained from
successive bitewing radiographs is restricted to observing
past changes in lesion development. Radiographic exami-
nation cannot say anything about current caries activity or
the probability for future lesion progression, as might be
derived from a clinical caries examination using lesion
activity assessment (see Chapter 11). Moreover, traditional
radiography is based on qualitative evaluations of mineral
loss. This has prompted the search for alternative quantitative
methods for assessing the progression of caries lesions.
Such methods will be addressed next.

ated with conventional radiography, such as use of ionizing
radiation and the crude categorization of lesions according
to depth of penetration. If lesion progression and arrest
could be quantified by a device on a continuous scale,

longitudinal monitoring might be simple; just apply the
device again and observe in which direction the numbers
change. The concept is hugely appealing, so no wonder
researchers have made much effort to develop, test, and
improve such devices.

All quantitative methods for caries detection are based
on the interpretation of physical signals. These are causally
related to one or more features of a caries lesion. Table 12.5
shows the types of physical principles that may be used and
the corresponding diagnostic methods that are going to be
described.

Methods based on light
Physico-chemical principles
Sound enamel consists mainly of crystals (Chapters 5 and
9) that are very densely packed, giving the enamel a glass-
like, translucent appearance. The yellow-white color of
teeth is the result of the dentin shining through the trans-
lucent enamel layer. Light that shines on a tooth will, in
part, penetrate the tooth and be scattered or absorbed
inside. Scattering is the process in which the direction of
a photon is changed without loss of energy. Absorption is
the process in which photons lose their energy, mostly by
conversion into heat. Since scattering does not cause the
light to be lost, scattering may occur many times consec-

utively along the path, a phenomenon called multiple
scattering. After one or more scatter events, a photon may
reach the tooth surface again and leave the tooth. Back-
scatter is the phenomenon where photons leave through
the surface by which they entered. When photons leave
through another surface, the phenomenon is called diffuse
transmission.

In a sound tooth, scattering is much more probable
than absorption. In dentin, both scattering and absorption
occur more frequently than in the enamel. The whitish

Table 12.5 Overview of diagnostic methods based on light and electrical
current.

Physical principle Application in caries diagnosis

Light Laser-fluorescence measurement
DIAGNOdent®/DIAGNOdent pen

Fluorescence
VistaProof, SOPROLIFE , 50PR0CARE

Quantitative light-induced fluorescence (QLF)
Transillumination

FOTI, DIFOTI, DIAGNOcam
Methods based on light and electrical current
Caries detection methods based on light and electrical
current have been introduced in the hope that quantitative
approaches might overcome some of the problems associ-

Electrical current Electrical conductance measurement (ECM)
Electrical impedance measurement
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fluorescence. This is the basis of many detection devices
used today, such as QLF, DIAGNOdent, DIAGNOdent pen,

VistaProof, SOPROLIFE, and the Spectra system [21, 54,

69, 86, 91].

appearance of teeth is due to the fact that absorption is

much lower than scattering [87]. Primary teeth show more

scattering and, therefore, have a whiter appearance than
permanent teeth.

In a white spot caries lesion, scattering is stronger than in

sound enamel. The penetrating photons change direction
more often in carious enamel than in sound enamel and are

generally back-scattered before they reach the dentin.

Therefore, such a lesion appears whiter than the surround-

ing sound parts of the tooth. Brown lesions are due to the
presence of light-absorbing material in the lesion and/or
exogenous stain.

A slight increase in enamel porosity leads to a change in

the optical properties of enamel in such a way that light is

increasingly scattered. This is presumed to be primarily due
to the fact that the remaining small mineral particles in the
lesion are embedded in water rather than in mineral-rich
sound enamel [7], thereby increasing the difference in

refractive index (RI) between the scattering photon and its

environment. The RI of enamel apatite is 1.62, and the RIs

of water and air are 1.33 and 1.00 respectively. Thus, when
the pores of a white spot enamel lesion are filled with water,

the light scattering is less than when the lesion is dry and the
pores are filled with air. After dehydration, the enamel
lesion looks whiter as a result of more scattered light. This is

why a careful clinical examination must be preceded by
drying of the teeth (see Chapter 11).

Laser light is composed of electromagnetic waves with
equal wavelengths and equal phases. Some materials
possess the characteristic of fluorescence when illumi-

nated with light. Fluorescence is a property of some
manmade and natural materials that absorb energy at

certain wavelengths and emit light at longer wavelengths
[69] . By using a filter through which only the fluorescent

light may pass, the fluorescent light can be selected and
measured. The intensity of the fluorescent light is pro-

portional to the amount of light absorbed and of the
amount of material present. Fluorescence of dental hard
tissues has been known for a very long time [14], and
fluorescence spectra have been presented by several
authors [8, 27, 83].

The chromophores causing fluorescence of the dental
hard tissues are not clearly identified. The blue fluorescence
of enamel was assigned to dityrosine [19]. It seems likely
that most of the yellow fluorescence stems from proteinic
chromophores’ cross-links between chains of structural
proteins [78] . Moreover, dental enamel and dentin pos-
sess the characteristic of so-called autofluorescence.

Caries lesions, plaque, and microorganisms also contain

fluorescent substances. The red-infrared fluorescence of
caries has been assigned to a protoporphyrin, which is pre-
sent as a bacterial breakdown product [42]. The difference
between the fluorescence of sound tooth tissues and that of
a caries lesion can be made visible by laser- or light-induced

Devices based on fluorescence (semi-quantitative)

DIAGNOdent
When red light with a wavelength of 655 nm is applied,

caries-induced changes in teeth lead to increased fluores-

cence [27]. The DIAGNOdent (KaVo Biberach, Germany)

is based on this principle. The fluorescent light is mea-
sured and its intensity is thought to be an indication
of the depth of the caries lesion. The intensity of the
fluorescent light is displayed as a number ranging from
0 to 99, with 0 indicating a minimum and 99 a maximum

of fluorescent light.
Since its first presentation, many studies have exten-

sively investigated this laser fluorescence device for
occlusal and smooth surface caries detection. The threshold
between occlusal caries limited to enamel and caries into

dentin was found to be around 18 under humid conditions
[51, 52, 79]. Clinically visible white spot lesions are mea-

surable with this device. However, the very early stages
of demineralization with no fluorophores from bacteria
present are not captured by the DIAGNOdent. Based on

systematic reviews of the performance of DIAGNOdent for
detecting caries, it was concluded that DIAGNOdent is

more sensitive than traditional diagnostic methods [10, 53,

70] (Table 12.6). However, the higher likelihood of false-

positive diagnoses when using the DIAGNOdent means

that it should not be relied on as a clinician 's primary diag-

nostic method. The main problem is that bacteria and
calculus at the depth of grooves and fissures may generate
false-positive results.

Recently, a new laser device (DIAGNOdent pen, DD
pen, KaVo Biberach, Germany) was introduced, which, in

addition to occlusal surfaces, allows fluorescence from
the approximal surfaces of teeth to be captured [54, 88]

Table 12.6 Sensitivities and specificities of different additional caries diag-
nostic devices when used in occlusal surfaces, compared with visual-tactile

caries examination (data retrieved from [11, 69]). Data reported for enamel
level, except for QLF (dentin level).

SpecificitySensitivityDevice

Visual examination
Visual-tactile examination
Bitewing radiography
DIAGNOdent^
SOPROLIFE 0

0.59 0.72
0.39 0.94
0.39 0.91
0.87 0.50
0.93 0.63
0.80 0.86QLF
0.73 0.87ECM
0.21 0.88FOTI
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(Fig. 12.17). Comparison of the DIAGNOdent pen with
the DIAGNOdent on occlusal surfaces revealed a similar
detection performance of the two devices [48]. For both
DIAGNOdent devices, careful tilting on occlusal surfaces

around the spot to be measured is crucial for an adequate
detection (Fig. 12.18). When using the instrument
approximally it is important to apply it on the oral and
facial side of the surface under detection and to move the
tip underneath the contact point (Fig. 12.19). This allows
the dentist to search for demineralized areas with the
highest fluorescence. However, owing to the thickness of
the tip (0.4 mm), access to the approximal surface is often
impossible.

The DIAGNOdent devices have shown good intra-
examiner reproducibility [52, 54, 94]. This means that the
DIAGNOdent can potentially be used for monitoring the
carious process. However, it has to be taken into account
that monitored differences of four units and below are not
clinically relevant [48].(a)

VistaProof
The intraoral fluorescence camera VistaProof (Durr Dental,
Bietigheim-Bissingen, Germany) was developed for caries
detection and emits blue light at 405 nm and captures
fluorescent images from dental surfaces [91]. The specific
software filters and quantifies the fluorescence emitted by
the tissue and converts the relationship between green and
red fluorescence into numerical values, according to the
pixel numbers in each image [91]. This results in numerical
values ranging from 0 to 3 with optimal cut-off limits of
0-1.1 (sound surfaces), 1.2-1.7 (enamel caries), and >1.7
(dentin caries). The performance of VistaProof in recent
studies was rather similar to the performance of the
DIAGNOdent [22, 75, 82].

(b)

Figure 12.17 (a) The DIAGNOdent pen with the tip for detection of occlusal caries,

(b) Close-up of the tip for approximal detection and the knob for turning it around.

Figure 12.18 Procedure for occlusal detection with the DIAGNOdent pen. The tip has to be rotated around the vertical axis (a, b).This ensures that the tip picks
up fluorescence from the slopes of the fissure walls where the carious process may start. The position shown in (b) gives no signal.
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Figure 12.19 Procedure for approximal detection with the DIAGNOdent pen. (a) Measurement of the fluorescence (zero value) of a sound spot on the coronal

part of the facial surface, (b) Measurement at the approximal site. The approximal space is carefully penetrated.

Chapter 22 is that, intriguingly, the observed color differences
of the dentin may be of no clinical consequences, as the
dentin, its level of infection and possibly its integrity,

changes after the cavity is sealed.

SOPROLIFE and SOPROCARE
The SOPROLIFE system combines the advantages of a visual
detection method with a high-magnification oral camera and
a laser fluorescence device. The SOPROLIFE fluorescence tool
operates in daylight and blue fluorescence modes. In the
daylight mode, the system uses four white light-emitting
diodes (LEDs); in the fluorescence mode, it uses four blue
LEDs emitting a wavelength of 450 nm. The handpiece allows
for collecting pictures at different distances to a tooth, resulting
in different magnifications [69, 86]. The SOPROCARE device
combines a caries diagnostic mode similar to SOPROLIFE
with a perio mode for gingival inflammation assessment. The
performance in an in vivo study of occlusal surfaces using
ICDAS as the gold standard for caries was as follows:
DIAGNOdent (sensitivity 87%/specificity 50%), SOPROLIFE
(sensitivity 93%/specificity 63%), SOPROLIFE blue fluores-
cence (sensitivity 95%/specificity 55%) [69] (Table 12.6).

Hence, the diagnostic capability of the SOPROLIFE showed a
rather similar performance to that of the DIAGNOdent, result-

ing in a low specificity in return for a high sensitivity.
A clinical advantage of this device compared with similar

devices is the image magnification and quality, and the pos-
sibility of images to be reviewed over time [69, 86] .

In addition to the diagnostic mode, SOPROLIFE has
been promoted in a treatment mode for the discrimination
of infected and noninfected dentin during caries excava-

tion. It was suggested that when an open caries lesion is illu-

minated with the fluorescent camera, sound dentin appears
acid-green, highly infected dentin appears black-grey-
green, affected/demineralized dentin appears bright red,

and arrested caries appears dark red [90]. It was hypothe-
sized that the dark red color might reflect modifications of
the dentin matrix that correlated with the Maillard reaction
[41, 44]. The treatment mode of the SOPROLIFE camera is

still at the experimental stage and remains to be validated in
clinical and microbiological studies before it can be recom-
mended for use in clinical practice. What will emerge in

Quantitative light-induced fluorescence
Demineralization of a dental hard tissue results in loss of its
autofluorescence, the natural fluorescence. As early as in

the 1920s this phenomenon was suggested to be useful as a
tool for diagnosing dental caries [15]. More recently, laser
light was used to induce fluorescence of enamel [17, 18].
The tooth was illuminated with an argon laser ( A = 488 nm).

Demineralized areas appeared as dark areas because the
fluorescence of a caries lesion viewed by QLF is lower than
that of sound enamel.

The laser fluorescence method was developed further for
in vivo quantification of mineral loss in natural enamel
lesions using a color microvideo charge-coupled device
(CCD) camera and computed image analysis [21] (Fig. 12.20).

To enable calculation of fluorescence loss in the caries lesion,

Figure 12.20 Clinical use of QLF. Courtesy of S. Tranaeus.
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Figure 12.21 Principles of the QLF method for quantification of an enamel caries lesion, (a) The actual fluorescence image of a caries lesion;(b) the reconstructed
image, in which fluorescence radiance of the original sound enamel at the lesion site was reconstructed by interpolation of values indicating sound enamel around
the lesion, (c) The difference between the measured and the reconstructed values gave the resulting fluorescence loss in the lesion.

the fluorescence of the lesion is subtracted from the fluo-
rescence of the surrounding sound tissue. The difference
between the actual values and the reconstructed ones gives
the resulting fluorescence loss. Figure 12.21a shows the
actual fluorescence image of a caries lesion; Fig. 12.21b
shows the reconstructed image in which the fluorescence
of the original sound enamel at the lesion site was taken
from the fluorescence of the sound enamel around the
lesion. The difference between the measured and the
reconstructed values gave the resulting fluorescence loss
in the lesion (Fig. 12.21c). From this, three lesion quan-
tities may be obtained: mean fluorescence loss over the
lesion (%), maximum fluorescence loss in the lesion (%),
and area of the lesion (mm2). To facilitate clinical studies
at different locations, a small, portable system for intraoral
use was developed with a regular light source and filter
system to replace the laser source [3]. The illumination
system consists of a 50W xenon microdischarge arc lamp
provided with an optical bandpass filter with a maximum
wavelength of 370 nm to produce blue light. The light illu-
minating the tooth is transported through a liquid-filled
light guide. The portable QLF device was validated against
chemicalanalysis and microradiographyfor the assessment
of mineral changes in enamel and compared with results
from measurements with the laser light equipment [3]. It
was concluded that QLF was a sensitive (Table 12.6) and
reproducible method for quantification of early enamel
lesions.

The QLF method has been applied successfully in a few
clinical studies for monitoring remineralization of incipient
enamel lesions in smooth surfaces of caries-active adoles-

cents [4, 93].
Attempts to adapt the QLF method for occlusal caries

diagnosis have been made. Preliminary results comparing
the QLF method with other diagnostic methods showed
that QLF was more sensitive than electrical conductance

for measurements of shallow occlusal lesions [6, 66, 92].
Discrimination of deeper lesions, however, was not pos-
sible. An updated portable QLF device showed good
performance on occlusal surfaces when used in a clinical
setting [2].

Digital imaging fiber-optic transillumination
Fiber-optic transillumination (FOTI) has been introduced
as a qualitative diagnostic method by which teeth are
transilluminated. The observation of shadows’ has been
associated with the presence of caries lesions. Use of the
method is described in Chapter 11. The major problem
associated with the accuracy of FOTI is the low sensitivity
[11]. Plowever, the specificity is quite high (88-100%),
suggesting that FOTI might be useful for ruling out sound
surfaces (Table 12.6).

The technique of digital imaging fiber-optic transillumi-
nation (DIFOTI) was introduced to improve the sensitivity
by replacing the human eye with a CCD receptor [39]
(Fig. 12.22). A clinical validation study determined the
ability of DIFOTI to detect caries [5]. Deciduous molars of
119 children (aged 8-12 years) were examined at 6-month
intervals throughout a 2-year study period. Exfoliated teeth
were collected for the validation of lesion presence and
depth using polarized light microscopy as the gold stan-
dard. Results indicated that lesions involving the inner half
of enamel were better detected than lesions restricted to the
outer half of enamel for both approximal and occlusal sur-
faces. In other words, DIFOTI may not be able to detect
very shallow lesions. Such lesions are better detected using
a visual examination (Table 12.6).

Another transillumination system, representing a further
development of DIFOTI, the near-infrared light transillumi-
nation (NILT) (DIAGNOcam, KaVo, Biberach, Germany),
was introduced in 2013. This camera uses an illuminating
wavelength of 780 nm and it seems to be possible to capture



228 Diagnosis

Figure 12.22 DIFOTI for the detection of occlusal caries. Courtesy of M. Ando.

different stages of approximal carious lesions. DIAGNOcam
has not yet been tested and validated in clinical studies.

Methods based on electrical current

When an electrical current passes through a material the
electrical properties of this material determine the extent to

which the current is conducted. Biomaterials with high
concentrations of fluids and electrolytes are more conduc-
tive than materials with low concentrations. It follows that
immature, porous enamel is more conductive than mature

enamel, and dentin is more conductive than enamel. When

a current is applied by placing an electrode onto a tooth sur-
face the electrical conductance of all material between this
electrode and the contra-electrode, which is generally held
in the hand, can be measured. Since all of these materials
have high concentrations of electrolytes except for dental

enamel, the measurement of the conductance is mainly that
of enamel. Demineralized sites in enamel, sites with a high
pore volume, and cavities can be detected by measuring the
conductance.

Impedance is the measure of the degree to which an
electric circuit resists electric-current flow when a voltage is

impressed across two electrodes. Impedance, like electrical
resistance expressed in ohms, is the ratio of the voltage
impressed across a pair of terminals to the current flow bet-
ween those electrodes. Every material has different electrical

impedance determined by its molecular composition: some

materials have high electrical impedance, while others have
low electrical impedance. Carious tissues have a much

lower electrical impedance (conduct electricity much

better) than sound tooth tissues.

Figure 12.23 (a) ECM. The electrical caries monitor with its tip. (b) Air flows

through the tube to dry the tooth surface, (c) The measurement of a spot. To

prevent the current from 'leaking' through a superficial layer of moisture to the
gingiva, an airflow is applied to dry the occlusal tooth surface around the
probe.

dentinal carious lesions of permanent premolar and molar
teeth ranged from 0.67 to 0.96, whereas the specificities
ranged from 0.71 to 0.98, reflectingan acceptableperformance.

When analyzing ECM data obtained by different researchers
[36] it might be concluded that there was a consistent,

systematic, nonrandom measurement variation. This was

assumed to be related to factors such as insufficient and

unpredictable probe contact (Fig. 12.23), which may explain
the aforementioned wide ranges of sensitivities and specific-

ities reported (Table 12.6).

Electrical conductance measurements

The value of site-specific ECMs in caries diagnosis has been
the subject of many in vitro [9, 71, 100] and in vivo studies [50,

72-74, 96]. The reported sensitivities of ECM in diagnosing
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Electrical impedance measurements
The principle of electrical impedance has been applied to
detect caries lesions at approximal sites of teeth [35, 46]. A
system used for electrical impedance is called CarieScan.
This device displays numbers giving some information
about the severity of the carious process. A recent in vivo
study judged the device as unsuitable for use in the primary
dentition [88]. There are no in vivo studies available that
have tested the device in the permanent dentition.

light, the clinical use of QLF may be complicated by
confounding factors such as plaque and stain.

Advantages of DIFOTI and other methods based on
transmission of light include a high specificity, the absence of
ionizing radiation, and the possibility for images to be reviewed
over time. However, training for interpretation of images with
this technique is required. Furthermore, there is currently no
objective way to quantify caries with these systems.

It is self-evident that any diagnostic method intended for
longitudinal monitoring of caries lesions must prove a good
reproducibility within and between examiners. Apart from
clinical and radiographic examination, only QLF has been
used for monitoring lesions longitudinally.

Are the additional methods suitable
for use in clinical practice?

Flaving reviewed a broad range of caries detection tools it is
apparent that there is no perfect caries diagnostic method.
Likewise, no caries diagnostic test evaluated so far can claim
superiority over that of a clinical caries examination.
Table 12.6 shows an overview of the sensitivities and speci-
ficities of the different diagnostic technologies described in
this chapter compared with a visual-tactile caries examina-
tion. No single test is close to 100% sensitivity and 100%
specificity. Some tests are better in ruling in a caries lesion
(high sensitivity and lowspecificity; e.g., QLF, DIAGNOdent,
and SOPROLIFE), whereas others are better in ruling out a
caries lesion (high specificity and low sensitivity; e.g., visual-
tactile caries examination and bitewing radiography).
A carefully conducted visual-tactile caries examination has
an acceptable balance of a relatively high proportion of true-

positive diagnoses while at the same time having a low
proportion of false-positive diagnoses that might lead to
incorrect treatment decisions. A visual caries examination
is superior to bitewing radiography for detecting shallow
lesions confined to enamel, whereas radiography may be
better in detecting deep/cavitated dentin lesions in approxi-
mal surfaces (see Fig. 11.30).

The semi-quantitative devices such as DIAGNOdent,
VistaProof, and SOPROLIFE have been launched because
of their ease of use and their ability to detect caries in
enamel and dentin. However, some of these devices also
detect deposits like plaque, calculus, or staining, and all
these confounders give false-positive readings. This, in
turn, will lead to overtreatment of a patient, as a dentist may
falsely intervene operatively. Mechanical approaches to
eliminate the deposits/stain from occlusal fissures may by
itself lead to false-positive diagnoses because of difficulties
in removing fluorescent polishing paste [22, 49] or because
of artifacts induced by cleaning with air abrasion [89].

The QLF method offers a combination of quantitative
data and display of the fluorescent image of the tooth on the
monitor, which makes QLF instructive for demonstrating
lesion progression and/or arrest. The high sensitivity of the
method makes it an appropriate research tool for in vivo
monitoring of mineral changes in early white spot enamel
lesions. However, like other methods based on fluorescent

Can the methods serve as adjuncts to a
visual-tactile caries examination?
It is often claimed that additional diagnostic methods, despite
their lack of accuracy, may be used as an adjunct (or second
opinion) to visual inspection for caries. This thinking prob-
ably stems from the concept of additional diagnostic yields
(see Chapter 10), inferring that the more lesions detected the
better the diagnostic performance. However, second opinions
on lesion detection may not be as innocent as they sound. In a
recent study by Baelum et al [13], the additional effect on the
number of treatment decisions of adding a bitewing examina-

tion to a visual-tactile caries examination was evaluated. It
was shown that while the supplementary use of bitewings
resulted in a 40% increase in the number of treatment
decisions, the correct number of treatment decisions (opera-

tive or nonoperative, as determined by the presence or absence
of cavitation) dropped by 10% (from 60% to 50%). Thus, bite-
wing examination did not correct errors made by the visual-
tactile examination but rather added more errors to the faulty
visual examination! Clinicians should be aware of the risk of
making more erroneous treatment decisions when adding a
supplementary diagnostic tool.
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Why the caries control concept should
replace caries prevention
For more than half a century the term caries prevention
has been considered synonymous with primary preven-
tion ; that is, prevention by reducing the incidence of disease
(reducing the development of new disease). For example,
the results of the water fluoridation studies in the USA in
the 1940s were interpreted such that fluoride prevents the
development of carious cavities because about 50% fewer
cavities could be recorded in a given cohort in fluoridated
communities (see Chapter 14 for details).This phenomenon
was ascribed to fluoride being incorporated into enamel,
thereby making the tooth more resistant to acid attacks.

However, based on a critical review of the epidemiological
evidence and a series of laboratory studies on enamel chem-

istry [21], Fejerskov et al. [14] promoted a new paradigm on
the mode of action of fluoride in 1981. According to this

new paradigm, fluoride does not prevent the development of
cavities by forming a more resistant enamel’ but rather
exerts its cariostatic effect by interfering with the de-and
remineralizing processes during lesion development
whereby it treats active caries lesions as they progress! This
discovery meant a radical shift in our way of thinking about
caries prevention.’ As a consequence, fluoride was redefined
as a therapeutic agent that operates by controlling the initia-

tion and development of dental caries at precavitated stages of
lesion formation (see Chapter 9). At the time, precavitated
stages of caries were usually not recorded clinically, as
classical caries epidemiologists claimed that noncavitated
enamel lesions could not be recorded with any certainty.
However, reanalyses of the original Tiel-Culemborg data on
the effect of water fluoridation [16] - which in fact included
observations of noncavitated lesions - showed that the new
paradigm [14] was justified. Subsequently, in 2003, analyses
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matured gradually as it became obvious that the clinical
criteria for assessing lesion activity were capable of predict-
ing lesion outcomes [29] and help clinicians in making
informed treatment decisions (Fig. 10.1). The caries control
concept was successfully implemented in the cariology cur-
riculum at Aarhus University as an integrated part of the
course on restorative dentistry. The goal was that students
should appreciate that a patient who disturbs the biofilm
mechanically (brushing), chemically (fluoride), or by
behavioral change (diet) is performing caries control.

Both nonoperative and operative treatments are part of
the caries control concept (Fig. 13.1), but operative treat-

ments should never be the only treatment offered to patients
presenting with active caries lesions. A filling is sometimes

the only option for arresting an active cavitated caries lesion
because of poor access to cleaning, but fillings alone do
not cure a caries-active patient without the ancillary help of
improved caries control (see also Chapters 17 and 19).

In this chapter we will now demonstrate the effects of
applying the caries control concept in clinical settings.

of caries lesion transitions in a controlled clinical trial of
supervised brushing with fluoride toothpaste demonstrated
that fluoride promotes lesion arrest more than it inhibits
lesion development [6, 29], thereby controlling (or delaying)

the formation of cavities.
Fluoride is not the only agent that may have a therapeutic

effect on the caries processes. However, fluoride is the only
agent so far that has been proven to significantly influence
caries incidence rates (see Chapter 14). As shown in

Chapter 14, fluoride has an effect only when it is present
during periods of active disease ; that is, when pH
decreases and fluctuates as a result of biofilm metabolism.

Understanding this fact is essential for understanding why
we talk about caries control

Interventions that are capable of modifying the meta-
bolic activity of the biofilm (Chapter 7) may also possess
therapeutic properties because of their potential to restore

the physiological equilibrium at the biofilm-tooth inter-

face, but the clinical effect of such strategies is less clear. The

caries-controlling effect of interventions could occur on
any tooth surface that is covered by a biofilm, whether the
surface is noncavitated or cavitated. Therefore, we now pro-
pose a shift from the concept of caries prevention’ to a
broader evidence-based concept of caries control’ when

attempting to interfere with the dynamic processes of caries

at all stages of lesion development. This is not merely a

question about semantics. A more precise terminology
should preferably be reflected in better promotion of dental
health. Our line of thinking behind this change of termi-

nology is illustrated in Fig. 13.1.

Adoption of the caries control paradigm necessitates that
clinicians have the proper diagnostic tools to monitor lesion

progression over time. In 2003, when we first introduced
the caries control concept in a well-hidden publication [13],
the criteria for detecting active and inactive caries lesions
[24, 28] were not validated. The caries control concept

How caries control was managed in the past

Already a century ago, Dr G.V. Black, reported about his
clinical successes in the prevention and treatment of smooth
surface caries after recommending self-performed tooth-
brushing. In his textbook [7], he wrote that

even in cases of marked whitening of the enamel in several
teeth, my experience shows plainly that the decay of
the enamel can be effectively checked in any case in which
the enamel has not been penetrated. The brush and water
are all that is needed, but these must be correctly used to be
effective.

Dr Black observed that his treatments were less effective
at the cavitation stage. This may not come as a surprise

Restoration
endodontics
tooth lossNoncavitated Cavity

A A A A A A A A A A AExposure

tt
Early diagnosis Late diagnosis

Secondary prevention Tertiary preventionPrimary prevention

Operative
treatment

Maintaining
physiological
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Nonoperative
treatment

¥" Caries control

Figure 13.1 Schematic illustration of the caries control concept. Because of continuous exposure to the metabolically active biofilm, disease control must be

maintained lifelong. Both nonoperative and operative treatments are part of the caries control concept, but operative treatments should never be the only

treatment provided for patients with active caries lesions. See text for a detailed explanation. Modified from [13].
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because it is much more difficult to clean a carious cavity
with undermined enamel than a smooth tooth surface. In
deciduous teeth, where he had no suitable restorative
material and small nervous patients who must not be fright-
ened, he advocated opening the lesions to allow cleaning.
Two decades later, Anderson [1] published a case series of
experimental arrest of 20 large occlusal dentin cavities
following gross excavation of decay’ and elimination of
margins of unsupported enamel that made the lesion
inaccessible to biofilm removal. All the treated cavities
experienced either partial or complete arrest of the carious
process, after the chewing function was reestablished. These
historical observations, combined with more recent clinical
observations, suggest that caries lesion progression can be
arrested at any stage of lesion development, provided that
clinically plaque-free conditions are obtained [26].

To fully understand the concept of lesion arrest it is
important to appreciate the dynamic nature of caries lesion
development (see Fig. 5.2), and the dynamics of de- and
remineralization processes (see Chapter 9). Clinicians may
experience that caries lesions exhibit different pathways of
lesion arrest, depending on the patients ability to perform
oral hygiene and control of risk factors. In some cases
individual lesions may alternate between active and inactive
stages over time. In other cases of efficient biofilm removal,
lesions may show clear signs of arrest within a few months.

Why has the caries control concept/nonoperative caries
treatment not been broadlyadopted by dental practitioners?
One obvious reason could be that the fee structure does not
reimburse for this treatment. However, even in countries
where there is an accepted fee for nonoperative interven-
tions (such as in Denmark), dentists are often reluctant to
perform this treatment. This may be due to the fact that
dentists feel insecure about how to monitor caries control,
or this type of treatment does not fit with the dentists
perception of their professional role of drilling and filling,’

or simply that dentists do not think that the method works.
The examples presented in this chapter should help to over-

come this barrier when combined with the information
presented in Chapter 20 on reactions of the pulpo-dentinal
complex to caries.

Altogether, these changes were interpreted to be mainly a
result of surface wear (toothbrushing and mastication)
rather than a result of remineralization’ of the demineral-
ized tissue [31]. The very surface layer of the lesions may
take up some mineral, but the porous tissue deep to the
surface is unlikely to repair’ completely because of restricted
diffusion of ions in and out of the lesion (Chapters 5 and 9).
Therefore, arrested lesions remain as lifelong whitish or
brownish scars in the enamel.

Enamel lesion development and arrest was also observed
in in vivo studies on experimental gingivitis and caries car-
ried out at Aarhus University in the late 1960s [30, 32].
Clinically detectable noncavitated enamel caries lesions
developed unexpectedly rapidly in the natural dentitions of
dental students by abstention of oral hygiene for 3 weeks
and supplementation with nine daily mouthrinses with a
50% sucrose solution (Fig. 9.17a). Fortunately, these lesions
were arrested after resuming oral hygiene practices and
performing daily mouthrinses with a 0.2% NaF solution for
2 months (Fig. 9.17b). With today’s knowledge this clinical
experiment may seem fairly unethical, but it should be
appreciated that at the time the rapid development of visible
lesions came as a surprise to the researchers. As a result of
this experiment, it is no longer ethical to perform prolonged
in vivo studies in humans by applying frequent mouthrinses
with sucrose solutions.

Some dentists are doubtful about the effect of caries
control in occlusal surfaces because of the difficulties
encountered in proper cleaning of the fissures, particu-
larly during tooth eruption. However, a substantial body
of evidence shows that it is indeed possible to control the
development and progression of caries in occlusal surfaces
of erupting molars when children are subjected to an
individualized program of intensified oral hygiene,
including professional tooth cleaning and use of topical
fluorides [8]. After 1 year of the program the proportion of
arrested lesions increased at the expense of a decrease in
the proportion of active lesions. At the same time, the
proportion of surfaces with visible biofilm decreased sig-
nificantly (Fig. 13.2a-c). These results were maintained
over time, and after 3 years almost 90% of the sites had
remained clinically stable [9]. Only 9% of the occlusal sur-

faces were sealed and 1% filled during the follow- up
period, compared with 66% sealed and 8% filled surfaces
in a control group from the same community. The authors
suggested that the nonoperative program, now referred to
as the ‘Nexo method,’ might be particularly advantageous
for controlling caries at the very early stages of tooth
eruption during which sealing cannot be performed due
to lack of moisture control.

However, the original Nexo study [9] did not involve a
concurrent control group for comparison. A subsequent
trial performed in Moscow, based on the Nexo method,
involved a concurrent control group and confirmed the

Arrest of active enamel caries
Several clinical experimental studies have confirmed the
original observations of Black [7]. When active enamel car-
ies lesions are cleaned regularly, the surface features change
from chalky-white to a more diffuse opacity, particularly in
the peripheral shallow parts of the lesion; see Figs 5.25 and
5.26 [3, 4, 19]. The total area of the lesion may be reduced,

and occasionally lesions may completely disappear [5].
It has also been suggested that localized ruptures of the
surface layer of demineralized enamel may induce the
formation of microcavities during lesion arrest [3].
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Arrest of active root cariespositive effects of nonoperative treatments on oral hygiene
levels and caries control of occlusal surfaces, without using
sealants [11]. More than half (54%) of the noncavitated
active lesions in occlusal surfaces were converted into inac-

tive lesions over the course of 2.5 years. This was in con-
trast to the control group, where no lesions regressed.

A nonoperative treatment approach based on professional
tooth cleaning and dental health education has also been
tested in newly erupted first molars in Australia and was
found to be equivalent to a conventional preventive
program comprising selective fissure sealing and applica-
tion of topical fluorides [2]. Common to the above nonop-
erative programs for occlusal caries was that the recall
visits and allocation of resources had to be more frequent
during the first year, but the frequency of recall visits

decreased with time as the molars reached full occlusion
and compliance improved.

Increased aging of populations and associated difficulties
with operative treatment of root caries has prompted a

series of studies exploring the possibilities for lesion arrest
of root caries lesions. In all cases of sustained meticulous
oral hygiene the clinical features of root caries lesions
change relatively rapidly. Formerly plaque covered, active

yellowish lesions with soft surface texture may convert into

harder inactive discolored lesions, the surface of which
might eventually appear glossy smooth (Fig. 13.3a-c) or
contain microcavities (Fig. 13.4a-d) [24].

Arrest of root caries is particularly interesting from the
point of view that, in contrast to enamel caries, bacteria
have been shown to invade the superficial layers of carious

root dentin at an early stage [25]. But we need not be
concerned about these bacteria because when the superficial

© Carv, © Carval© Carv,

Figure 13.2 Nonoperative control of caries progression on occlusal surface of erupting first molar, (a) Thick biofilm before and (b) after plaque removal. Note the

presence of active noncavitated lesions in the groove-fossa system after plaque removal and drying, (c) After 3 months of nonoperative treatment the translucency

of the enamel in the central part of the groove-fossa system appears normal, but opaque lesions are still visible next to gingiva distally. Courtesy of Joanna C. de

Carvalho.

Figure 13.3 Arrest of root-surface caries, (a) Active root-surface caries lesion in upper canine presenting a softened surface, (b) Same lesion after 1 year of

nonoperative caries control by improved toothbrushing with fluoride toothpaste. The lesion has turned into an inactive stage as evidenced by the hard and shiny

surface, (c) After 4 years the lesion is still inactive and has taken up stain. Note also the inactive lesion in the gingival part of enamel.
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formation in the buccal surfaces (Fig. 13.5a-d) [26]. Most
dentists would immediately treat such lesions with fillings.
However, the patient was willing to try a nonoperative
treatment under the premise that the treatment would not
endanger the pulp. The nonoperative treatment turned out
to be so successful that the patient did not ask for a filling
within the 10-year follow-up. The lesions turned harder
over time, and they became almost black. But cosmetic
appearance was not an issue for the patient in this part of
the mouth. At the 4-year examination (Fig. 13.5c) a rim of
unsupported enamel facilitating biofilm retention was
removed along the occlusal aspect of the lesion in the first
premolar to facilitate plaque removal. During this
procedure, utmost care was used not to damage the very
surface layer of the lesion as this might potentially create
larger pathways for bacterial invasion into the body of the
lesion and hamper continued lesion arrest. The 10-year
follow-up (Fig. 13.5d) reveals that this mechanical adjust-
ment of the lesion borders was effective.

Nonoperative treatment may not only be a useful strategy
for controlling root caries in individual patients in the
dental office. A recent clinical trial has demonstrated
that this treatment concept may also be successfully applied
in elderly nursing-home residents who have their teeth
brushed professionally twice a day by the nursing staff [12].
Significantly more active root caries lesions arrested in an
intervention group that brushed with 5000 ppm fluoride
toothpaste compared with a control group brushing with
1450 ppm fluoride paste for 8 months. Since no differences
were recorded in plaque levels and other relevant caries
determinants at the end of the study, the authors concluded
that the 5000 ppm fluoride toothpaste was more effective
than the 1450 ppm fluoride paste in arrest of root caries
lesions in this program of professional daily toothbrushing,
which is not surprising in view of our knowledge about the
cariostatic mechanisms of fluoride (see Chapter 14).

4 © NyvacP (d)

Figure 13.4 Consecutive stages of nonoperative treatment of active noncavitated
root-surface caries lesion on the buccal surface of upper left canine. The figure
shows changes in the clinical appearance of the lesion after 3, 6, and 18 months.
Note that,within the observation period, improved oral hygiene leads to gradual
changes in color and surface structure of the lesion, from soft and yellowish to
hard and darkly discolored. Also note changes in the topography of the marginal
gingiva. From [24]. Reproduced with permission of John Wiley & Sons.

© Nyvad

Arrest of active cavitated caries
biofilm - the main driving force of the carious process - is
removed repeatedly, caries progression is reduced by a
change in the ecology of the microbial communities in the
demineralized dentin. This hypothesis was subsequently
confirmed by experimental studies of root caries in which it
was shown that the mineral loss did not increase during
lesion arrest, in spite of bacteria being present in the carious

tissue. The thickness and mineral density of the surface
layer of the arresting root caries lesions increased over time.
Furthermore, a certain redistribution of mineral took place
within the lesion body (see Fig. 9.22) [27]. The latter
phenomenon was probably a result of the topical fluoride
treatments given to the lesions.

One case series of root caries arrest demonstrated the fate
of particularly deep dentin lesions with obvious cavity

Many dentists are skeptical about arrest of cavitated dentin
caries because they worry that the pulp may suffer
permanent damage. However, it should be remembered
that dentin is a vital tissue, and during caries lesion
development the pulpo-dentinal complex will react with a
biological response trying to seal off 5 the destroyed tissue
to protect the pulp (see Chapter 20). These positive reactions
are facilitated by regular removal of the microorganisms
and may result in pain relief. Figure 13.6a and b shows such
a case in which improved plaque control resolved sensitivity
to cold and sweet over 2-3 weeks. The bacteria-infiltrated
soft dentine is gradually removed by the toothbrush and the
surface layer of the lesion takes up mineral from saliva in a
manner similar to that described for arrest of root caries. It
is not recommended to remove the softened dentin by
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Figure 13.5 Consecutive changes of nonoperative treatment of active cavitated root-surface caries lesions on the buccal surfaces of lower first and second pre-

molars.The illustrations show the clinical appearance of the active lesions after (b) 2, (c) 4, and (d) 10 years.The successful treatment was achieved through careful

daily plaque removal with a fluoride toothpaste. After 4 years an overhanging rim of unsupported enamel at the occlusal aspect of the lesion was removed to

facilitate cleaning. Although cosmetically a problem to most patients, these lesions did not need operative treatment, which may weaken the teeth substantially
and, in the long run, reduce their survival. From [26]. Reproduced with permission of John Wiley & Sons.

•

© Fejerskov

Figure 13.6 (a) Active cavitated lesions filled with microbial deposits in anterior teeth.The dark brown appearance of the lesions is a result of discoloration of the

softened dentin. This is obvious when most of the dental plaque is removed with a toothbrush, as seen in (b). Such cavitated lesions can be converted into arrested

lesions by nonoperative interventions using a fluoride-containing tooth paste. In this patient, after 2-3 weeks of plaque control, the lesions were no longer sensitive

to cold and sweet, and 4 months later they were hard on probing.
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Figure 13.7 Sequential stages of nonoperative caries control in active cavitated primary teeth.The cavity in the first molar had previously been filled, but the filling
was lost, (a, b) Active carious cavities before and after 'slicing' of unsupported enamel to make the cavities deansable with a toothbrush, (c, d) Successive stages
of lesion arrest in the second molar after 3 months and 6 months respectively. The floor of the dentin cavity became harder and darker over time. Note that the first
permanent premolar erupts into a clean environment! Courtesy of Niels V. Hansen.

instrumentation - the trick is to slowly abrade the softened
dentin to stimulate the biological response.

Repeated re-restoration of fillings in primary teeth has
prompted some pedodontists to advocate nonoperative
treatment as an alternative strategy for cavity treatment in
the primary dentition [17, 18]. The principle is simply that
open cavities are kept free from biofilm on a daily basis by
using a toothbrush and fluoride toothpaste. If the cavity
cannot be properly cleaned because of undermined
enamel, the lesion is made cleansable by slicing’ unsup-
ported enamel away with a bur (Fig. 13.7a and b).
Empirical evidence suggests that if compliance with oral
hygiene measures is maintained, formerly soft and active
cavitated lesions become harder and inactive over time
(Fig. 13.7c and d). As with root caries, these processes
should be supported by professional applications of topical
fluorides. The slicing procedure is well tolerated by even
small children because it does not hurt to momentarily
trim the enamel borders. Therefore, most parents prefer
this nontraumatic treatment procedure to traditional
filling therapy for the deciduous teeth of their children - if
they are given the choice.

When selecting lesions for nonoperative cavity treatment
it is implicit that the patient/parent should understand the

importance of daily plaque control. Teeth must not show
signs of spontaneous pain (chronic pulpitis) or problems
with foot impaction, which could hinder effective plaque
control. For anatomical reasons, carious cavities in primary
teeth are shallower and easier to clean than cavities in
permanent teeth. Hence, it is not surprising that a simple
caries control program based on daily supervised tooth-

brushing using fluoride toothpaste (1000 ppm fluoride)
conducted in 3-5-year-old kindergarten children in China
resulted in substantial arrest/ rehardening of open dentin
lesions [23]. After 3 years about 28% of the active dentin
caries lesions in the test group had arrested and most of the
arrested cavities were found on anterior teeth (45%) com-
pared with posterior teeth (7%). A remarkable observation
of this study was that in the control group not receiving
organized preventive care as many as 19% of the active
cavitated lesions arrested! This suggests that a considerable
amount of active cavitated lesions in primary teeth may
arrest without operative intervention and could partly
explain why 84% of unrestored carious deciduous teeth in
a retrospective practice-based study exfoliated without
symptoms [22]. Altogether, these findings call for a recon-
sideration of the benefits of nonoperative caries control in
the primary dentition, as also voiced by others [20].
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Role of fluoride in lesion arrest such opportunities to all populations, but its implementation
necessitates a total rethinking of the way in which dentistry
is organized and remunerated in order to depart from the
classical concept of restorative dentistry [15].

Most of the aforementioned studies of lesion arrest were car-
ried out in an era during which regular use of fluoride tooth-

paste was the basic caries preventive method. In some
studies professional fluoride applications were added on top
of the fluoride paste. It should be remembered, however, that
fluoride treatment, irrespective of how aggressive it may be,

cannot stop the development of caries but only reduce the
speed of lesion progression. Moreover, fluoride will predom-
inantly exert its cariostatic effect in active lesions subjected
to periods of low pH (Chapters 9 and 14). Therefore, the
caries-controlling effect of brushing with a fluoride tooth-

paste during lesion arrest relies mainly on removal of the
microorganisms and their harmful metabolic products. It
has been suggested that there might be an additive effect on
caries control of fluoride exposure and biofilm removal
(Chapter 15). However, the magnitude of such interactions
during lesion arrest has not been resolved definitively.
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Introduction
The role of fluorides in the control of dental caries repre-
sents one of the most successful stories in general public
health. However, as with many successful programs, this
success is not without cost, and it is a story which at times
has resulted in strong emotional debates within the dental
profession that have not always been based on scientific
evidence.

We will in this chapter base our views on what is cur-
rently known about the effects of fluorides on developing
and erupted teeth to derive at a rational way of advocating
the use of fluorides in contemporary populations. Fluoride
(F-) can have both beneficial and detrimental effects on the
dentition. The beneficial effect is due primarily to the local
(topical) effect of F~ on the tooth surfaces whenever these
are covered by a biofilm after the teeth have erupted into the
oral cavity (for mechanisms of action see later in this
chapter and also Chapter 9). In contrast, the detrimental

effects of F" are due to its systemic absorption during tooth
development, resulting in dental fluorosis, which is a
hypomineralization of the enamel the degree of which is a
direct reflection of F~ ingestion during tooth formation. If
we can maximize the intraoral exposure throughout life and
minimize systemic absorption during the period when the
dentition is developing, F" can be used to maximize the
benefits of fluorides in caries control whilst at the same
time minimizing the risk of fluorosis.

This chapter is divided into the following major
headings:

• Fluoride in caries prevention and control
• Cariostatic mechanisms of fluoride
• Dental fluorosis and metabolism of fluoride
• The effectiveness of fluorides in the control of dental

caries: evidence from systematic reviews
• Rational use of fluorides in caries control:

recommendations

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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It became clear that the condition was localized to children
born in specific geographical areas and McKay suspected
that the water supplies of these districts might be an impor-
tant etiological factor. In Bauxite, changes to a water supply
resulted in children having mottled enamel [99], and
chemical analysis of the water supply revealed an unexpect-

edly high level of F~ in the drinking water (14.7 ppmF").
These high levels were later confirmed in other towns where
mottled enamel occurred [34]. These observations did not
establish a cause-and-effect relationship. However, when
McCollum et al in 1925 reported that rats fed a diet with
added F" developed hypomineralized teeth, the etiology of
mottled enamel was clearly established [117].

In the 1930s, systematic animal experiments and human
epidemiological studies established both the association and
cause-effect relationship between fluorides in drinking
waters and mottled enamel (since referred to as dental
fluorosis). The epidemiological studies were performed by a
team led by Dean [44, 47, 48]. Dean was also interested in

the apparent anomaly that although the enamel appeared to

be hypomineralized it did not appear to be any more suscep-

tible to decay. He initially undertook a small study involving
114 children who had used water containing 0.6-1.5 ppmF"

and found only 4% were caries free compared with 22% of
122 children in an area with drinking water containing 1.7-
2.5 ppmF" [45]. A further larger study suggested that caries

experience in two cities with water supplies containing 1.7

and 1.8 ppmF~ was half that of two similar adjacent cities

with only 0.2 ppm F" in the drinking water [49].
The association between the F" level in the drinking

water and caries levels was then characterized in the ‘21 city
study’ (actually a series of studies [50, 51]. Children from
cities with natural F" concentrations in their drinking water

ranging from around zero up to 2.6 ppm were examined
and the results of this classic piece of epidemiological
investigation of both fluorosis and caries experience are

summarized in Figs 14.1 and 14.2 [46].

Fluoride in caries prevention and control

It was in fact the detrimental effects of F" on the appearance
of tooth enamel (dental fluorosis) that prompted the initial
detailed investigations and ultimately the discovery of its

anticaries benefits [73]. Probably black, discolored teeth
have been found as long as man has been living in areas

with elevated F~ content in soil and water. For example,

Galen (131-201 AD) noted that dental caries ‘do not attack
teeth having a dark yellow colour, although one would have

expected the contrary’ according to a translated text by late
professor D Lambrou from Thessaloniki.

But the association between F~ and ‘mottled enamel,’ as it

was first designated, became clear in the beginning of the
20th century thanks to two American dentists: Dr Fredrick
McKay and US Public Health Officer H Trendley Dean.

Subsequently, the positive association between elevated
exposure to F~ and decreased prevalence of caries cavities
became known. In Europe, however, Denninger in the latter

part of the 19th century prescribed calcium fluoride (CaF
2
)

to children and pregnant women and observed ‘great bene-
fits’ to their teeth [28].

In 1901, McKay worked in Colorado Springs, Colorado,

USA, and noticed that some of his patients had what was
locally known as ‘Colorado brown stain.’ In subsequent
years he turned for help to Dr Greene Vardiman Black (see
Chapter 19), one of America’s most eminent experts on
tooth enamel. His histological investigation of the
condition ‘Mottled teeth. An endemic imperfection of the
enamel of the teeth heretofore unknown in the literature of
dentistry’ [17] drew the attention of the dental research
community to the condition. One thing that puzzled both
Black and McKay was that although mottled enamel was

clearly hypocalcified, and therefore theoretically more sus-

ceptible to decay, this did not appear to be case [119].
Coincidentally, Ainsworth [2] in England made a similar
observation.
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Figure 14.1 Prevalence and severity of mottled enamel in 21 cities in the USA with varying levels of F~ in their drinking water [46]. (Public domain.)
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but the average DMFT (see Chapter 4) is a very crude
measure and by its nature not able to reflect sensitively
changes at the lower end of the scale. It only records caries
when lesions have reached cavity level; as such, it is insensi-
tive in identifying benefits in arresting enamel lesions.

Dean gave much thought to the question of what might
constitute ‘the optimum level of F-’ in drinking water
supplies; that is, the concentration of F" that would result in
maximum caries protection while causing minimal dental
fluorosis. Based on his studies on ‘the minimal threshold of
chronic endemic dental fluorosis,’ Dean concluded that
‘amounts not exceeding 1 part per million expressed in
terms of fluorine are of no public health significance’ [47].
As was stressed when dealing with Fig. 14.1, Dean’s personal
assessment ‘of no public health significance’ was not synon-
ymous with saying that no dental fluorosis occurs in the
population. Also, the relationships between perceptions of
dental appearance and oral health-related quality of life and
dental fluorosis were not assessed at that time. Nevertheless,
these reflections resulted in the widespread adoption of
1-1.2 ppm F" in the USA as an ‘optimal’ level in the drinking
water (for further discussion, see later).

The strong association between the F~ level in the
drinking water and caries levels were based on cross-

sectional study designs. Therefore, in order to establish a
cause-and-effect relationship, intervention studies were
required, and these commenced in the Lake Michigan area
in 1944. Two towns were selected, Grand Rapids and
Muskegon, and baseline caries levels in children aged
4-16 years were recorded. In addition, caries levels were
recorded in Aurora, Illinois, an area with naturally occur-
ring F~ in the drinking water at the level of 1.4 ppm. At the
start of the study caries levels in the two Michigan cities
were similar [52]. F” at the level of 1 ppm was then added to
the drinking water of the city of Grand Rapids in January
1945, and caries levels were recorded again after 6V2 years of
fluoridation. In ‘non-fluoride’ Muskegon the average
number of teeth with decay experience was 5.7, compared
with 3.0 in ‘fluoridated’ Grand Rapids [7]. The study was
deemed so successful that it was decided to fluoridate the
drinking water of Muskegon. After 15 years of fluoridation
in Grand Rapids (Fig. 14.3) the number of teeth with cav-
ities had fallen from 12.5 in 1944 to 6.2 in 1959, a reduction
of approximately 50% [8]. Caries levels in Grand Rapids
were now very similar to those experienced in Aurora, the
naturally fluoridated city. This outcome was replicated in a
number of studies throughout the USA and a few in other
parts of the world. The Dutch Tiel-Culemborg studies by
Otto Backer-Dirks and his collaborators were of particular
importance [9] because the original data were available
decades later when the artificial fluoridation of the drinking
water had to cease. As we shall see, reanalyses of these data
many years later confirmed the changed concepts on the
mechanisms of F" action.

o 1 2

Drinking water ppm F

Figure 14.2 Mean number of decayed, missing, and filled teeth (DMFT) and
F" concentration of the drinking water from the 21 city study [46]. (Public
domain.)

Dean’s index [43, 45, 46] classifies fluorosis as question-

able, very mild, mild, moderate, and severe. The prevalence
of subjects with lesions of any severity is about 50% at the
level of 1 pprnF” or less in the drinking water (Fig. 14.1).
However, it is also interesting to note that the less severe
forms of fluorosis (questionable and very mild) account for
most cases and there is a very clear dose-response relation-
ship between the F“ level in the drinking water and the
prevalence of fluorosis even at levels of F~ in the drinking
water below 1 ppm. Therefore, even at low levels of F“ in the
drinking water there was some risk attached to use of F" (for
details, see later in this chapter).

The use of the term ‘questionable’ to describe the earliest
classification level in Dean’s index has been the source of
much controversy over the years as the dental profession
has tried to eliminate this category, claiming that it reflected
a variety of other types of enamel changes not caused by F".
However, Fig. 14.1 clearly demonstrates that there is a
strong dose-response relationship between this category of
defects and the F“ concentration of the drinking water.
Moreover, in 1983, Myers reviewed the available literature
regarding the ‘questionable’ category of dental fluorosis
and demonstrated that it was a distinct entity associated
with F~ [124].

The association between F- levels in the drinking water
and dental caries in the 21 cities is shown in Fig. 14.2. At the
time there was a dramatic reduction in caries as the F~ level
in the drinking water increased up to 1 ppm. Beyond this
level, the mean decayed, missing, and filled teeth (DMFT)
continued to decrease but at a much lower rate. At the level
of F~ of 1 ppm the average number of decayed, missing, or
filled teeth had reduced by more than 50%. However, when
studying this graph we should consider whether the
apparent plateau is an artefact of the recording method or
population observed. The recording method was DMFT,
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Figure 14.4 Dental caries in Grand Rapids before water fluoridation and in

Aurora with fluoride in the water supply. The dashed line indicates caries pro-
gression in a boy moving from the non-fluoride to the fluoride area on his 11th
birthday [107]. Reproduced with permission of John Wiley & Sons.
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Although it is hard to think how these original studies in

the USA could have been improved, some criticism can be
made of the approach taken by Dean and his coworkers.
Probably the most important is the possible bias introduced
by the fact that the F" level of the site investigated was
known before the examinations were conducted (a problem
which of course has been present in most other studies of
the same kind). This might have resulted in a tendency to
underscore fluorosis in later studies in different parts of the
world, in particular when applying Deans classification
without including the questionable category - or having
had examiners not trained in the diagnostic characteristics
of early signs of dental fluorosis. A similar bias could also be
made in relation to the caries studies and the benefits may
have been overestimated.

By the middle of the 20th century there was thus much
enthusiasm about the possibilities for caries prevention
using fluorides. During that period, in Europe in particular,
the caries situation was overwhelming, with numerous
tooth extractions amongst children, so attempts to intro-

duce ‘the American concept5 of adding F~ to the water
supplies were made in a few countries as exemplified in
Holland. Similarly, it was introduced in Brazil. The concept
of an ‘optimum F~ 5

consumption was further advanced.

During these attempts, Hodge [91] presented the results
of logarithmic transformations of Dean and coworkers5 car-
ies data and averaged index values of Deans original scores
of dental fluorosis (Fig. 14.4). It is now appreciated that this

way of manipulating data is inappropriate (see later and
Fig. 14.19). In a personal discussion (OF) with Hodge in

1982 he fully appreciated that, at the time, he was carried
away when making this transformation of the data.

However, from a public health point of view (and it appealed
to the layman) it gave rise to a very convincing plot of data
which indicated that children born and reared in areas with
a F" content in water supplies below 1 ppm would only
experience a prevalence and severity of fluorosis that was
considered of ‘negligible biologic (aesthetic) significance.5

Moreover, the mean caries experience recorded from the 21

city studies indicated that a maximum caries reduction was
obtained around the concentration of about 1-1.2 ppmF"

in water supplies (Figs 14.5 and 14.6), so the ‘optimum level5

was determined as the level of concentration of F” in water

supplies that gave maximum caries reduction while causing
minimal dental fluorosis of no concern from a public
health point of view. This estimate of the optimal water F~

concentration was subsequently used to determine the
amount of F" that should be given in other systemic F" reg-
imens, such as tablets, vitamin drops, salt, and so on that
became introduced in populations where health authorities
would not allow artificial fluoridation of water supplies. For
dose considerations and consequences, see later in this
chapter.

The concept of the necessity of ingesting F“ was based
on the belief that F~ exerted its anticariogenic effect pre-
dominantly by becoming incorporated into the crystals in
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Figure 14.5 Log transformation of the fluoride level in the drinking water and the prevalence and severity of mottled enamel in 21 cities in the USA with varying
levels of fluoride in their drinking water [46]. Reproduced with permission of Public Health Reports.

the dental hard tissues during enamel formation. This, it
was believed, would make the enamel more ‘resistant’ to
the acid attack on tooth surfaces. With this paradigm it
was therefore logical that public health dentists would
have to argue that as much F" as possible should be ingested
during tooth formation in order to increase the ‘resistance
of the tooth.’ Therefore, early signs of dental fluorosis -
considered an undesirable side effect to the beneficial use
of F~ in water - were looked upon only from the point of
view of ‘cosmetic disturbances.’ In attempts to downplay
the significance of a toxicological effect of F~, there was
much interest in questioning whether it was possible to
diagnose the early stages of dental fluorosis, and argu-

ments that ‘optimal F~ concentrations in water supplies
result in more perfect mineralized teeth with pearl shine
appearance’ or ‘teeth formed in low F" areas are F

_
defi-

cient’ were common. Also, based on this old concept, F~

was considered a micronutrient to control caries, and it is
still considered by some as ‘essential in diet’ [16, 92],
although this is surprising taking into account how the
concepts on cariostatic mechanisms of F~ have changed
(see later in this chapter).

It is clear when reading about the cariostatic mechanisms
of F~ later in this chapter and in Chapter 9 that F" predomi-
nantly exerts its anticaries effect through its local action on
tooth surfaces in the oral cavity [72]. F" can therefore be
used in caries control based on modern scientific evidence
of the mechanisms of action and its toxicological effect.
Dental caries can be controlled with little risk of dental
fluorosis. It is clear that oral health advice recommending
the necessity to ingest F“ is extremely misleading as it is
clearly not necessary to ingest F" to receive its benefits.
Nevertheless, it is striking how many of the recommenda-

tions about use of fluorides are still based on past paradigms
and old beliefs from the 1950s and 1960s.

The introduction of F~ into drinking water was followed
by the development of other oral care products, such as
toothpaste, gels, varnishes, and so on, and these have had an
impact on the prevalence and severity of dental caries
throughout the world (see later). For example, the wide-

spread addition of F“ to toothpaste in Europe in the 1960s
and 1970s has been claimed to be responsible for a change
in the pattern of dental disease in many parts of Europe,

particularly in Scandinavia and the UK. This is well
illustrated by national census data collected for England
and Wales in 1973, 1983, and 1993 (Fig. 14.6). Most health
professionals agree that although F~ cannot alone account
for these dramatic reductions [77, 127], an increased avail-
ability of F“, mainly in toothpaste, has played a major part
in the process in developed [19] and developing countries
[41]. Often, however, fluoridated toothpastes were thought
to be less efficient than water fluoridation, but the following
should be taken into account.

The maximum benefit is achieved if F~ is available from
the time of eruption and exposure continues during the
entire lifetime of the tooth. However, children may not
have continuous exposure to F". For example, consider an
11-year-old ‘average’ boy with a DMFT of 8 from Grand
Rapids before fluoridation was introduced, who then
moved to Aurora where F" in the drinking water was pre-
sent (Fig. 14.4). On average, we would expect that progres-
sion rate of lesions would be similar to other children in
Aurora, but he would of course already have a higher caries
experience than his new contemporaries. Clearly, we would
not expect to see a 50% reduction in caries compared with
children from Grand Rapids when he is 15 years old. This
phenomenon has caused some confusion in the past related
to the post- and pre-eruptive effects of F", as it was postu-
lated that the difference could largely be attributed to a pre-
eruptive F" effect. However, if we examine Fig. 14.7, it is
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dentistry - although not being reflected in the number of
dentists being produced [77] - but has had a significant
impact on the quality of life of the majority of individuals
who avail themselves of this simple preventive and
therapeutic intervention.

In the following pages we shall introduce the basic prin-

ciples of how F“ exerts its cariostatic effect - for details, refer
to Chapter 9

Cariostatic mechanisms of fluoride

It is clear from the discussion above that many of the debates
have arisen because of the misunderstanding that F~ had to
be ingested to exert its cariostatic effect, although this was
shown not to be the case decades ago [72] , The mechanism
of action of F", irrespective of vehicle used (water, tooth-

pastes, salt, tablets, rinses, gels, varnishes, etc.), is based on
the availability of the ion in the oral fluids (saliva, biofilm
fluid) to interfere with the caries process.

In order to understand this mechanism, it is crucial to

understand the caries process as a progressive loss of min-
erals from the tooth structure caused by biofilm metabo-
lism, leading over time to the development of a cavity (see
Chapters 2, 5, and 9). The effect of F“ on the caries process
is not fully understood despite years of research.

Nevertheless, while available in the oral cavity even at
micromolar concentrations, F~ has a tremendous effect on
the stability of tooth minerals, since it is a potent enhancer
of mineral precipitation (Chapter 9). The ultimate effect
will be a reduction in the progression of caries lesions
(Fig. 14.8).

The concept that F" delays caries progression by reducing
demineralization and enhancing remineralization has to be
understood in order to discuss the mode of action of each
method of F" delivery. It is clear that tooth minerals are very
stable because saliva under normal pH conditions has
calcium and phosphate concentrations high enough to be
supersaturated with respect to the mineral phases of teeth
(mainly hydroxyapatite) - see Fig. 9.5. It is only under
certain conditions when this supersaturation is disturbed
(i.e., when the biofilm metabolism produces acid from
sugar fermentation) that dental demineralization can occur.
Therefore, it is not surprising that caries is ubiquitous in the
modern society, which lives on a sucrose-rich diet. Sucrose
fermentation results in proton production, which reduces
the supersaturation of the biofilm fluid with respect to
tooth minerals and leads to mineral dissolution in order to

maintain the saturation condition (Fig. 9.6). If this demin-
eralization episode is repeated many times a day, over a
period of weeks or months, a visible caries lesion develops
[68]. Although F~ does not affect biofilm formation and
sugar metabolism in concentrations available in saliva, and
biofilm fluid, dental demineralization is reduced by the
concomitant precipitation of fluorhydroxyapatite, a mineral

o
100.01 0.1 1
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Figure 14.6 Log transformation of the fluoride level in the drinking water

and caries prevalence in 21 cities in the USA with varying levels of fluoride in
their drinking water [46]. Reproduced with permission of Public Health Reports.
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Figure 14.7 Caries experience of children from England and Wales in 1973,
1983 and 1993 [131]. Reproduced with permission of The National Archives.

clear that what we are probably seeing is the influence of the
time of initiation and duration of F" exposure posterup-
tively on the caries processes. Likewise, on average, a child
born and reared in a F“ area will experience an increased
caries incidence if moving to live in a low F“ area. So F~ has
to be available in the oral environment to interfere with the
caries process, and its incorporation in enamel during
formation is of much less significance [72]. Therefore, the
caries reduction obtained during a 2-3-year clinical trial
cannot be compared uncritically with the effect of water

fluoridation!
The dramatic decline in caries prevalence and incidence

has had far-reaching implications for the practice of
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Table 14.1 F~ concentration in dental plaque from schoolchildren according
to the status of water fluoridation (Piracicaba, SP, Brazil, 1986-1987).

pg F~/g biofilm wet weightCondition of water fluoridation

\\
cn

A' Fluoridated (0.8 ppm F~)
Interrupted (0.06 ppm F~)
Refluoridated (0.7 ppmF-)

3.2 ±1.8
0.2 ± 0.09
2.6 ±1.9

a;

\o

<D

From [39, 129].

(unpublished data). These data show there is no homeo-
static mechanism to control F" in the oral environment and
explain epidemiological data showing an increase in caries
progression rate when children living in areas with high F~

concentration in the water moved to low F~ areas [72].
Table 14.1 shows that constant exposure to F~ is needed to

maintain elevated F" concentration in the oral fluids.
However, F~ levels in the dental biofilm can be maintained,
even after interruption of water fluoridation, if a F“ dentifrice
is being used daily [155]. Water fluoridation is unique as a
public health measure of F" delivery because it does not
depend on individual compliance and is a passive mass
medication.’ Other fluorides (supplements, toothpaste, gels,
varnishes, etc.) rely on active patient involvement. The irrel-
evance of the ingestion (systemic effect) of F~ became
apparent when attempts were made to substitute the F“ in
water by adding the same amount to F“ tablets [1]. In this
study, a caries reduction was obtained but the children
developed rather extensive dental fluorosis. However, when
similar studies were performed in Denmark and Holland
and multivariate analytical methods applied to control for
confounders, these F~ supplement programs only resulted
in development of dental fluorosis in the children without
any caries reduction [98, 171]. It is possible that in the
Aasenden and Peebles study [1] the caries reduction was a
consequence of the mothers who provided the supplements
being well educated and motivated for individual health
care for their children.

Time

Figure 14.8 Schematic representation of the effect of F- available in oral
fluids on the dynamics of caries progression over time.

phase that is more stable than hydroxyapatite at any given
pH - see Fig. 9.11. Therefore, while hydroxyapatite from
inside the tooth enamel is dissolving during a cariogenic
challenge, a fluoridated apatite can precipitate in the very
surface layers. The net result is the reduction of the total
mineral loss, accompanied by the gradual formation of a
F~-enriched mineral (a consequence, and not cause, of the
F“ effect). During the period of time that biofilm pH is
high enough to prevent any mineral dissolution, F~ avail-
able in the oral fluid will enhance mineral precipitation as
fluorhydroxyapatite (see Chapter 9).

The reduction of demineralization and enhancement of
remineralization is the basis of F“ use irrespective of the
vehicles used. Since the effect is always local, there is no
reason to continue to classify F" methods as either systemic’

or ‘topical.’ Nevertheless, given the wide range of F" vehicles
available, and the change in the epidemiology of caries in
the last decades (partly as a result of F" use), it is of utmost
importance that the role and mode of action of each of these
methods is understood so that they may be logically recom-
mended. Methods of F“ application can be considered as
collective to the whole population (e.g., water), individual
(e.g., toothpaste, mouthwash), or professionally applied
(e.g., topical 2% sodium fluoride (NaF) solution, F" gel,
varnish).

F~ ingestion is not needed for the anticaries effect of any
F". Fluoridated water controls caries because it is drunk reg-
ularly and present in cooking preparations and the F~ levels
in the oral fluids increase regularly during the day [130, 132].
This moderate increase explains the effect on the caries
process. Table 14.1 shows that the concentration of F“ in
dental biofilm of children drinking optimally’ fluoridated
water decreased almost 20 times when the ingestion was
temporarily interrupted [129]. When water fluoridation
was restarted 6 months later, the F“ concentration in the
dental biofilm returned to the level found previously [39].
These fluctuations in F" concentration in the biofilm were
observed irrespective of the calcium concentrations,
which did not decrease significantly during this period

F~ dentifrice has been considered the most rational way
of F" use because it is associated with the mechanical
removal of the dental biofilm if toothbrushing is
performed in the right way. F" may be available in tooth-

pastes as different salts, such as NaF, stannous fluoride
(SnF

2
), sodium monofluorophosphate (Na

2
P03F, MFP),

and amine fluoride (in which F~ is the anion and a long
hydrocarbon chain-substituted amine is the cation). F" is
available in the ionic form in all formulations except in
MFP, which relies on intraoral hydrolysis by biofilm unspe-
cific phosphatases to provide ionic F~ [136].

Toothpaste, and any F--containing vehicle, sharply
increases F" concentration in the oral fluids (Fig. 14.9).
However, the oral cavity acts as an open sink, and these high
F~ concentrations decrease as saliva runs down the sink.
After 1-2 h the F concentration in mixed saliva has
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The relative importance of F" taken up by enamel as
CaF

2
-like products during toothbrushing or simply

absorbed into remaining biofilm as F" ion on the caries

process has been studied experimentally [168]. Results
suggest that F~ dentifrice does not form sufficiently large
reservoirs of CaF, on enamel to be effective in controlling
caries [167].

Mouth rinsing with F" solutions (0.05% or 0.2% NaF)

gives rise to higher initial peak concentrations in whole
saliva and longer lasting elimination periods than seen after
use of F~ dentifrices (Fig. 14.9). Despite this, the transient

increase of F- implies that these treatments would need to
be performed frequently to maintain elevated F" levels in

the oral fluids. Continued daily mouth rinsing with NaF/
MFP solutions has shown sustained levels of markedly
increased F~ concentrations in both saliva and dental plaque
up to 18 h after last treatment [58, 82] . However, these are
treatments that are not needed in individuals using F" den-
tifrices unless we are dealing with very caries-active

patients.
When dental health personnel apply concentrated topical

fluorides (2% NaF painting, F” gels or varnishes) the major
product resulting from the reaction of F" with dental apatite
is a CaF

2
-like mineral. The formation of CaF

2
is possible

when F" concentrations are above 100 ppm, although mod-
est concentrations of CaF

2
maybe formed after using tooth-

pastes or rinses. The amount of CaF
2

formed will increase
with increasing F" activity, increasing exposure time, and
decreasing pH in the treatment solution. Therefore, an
acidulated fluorophosphates (APF) solution will enhance
the availability of calcium ions dissolved from the dental
apatite. The following equation illustrates that a low pH
enhances CaF

2
precipitation due to the release of calcium

from the tooth mineral:

returned to its original value. The F" concentration in the
toothpaste and the post-brushing habits, such as spitting or

rinsing, determine the mean F" levels in whole saliva and
how rapidly salivary levels return to normal [24].

During toothbrushing, F~ is spread throughout the oral
cavity, and soft tissues adsorb F" that is released into saliva
during subsequent minutes/hours [183, 184]. Moreover, F"

can be stored temporarily [61] on enamel surfaces and in

dental biofilm. Indeed, salivary F" levels may be maintained
above resting levels for several hours [59]. Table 14.2 shows
that 10 h after toothbrushing the F" concentration in dental
biofilm of the group using F" dentifrice was higher than that
found in a control group [29]. It is important to avoid water

rinsing after toothbrushing to increase the available F" in
saliva, and avoiding vigorous rinsing (spit, do not swallow)

seems to be important for the caries-reducing effect [56, 57].

ppm F
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120 3
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Figure 14.9 Mean F- concentration in whole saliva after various topical F~

treatments. (1) Toothbrushing with NaF dentrifice (0.50 mg F~) followed by
10 s mouth rinse with water. (2) Chewing of chewable F~ tablets (0.42 mgF“).
(3) Chewing of plain F~ tablets (0.50 mg F-). (4) Chewing of F~-containing
chewing gum (0.50 mg F~) for 15 min. (5) A 2 min mouth rinse with 0.2% NaF

solution. (6) Topical application of APF (1.2% F“ pH 3.2). (7) Topical application
of neutral 2% NaF solution. Figures in parentheses denote initial F~

concentration after 1-3 min [23]. Reproduced with permission from Wiley.
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This explains why high concentrations of CaF
2
-like min-

erals form rapidly (1-4 min) during the application of APF,

which contains around 12,300 ppmF-, pH of 3.5. CaF
2

is

also formed within caries lesions where the reaction area is

increased by lesion porosity.

The formation of CaF2
from F" varnishes is not rapid

because most of the F~ in varnishes is insoluble, as NaF par-
ticles in the varnish matrix. Therefore, to react with the
tooth structure, the varnish must be kept on the surface for
hours, allowing for the continuous solubilization of NaF
from the saliva-imbedded varnish matrix. This is why the
patient should not rinse or eat immediately after varnish
application.

Saliva is unsaturated with respect to CaF
2

(see Chapter 9)

and the salt gradually dissolves after a treatment. During a

cariogenic challenge the pH is lowered and more CaF
2

is

dissolved so that more ionic F~ is available to slow down

Table 14.2 F- concentration in cariogenic dental biofilm formed in situ,
according to the toothpaste used (mean ± SD, n=14).

Biofilm fluid
(ppm F-)

Biofilm solids (pmolF
_
/g

biofilm wet weight)
Toothpaste

Nonfluoridated (placebo)
F" toothpaste (1100 ppm F

_
,

as NaF, silica based)

0.4±0.7
0.7±0.7a

0.03 ±0.01
0.05 ±0.04§

From [29].
Toothpastes used three times/day over 14 days; analysis after overnight fasting,
10 h after last exposure to toothpastes. Biofilm exposed to sucrose 10 times/day.
a Significantly higher than the respective values for the nonfluoridated group.
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lesion progression. The more porous an enamel surface,
the deeper the porosities where CaF

2 may form. These
inaccessible microporous environments in enamel caries
lesions may thus act as reservoirs for CaF

2
for prolonged

periods (i.e., months) [22]. This slow-release mechanism
probably explains the caries-reducing effect of
concentrated topical F~ treatments provided by dental
personnel.

We can conclude that to obtain a significant caries
reduction using F“ the ion has to be present in the oral
fluids at slightly elevated levels regularly during the day.
This may be obtained from water, toothpastes, and several
other vehicles - but remember, caries is not the result of
F" deficiency. F~ alone is not sufficient to obtain maximum
caries control (see Chapters 9 and 16). Because F“ in tooth-
paste is applied concomitantly with removal/disturbance of
the biofilms - if used appropriately, which is a major
obstacle - it is the best possible way of obtaining maximum
caries control. As will be apparent from the efficiency
considerations later in this chapter, other vehicles (and
protocols) may be chosen depending on the populations
you are serving. Therefore, there is not one - and only one -
program to be recommended to all individuals, and in all
communities.

This porosity, which is a result of a hypomineralization
of the enamel, can be seen in microradiographs, mainly in
the subsurface enamel (Fig. 14.11). Hypomineralization is
very different from hypoplasia. The normal structure of the
enamel remains but the tissue is less well mineralized. The
extent and degree of hypomineralization increases with
increasing F~ exposure during tooth development. In
humans, the most severe forms of the hypomineralized
lesion extend throughout the enamel almost to the enamel-
dentine junction in the cervical third of the crowns
(Fig. 14.10c), whereas in the occlusal two-thirds of the
teeth the band of hypomineralization extends more than
halfway through the enamel. Such severely hypomineral-
ized enamel will be very fragile; hence, when the tooth
erupts, surface damage may occur due to mastication, attri-
tion, and abrasion (Fig. 14.12). It is important to appreciate
that in humans F- has not been documented to cause true

Dental fluorosis and metabolism of fluoride
In order to appreciate the clinical characteristics of dental
fluorosis, it is important to understand the underlying his-

tological features of the pathological changes in the tooth.
The earliest manifestation of dental fluorosis is an increase
in enamel porosity along the striae of Retzius [69]. With an
increased exposure to F~ during tooth formation, the
enamel exhibits an increased porosity in the tooth surface
along the entire tooth surface (Fig. 14.10).

Figure 14.11 Microradiograph showing extensive hypomineralization of
fluorosed enamel deep to a well-mineralized surface zone. Note incremental
lines of Retzius. This represents a score of 4 according to the TF index.

Figure 14.10 Ground sections of teeth examined in transmitted light. Notice how the early stages of dental fluorosis (a) exhibit a porous zone in the outermost
enamel. With increasing severity this zone of porosity extends deeper into the enamel (b), and in very severe cases the porosity extends deep into the enamel tissue
along the entire tooth crown (c) and in the cervical areas extends to the enamel-dentin junction.
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hypoplastic changes; the characteristic pits, bands, and loss
of extensive areas of enamel occur posteruptively and are
not true hypoplasias.

Clinically, the porosity of the fluorosed enamel reflects
itself as opacity of the enamel. Thus, F~-induced enamel
changes at tooth eruption range from thin, white, opaque
lines corresponding to the perikymata running across the
tooth surface, to an entirely chalky white surface (Figs 14.13,

14.14, and 14.15). Depending upon the degree of hypomin-
eralization, this chalky white enamel may then change
posteruptively, due to mechanical damage, resulting in the
more severe forms of fluorosis.

Dean’s way of classifying dental fluorosis was based
entirely on his interpretation of clinical appearance. In
1978, Thylstrup and Fejerskov proposed a way of recording
dental fluorosis (TF-index) based on the histopathological
features of the various degrees of dental fluorosis [169]. It is

important to stress that the TF-index is a logical extension
of the classification principles originally proposed by Dean;

but, as would be expected, with a greater understanding of
the underlying pathology, it is a more precise description of
how to record early signs of fluorosis, as well as the more
severe grades. Thylstrup and Fejerskov have ranged the
severity of fluorosis in scores from 0 to 9 (Table 14.3 and
Fig. 14.16).

This so-called TF-index represents a measurement on an
ordinal scale and, therefore, should be considered only as
an arbitrary point along a continuum of changes of the
enamel. It is useful to compare the description found in

Table 14.3 with the illustrations in Figs 14.12, 14.13, 14.14,

14.15, 14.17, and 14.18, where we can see that each score
encompasses a small spectrum of fluorotic changes. It
should be appreciated that if a child has been exposed to
highly varying levels of F“ during the long-lasting period of
tooth development, the intraoral distribution of fluorosis
severity will be different to one who has been exposed to
more constant F" levels throughout the first 10-12 years of
life [73, 102, 170]. The TF-index is the most appropriate

Figure 14.12 TF score 4 represents entirely white opaque enamel (see lower
canine).As a reflection of the extension of subsurface hypomineralization,part
of the surface enamel may break away posteruptively, creating TF scores 5-7.
Brown discoloration of the porous enamel, which has occurred posteruptively,
is also visible.

Figure 14.13 TF score 1: the earliest clinical sign of dental fluorosis appears
as thin, white, opaque lines running across the tooth surface corresponding to

the position of the perikymata.

Figure 14.14 In addition to the thin,white, opaque lines, the earliest signs of
dental fluorosis may include small, opaque,white areas along cusp tips, incisal
edges, or marginal ridges.

Figure 14.15 In TF score 2 the opaque white lines are more pronounced and
frequently merge to form wider bands.
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Table 143 The Thylstrup—Fejerskov index.

TF score

The normal translucency of the glossy creamy-white enamel remains after wiping and drying of the surface
Thin white lines are seen running across the tooth surface. Such lines are found on all parts of the surface. The lines correspond to the position of the
perikymata. In some cases, a slight 'snowcapping' of the cusps/incisal edges may also be seen
The opaque white lines are more pronounced and frequently merge to form small cloudy areas scattered over the whole surface. 'Snowcapping' of the
incisal edges and cusp tips is common
Merging of the white lines occurs, and cloudy areas of opacity occur spread over many parts of the surface. In between the cloudy areas, white lines
can also be seen
The entire surface exhibits a marked opacity, or appears chalky white. Parts of the surface exposed to attrition or wear appear to be less affected
The entire surface is opaque, and there are round pits (focal loss of the outermost enamel) that are less than 2 mm in diameter
The small pits may frequently be seen merging in the opaque enamel to form bands that are less than 2 mm in vertical height. In this class are also
included surfaces where cuspal and facial enamel has chipped off, and the vertical dimension of the resulting damage is less than 2 mm
There is a loss of the outermost enamel in irregular areas, and less than half the surface is so involved. The remaining intact enamel is opaque
The loss of the outermost enamel involves more than half the enamel. The remaining intact enamel is opaque
The loss of the major part of the outer enamel results in a change of the anatomical shape of the surface/tooth.A cervical rim of opaque enamel is often noted
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From Fejerskov etal. [73], as modified from the original work by Thylstrup and Fejerskov [169].
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Figure 14.17 In TF score 3 the entire tooth surface exhibits cloudy, white,
opaque areas between which accentuated perikymata lines are evident.

7

8

9

Figure 14.16 Diagrammatic illustration of the clinical features of dental fluorosis
from the mildest form (TF 1) to the most severe (TF 9). Compare with Table 14.3.

Figure 14.18 Another example ofTF score 3 with the addition of posteruptive
staining of the porous enamel.
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0.05-0.07 mgF‘/day per kilogram body weight [25] to give
the anticaries benefit and minimize fluorosis has been
shown not to be useful [116, 177].

However, despite all these difficulties, it is highly relevant
to make use of the epidemiologic studies throughout the
world which have shown a positive relationship between
the water F" content and severity of dental fluorosis [26, 46,

103, 108, 148, 169]. In an attempt to derive at an estimate of
average water intake, daily consumption of water was
related to air temperature, and Galagan and coworkers
developed an equation that could describe the average
water intake in relation to body weight in children as a
function of air temperature [79-81]. For details on how to
use these equations and calculate daily dose of F" from
drinking water, F" tablets, and so on, the reader is referred
to Fejerskov et al. [76]. When data from three large
American epidemiological surveys conducted in the 1940s,

1960s, and 1980s are presented in such a way that the
relationship between the average fluorosis score and daily
F" dose is calculated, a clear dose-response relationship is
seen (Fig. 14.19) - for details concerning calculations, see
[74, 75]. The following can be seen:

• Regardless of the source of the data, the regression of the
fluorosis community index F . (Dean’s way of averaging)
on the daily dose of F" from drinking water clearly dem-

onstrates that even with very low F~ intake from water a
certain level of dental fluorosis will be found.

• The dose-response relationship is clearly linear and the
data indicate that for every increase of the dose of
0.0 mg F" per kilogram body weight we can anticipate an
increase in dental fluorosis in a population. Thus, there
exists no critical’ value for the F“ intake below which the
effect on dental enamel will not be manifest.

• When the data originating from three distinctively dif-

ferent generations in the USA are examined - and hence
a very different exposure to diet, commodities, and
F~-containing dental products - there is no indication
that the additional sources of F" occurring until the mid
1980s have led to an upward shift of the dose-response
curve.

When these data are kept in mind, it is to be expected
that whenever more F~ is ingested in the form of tablets,

salt, drops, toothpaste, and so on that both the prevalence
and severity of dental fluorosis in a population will increase.
Such an increase is not to be blamed, for example, on the
F" content per se in toothpastes, but is a simple reflection
that dental fluorosis is a result of the total ingestion of fluo-

rides during tooth development irrespective of the source of
the F~.The consequence of this, of course, is that if the water
in any given area contains above 0.5 ppmF~ it is not accept-

able uncritically to add further F~ for systemic use in such a

population (e.g., salt). Furthermore, the estimation of an

optimal F" concentration’ based on daily temperature

way to classify the biological severity of fluorosis as it accu-

rately reflects past F~ exposure. In a later section of this
chapter on effectiveness of fluorides, the term fluorosis of
aesthetic concern is introduced. This is highly subjective and
reminiscent of the days where Dean talked about no public
concern.’ What is considered an aesthetic concern varies
extensively from country to country - and often it is differ-
ent in girls and boys. Therefore, when included in reviews it
may give doubtful information which may lead to later mis-

interpretation and debates which should be prevented. An
example: once, the first author was invited to a department
of pediatric dentistry in the USA to calibrate the staff on
how to record dental fluorosis - which the staff claimed was
very rare in the county. He took with him a small handbook
for health-care workers [73] , and when the staff was looking
at the pictures one said: ‘we thought that it was natural
to have these white teeth because everyone here looks like
this - if this is the case we are having a high prevalence!’

Fluoride dose and dental fluorosis

It is remarkable that Dean’s original data showed that the
systemic effects of F~ on dental enamel were manifest even
in communities exposed to concentrations of F" below
1 ppm. Thus, the claim that water F" concentrations around
1 ppm are ‘of no public health significance’ was for Dean
not synonymous with saying that no dental fluorosis occurs
in such populations.

Generally, any pharmaceutical product should be
prescribed in relation to the body weight of the individual if
its effect is systemic, but this does often not apply to F"

because its anticaries effect is local and not immediately
concentration dependent, although the higher the concen-

trations in a toothpaste the longer time elevated F" concen-
trations prevail (see ‘Cariostatic mechanisms of fluoride’

section). However, the F“ effect causing fluorosis is systemic
and a dose-response effect would be expected. The use of
water F" concentrations has made attempts to produce valid
estimates of a dose-response relationship between F"

ingestion and dental fluorosis difficult if weight and
consumption are not considered. An accurate estimate of
fluorosis severity can only be made in children when the
permanent dentition erupts; hence, there is a considerable
time lag between the F“ exposure during tooth formation
and the measurement of the effect (dental fluorosis). In
addition, no firm agreement exists as to how much F"

ingested from foods is in fact absorbed [166]. The bioavail-
ability of F" once ingested is relatively uncertain since the
F~ compound in question and the contents of the stomach
will determine the relative absorption of F~ by the
organism. Therefore, the data about dose (expressed as
mg F~/day per kilogram body weight) for children from diet
or dentifrice are dose of ingestion and do not reveal the
fraction of F" ingested that is in fact absorbed (bioavailable
fraction). Furthermore, the suggested recommendation of
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Figure 14.19 Relationship between Fo and daily F~ dose pooling data. Sources: {a) [44, 45]; (b) [26]; (c, d) [148]. All data sets pooled as presented by Fejerskov
et aI. [74, 75].

seems not to be valid for tropical regions when additional
fluids are consumed and higher daily F~ intake is estimated
[106]. Therefore, in tropical countries having water with
natural F~ concentration as low as 0.5 ppm, a higher preva-
lence and severity of dental fluorosis should be expected if
the population simultaneously is using fluoridated salt;
Colombia is a good example.

Calculations of this type are useful, for example, when
interpreting the effect of giving F" tablets to a population.
Thus, when considering the effect of different F~ tablet dose
regimes in the USA [1] and in Sweden [86], it is apparent
that, had these dose-response curves been generated at the
time when the F" tablet regimes were developed, it would
have been possible to predict the subsequent level of
fluorosis.

It is also important to understand that, if we assume a
constant dose of F", the effects of F" are cumulative; hence,
the longer the teeth undergo mineralization the more severe
the fluorosis will be. Figure 14.20 shows data from a very
low F~ area [101]. The highest prevalence and severity of
fluorosis is seen in the second molar teeth, whilst the
prevalence and severity in the first molars erupting 6 years
earlier is much lower.

Figure 14.19 shows the linear relationship between daily
F~ dose and fluorosis prevalence, over the dose range
0-0.1 mg per kilogram body weight. Therefore, even very
low levels of F~ ingestion (0.02 mg F per kilogram body
weight) constitute a small risk of fluorosis. We can also see
that an ingestion of 0.1 mgF- per kilogram body weight per
day would almost certainly result in a significant risk of
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Figure 14.20 Diagram showing the percentage of teeth exhibiting dental fluorosis according to the TF classification. The tooth types are ranked from left to right
in the order of mineralization. The data originate from children born and raised in an area of Denmark with less than 0.1 ppm F" in the drinking water [101]. +:
maxillary teeth; mandibular teeth.

4developing the more aesthetically compromising forms.
There is only a risk of developing dental fluorosis when the
dentition is developing (from before birth to almost 20 years
of age). From a cosmetic point of view, the permanent upper
central incisors are particularly at risk between the ages of
15 and 30 months [67]. This can be explained when consid-

ering the data from Richards et al. [145] suggesting that
dental fluorosis in humans results predominantly from a
disturbance of enamel maturation. Although the weight of
young children is highly variable, a 2-year-old child might
be expected to weigh approximately 12 kg. We can therefore
estimate that a F” ingestion of 1.2 mg/day would constitute
a very high risk of developing aesthetically compromising
forms of fluorosis for a 2-year-old. As infants get older and
heavier, the risk of fluorosis moves to the more posterior
teeth, and because of the greater body weight the dose of F~

required to be ingested would be more. For example, a 5-6-

year-old weighing approximately 20 kg would need to ingest
approximately 2.0 mg. But at the same time, it should be
remembered that the steady-state level of F- in plasma will
increase with age; so, if a child has been exposed to F~ from
birth then such a child is likely to be more at risk than a
child of the same weight who has not been lifelong exposed.

Calculations of F~ ingestion, although useful, are subject
to many errors and must be treated with caution.
Figure 14.21 represents the amounts of toothpaste (grams)

required to be ingested to constitute an intake of 0.1 mgF~

per kilogram body weight for 12 and 20 kg children.
Covering the head of a child’s toothbrush would constitute

an application of approximately 0.5-1 g of paste, and for a
standard-head toothbrush it would be approximately
1-1.5 g of paste. It can be seen, therefore, that children
brushing twice daily may be in contact with sufficient F~ to
constitute a risk of dental fluorosis, particularly when using
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Figure 14.21 Daily amounts of toothpaste (grams) required to be ingested to

constitute an intake of 0.1 mgF-/kg for 12 and 20 kg children for three differ-
ent F~ levels in toothpaste (1500, 1000, and 500 ppm F~).

toothpastes containing the higher levels of F". Young chil-
dren tend to swallow a greater percentage of toothpaste
than older ones [104], with 2-year-olds swallowing on
average half the toothpaste used and 6-year-olds swallow-
ing one-quarter (Tables 14.4 and 14.5). Therefore, we
must, on average, multiply the amounts shown by factors
of 2 and 4 for the 2-year-old and 5-6-year-old children
respectively.

In addition, the amount of F~ absorbed from ingested
toothpaste will depend on the gastric contents at time of
ingestion and the type of toothpaste. Toothbrushing is usu-

ally conducted after meals, and this can significantly
reduce F~ bioavailability. In fact, F

_
bioavailability from an

1100 ppm toothpaste ingested after lunch can be very sim-

ilar to that of a 550 ppm toothpaste ingested on fasting
(Fig. 14.22). Regarding toothpaste composition, it should
be considered that many affordable toothpastes are formu-
lated with a calcium-based abrasive agent, and with MFP
as the F~ salt. In these formulations, about 20-30% of F" is



Fluorides in caries control 259

Table 14.4 Amount of dentifrice used per brushing (grams) or F
_

per brushing
(milligrams)3 by age.

Bioavailability (%)

Study Age range (years)

2-3 4 5 6-7 8-10 11-13 16-35

Ericsson and Forsman [65]b

Hargreaves etal. [88] c

Barnhart etal. [11] fa

Glass etal. [83]b

Dowell [55] -
Bruun and Thylstrup [21]c

Simard etal. [156]b

Naccache etal. [125]b

Naccache etal. [155]b

Mean value
(no. of studies)

0.45 0.45
0.38 1.10

0.86 0.94 1.39
1.04d

0.55
0.55d 0.75d1.10d 1.55d

0.46 0.78 0.65
O)
u0.50 0.47

H 1100 mg F/g/fasting

H 1100 mg F/g/breakfast

IB 100 mg F/g/lunch

. ] 100 mg F/g/fasting

[H 100 mg F/g/breakfast

FI 100 mg F/g/lunch

0.55 0.45 0.52 0.50
0.58 0.56 0.50 0.66 1.07 1.10 1.5
(6) (3) (4) (4) (3) (1) (2)

c
ai
a

Source: [147].
3 If one assumes that the dentifrice contains 0.1% (1000 ppm), then the
ingestion of x g of dentifrice results in the ingestion of x mg of fluoride.
bSupervised dentifrice use study.
c Home-use study.
dNo attempt was made to control for spillage of dentifrice.

Figure 14.22 Bioavailability of F~ ingested from toothpastes, depending on
the content of the stomach. From [42].

Table 14.6 Estimated dose of F
_

(mgF~/kg body weight per day) to which a
sample of Brazilian children were subjected during toothbrushing with MFP/
CaC03 or NaF/silica formulations, based on total or soluble F~ concentrations
in toothpastes (mean ±SD).

Table 14.5 Percentage ingestion of dentifrice fluoride by age.

Age range (years)Study

2-3 4 5 6-7 8-10 11-13 16-35
Toothpaste formulations Dose based on F~ concentration

determined in toothpasteEricsson and Forsman [65]3

Hargreaves etal. [88]b

Barnhart etal. [11]a

Glass etal. [83]3

Simard etal. [156]3

Naccache etal. [125]3

Naccache etal. [126]3

Mean value
(no. of studies)

30 26
28

35 614 3 Total F~ Soluble F
_

12c

59 48 34 MFP/CaC033 ( n=80 children)
NaF/silica {n=79 children)
All (n=159 children)

0.074±0.007
0.039±0.003
0.057±0.004

0.039±0.005
0.039±0.005
0.039±0.003

41 30
57 49 42 34
48 42 34 25 12 6
(6) (3) (4) (3) (1) (1) (1)

3

From [133].
3 MFP/CaC03 toothpastes formulated with a higher total F" concentration
(1500 ppm F-) but with similar soluble F~ concentration (1000-1100 ppm F-)
when compared with NaF/silica toothpastes (1000-1100 ppm F~).

Source: [132].
3Supervised dentifrice use study.
b Home-use study.
cNo attempt was made to control for spillage of dentifrice.

Tables 14.4 and 14.7 show that the amount of toothpaste
children use is fairly consistent between the ages of 2 and 7.
This has important consequences for fluorosis risk. Young
children not only swallow more toothpaste and are often
not supervised when brushing, but they also are at greater
risk of fluorosis as their body weight is lower than older
children. Therefore, we must be particularly cautious when
using F~ toothpaste in the youngest children and ensure
that small (pea-sized or in Brazil rice sized!) amounts are
used and they are encouraged to spit out the waste tooth-
paste slurry as efficiently as possible [14, 15].

Although the quantity of F" swallowed from toothpaste is
not as high as often anticipated, F“ in toothpaste will add to
an increase in overall F" consumption and hence increase
the risk of developing more fluorosis in populations living
in areas with F~ in the drinking water or using other forms

bound to calcium, being insoluble and not absorbable.
Therefore, if total F' in such formulations is considered to
calculate the dose to which children are exposed by inad-

vertent ingestion during toothbrushing, a dose twice as
high would be found when compared with a formulation in
which all F" is soluble (e.g., a silica-base, NaF toothpaste).
However, if only the soluble (bioavailable) F" fraction in
both types of formulations is considered, the bioavailable
dose would be similar [133] (Table 14.6). Unfortunately,
this has not been considered when the risk of fluorosis by
toothpaste ingestion is discussed; and as most publications
overestimate the effect of toothpaste alone or the relative
contribution of F~ toothpaste to total daily F“ ingestion
by young children, this has had implications on the
recommendations of toothpaste use by children [66].
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Table 14.7 Estimated median weights of children [54] and fluoride intake
according to age estimated from twice daily use of a 1000ppm F toothpaste [86].

beverages and an understanding of the open markets of a
modern society, but also a careful assessment of potential
F~ ingestion from dental products.

Fluoride absorption, distribution, and elimination
in the body
F~ ingestion is particularly important in infants as dental
fluorosis can only occur when teeth are developing. F~ is

poorly transported from plasma to breast milk, even when
the mother or animal has a high intake of F“, and human
and other mammalian milks contain very low concentra-

tions of F~ [159]. In contrast, commercially prepared for-
mula milks may have a highly variable F" conten, and if they
are prepared with fluoridated water, children may poten-

tially ingest considerable amounts of F" from this source
[78, 105].

It is outside the scope of this textbook to deal in detail
with F" metabolism in humans, but any dentist should be
expected to have a thorough knowledge about the pharma-
cokinetics of F‘ and are referred to authoritative texts (see
Ekstrand [60] and Whitford [179] for reviews). Following
ingestion, soluble F~ is rapidly absorbed into the blood
plasma, predominantly in the stomach. The stomach con-

tents are important in determining the rate of absorption.

Milk, calcium-rich breakfasts, and even lunch may reduce
the degree of absorption from about 90% to about 60%. The
time of F' ingestion in relation to meals is critical with
respect to how much of the F" will become bioavailable
[42, 64]. Also, when toothpastes are ingested by children
the amount of F" that is absorbed depends on toothpaste
formulation because in those containing calcium in the
abrasive only part of the F" is bioavailable [150].

F“ not absorbed in gastrointestinal tract is excreted by
feces, which usually accounts for less than 10% of the
amount ingested each day by diet [63]. F~ is distributed all
over the body by plasma, predominantly as ionic F'. Plasma
F" concentrations vary considerably over the day depending
on the intake of F“. With increasing age, plasma F~ levels
gradually increase because there is a direct relationship
between the amounts of F" accumulating in bone, which, as
time passes by, is gradually released from the bone as part of
bone remodeling [135]. There is no homeostatic mecha-

nism to maintain the F“ concentration in any body
compartment, and blood F~ levels are largely dependent
upon daily intake. This has important implications for the
oral environment, as will be described further in this
chapter.

F" is distributed from the plasma to all tissues and organs
in body. Naturally, the degree of blood flow through the
different types of tissues determines how rapidly
distribution occurs. Of particular interest is that the kidney
in general has a higher concentration of F~ than the
corresponding concentration in plasma (high ratio tissue/
plasma). In contrast, the central nervous system, like

Toothpaste
ingested

(mg F
_
/kg for

1000ppm
F" toothpaste)

Age Median weight Toothpaste use
per dayof child

(%)(kg) (g)

11.9 1.16 48 0.047
0.039
0.029
0.019
0.013

2
3 14.3 1.16 48

424 16.3 1.12
18.3 1.00 345

6 20.6 1.32 25

Source: [76].

of systemic F~, such as tablets or salt. In regions with fluori-

dated drinking water there are a number of studies report-

ing a relationship between F" ingestion from toothpaste
and milder forms of dental fluorosis [120, 134, 137-139,

149, 180]. In countries, like the USA and Brazil, where
water fluoridation is widespread and the use of F" tooth-

paste is common, the most prevalent degree of dental
fluorosis found is claimed to be ‘mild’ and not of ‘public
health concern’ [31, 53, 123, 140, 141]. Whether a degree of
dental fluorosis is of ‘public health concern’ is very cultur-
ally dependent. If living in an area with widespread milder
forms of fluorosis, this is often considered ‘normal’.

Where is fluoride found in nature?

F~ is a trace element widely present in the environment.

F~ gets into the hydrosphere by leaching from soils and
minerals into ground waters. Volcanic eruptions and dust
storms in areas rich in volcanic rocks add to the F~ in the
atmosphere.

Owing to the small radius of the fluorine atom, it is the
most electronegative and reactive element and is rarely
found in its elemental state. It is most commonly found in

combination in the ionic F~ and the electrovalent or covalent
form. Most of the ionic fluorides are soluble in water,

although some, such as CaF
2
, are only slightly soluble.

Further information is available from the detailed textbook

chapters by Smith and Ekstrand [158] and Glemser [84].
Water is by far the most common natural source of F";

but even in areas with levels of F“ in the drinking water less
than 0.5-0.7 mg/L, the importation of commercially pre-

pared beverages and other foods from areas where water

supplies contain higher levels can add substantially to the
amount of F" ingested. Some fruit-flavored, carbonated soft
drinks and mineral water may also contain significant (0.7-

0.9 mg/ L) amounts of F~ [38, 152]. Fish is a particularly
good source of F", as are tea leaves, although they differ on

F" bioavailability. A cup of tea [56] or iced tea [89] may have
a F" concentration of 0.5-4 mg/L. An assessment of the
total exposure of a given population to F~ requires not only
a thorough knowledge of the F~ concentrations of foods and
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adipose tissue, only contains about 20% of the concentration
of that of plasma [160].

As previously stressed, F" is a highly reactive agent and
it reacts rapidly with mineralizing tissues. Over time the
F~ gradually becomes incorporated into the crystal lattice
structure in the form of fluorhydroxyapatite. It is during the
growth phase of the skeleton, during active mineralization,
that the highest proportion of an ingested F" dose will be
deposited. Thus, retention of F" in infants may be as high as
90%, whereas in adults only about 50% of the F" may be
retained in the bone.

F- in the bone is not irreversibly bound to the crystals.
Bone in humans constantly undergoes remodeling and F~ is
thus mobilized slowly from the skeleton. Therefore, when
studying cross-sectional samples, F“ concentrations in
plasma and urine will not only be determined by the
immediate past intake of F~ but also by earlier F" exposure
and the degree of accumulation of F“ in bone. Moreover,
with age the mobilization rate from bone and how efficient
the kidneys are at excreting F“ will strongly influence such
data [62]. Thus, bone might be considered a F“ reservoir
that maintains F" concentration in the body fluids between
the periods that F“ is not being ingested.

F“ absorbed and not incorporated in bone is eliminated
mainly by urine during the excretion. If the pH of urine is
low, F" is reabsorbed in renal tubules, returning to the blood
[179]. This mechanism may be important regarding the
chronic effect of F~ because the duration of high plasma
F“ concentration is prolonged.

Fluoride concentrations in teeth
Concentrations of F“ in all mineralized tissues will vary
depending on the actual F~ intake and the length of time
during which such an intake has taken place. The F~

concentration in bulk enamel is fairly constant but increases
steeply at the surface within the outer 100 pm. Recently, this
has been suggested to be a result of the fluctuating pH
changes in the surface of enamel caused by the ameloblasts
during the long-lasting phase of enamel maturation, which

in permanent teeth may last for several years before eruption
[96]. The F~ concentration of dentin is generally slightly
higher than that of bulk enamel and usually increases as we
go deeper into the tooth (Fig. 14.23). As dentin formation
continues slowly throughout life, F“ steadily accumulates at
the dentin-pulpal interface.

It can be seen in Fig. 14.23 that the overall shape of the
F" profile from the surface of the enamel to the enamel-
dentin junction is a characteristic ‘hockey stick’ shape. The
relative concentrations of F~ in the different layers of
enamel reflect the F" exposure during tooth development.
Hence, the higher the dose of F" occurring during
development, the higher the concentration of F" is to
be found in enamel. The effect of different levels of
F" exposure can be seen in Fig. 14.24. Clearly, teeth with
the more severe forms of fluorosis (TF scores 7 + 8 + 9)
have significantly higher levels of F~ in the enamel than
those with less severe forms, and this difference is main-

tained even deeper in the enamel. The concentration of
F" at the outermost surface of the enamel is not only an
indicator of F~ exposure during the developmental period
of the tooth but also highly dependent upon post-eruptive
changes (see Fig. 14.25).

Once the enamel is fully formed and mineralized, the
F" content in human enamel can only be permanently
altered as a result of chemical traumas to the tooth (dental
caries and erosions) or through mechanical abrasion.
Unless chemical interactions take place with substantial
fluctuations in pH over a prolonged period of time it is in
fact not easy to significantly change the F~ content in the
surface enamel even after several topical F" treatments.
However, the F"concentration in the surface layers increases
whenever de- and remineralization processes are ongoing
[40, 146, 178]. This means that, in cervical regions, where
dental plaque accumulates, F~ concentrations will gradually
increase over time. It is also the reason why the surface zone
covering a subsurface carious lesion contains significantly
higher amounts of F" than the surrounding normal enamel
(Fig. 14.26).

Dentine-pulp
interface2.0 1

2 1 . 5 - Enamel
surface Enamel-dentin

junction£a i .o -
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0 1 2 3 4
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Figure 14.23 Schematic representation of the F~ concentration in enamel and dentin from the outer surface of the enamel to the dentin-pulp interface for sub
jects with a low and higher F- intake.
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Figure 14.24 Enamel F~ concentrations in the outer 300 pm of the enamel
for erupted teeth with different degrees of fluorosis. See Fig. 14.16 for expla-
nation of theTF index [146].

Figure 14.26 Fluoride concentrations in sound and carious enamel. The
lowest concentrations are found in body of the lesion and then the sound bulk
enamel. The surface enamel layer covering the lesion has picked up consider-

able amounts of F~ from the surrounding fluids. Modified from [178].

of 5-10% of hydroxyl by F~ ions and it is necessary to have
60% of substitution to form a mineral that is more acid
resistant. Moreover, there is no association between the
F" concentration in the surface zone of teeth and the
individuals caries experience for either the primary or
permanent teeth (Fig. 14.27).

Pathogenesis of dental fluorosis

Until the 1970s it was generally assumed that F~ caused
dental fluorosis by interfering with the process of enamel

matrix formation and mineralization and that the secretory
ameloblast was highly sensitive to slightly elevated plasma
concentrations of F". However, microscopic studies of
human enamel [69, 70] showed that enamel fluorosis was a
hypomineralization of the enamel in an otherwise normal
enamel maturation. Therefore, it was suggested that F" pre-
dominantly affected enamel by retarding the processes of
pre-eruptive enamel maturation [71]. Moreover, the studies
showed that enamel pits resulted from mechanical damage
to the enamel after eruption of the tooth [10, 73]. To test the

hypothesis that dental fluorosis might be a result of F" delay-

ing otherwise normal enamel maturation, Richards and
coworkers [5, 145] conducted a series of experiments in

domestic pigs which clearly showed that F" given systemi-

cally during enamel maturation only, in dosages comparable
to humans, would result in subsurface hypomineralized
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Figure 14.25 F~ concentration measured in surface enamel in vivo in upper
central incisors at the age of about 7 years (shortly after eruption). The
concentration is the same in central and cervical enamel. However,after 7 years

in the oral environment it is apparent that F~ in the cervical enamel (where
plaque accumulates) increases, whereas it remains unchanged or gradually
drops in central parts that have been exposed to attrition/toothbrushing [144].

1 1

The difference in F~ content of enamel formed in low F~

areas (<0.2 ppm F~ in the water supply) and an area with
about 1 ppm of F" is so small that it cannot explain differ-
ences in caries experience in populations living in low and
higher F" areas. Also, even in the enamel surface, where F~

concentration is ‘maximum,’ it represents only a substitution
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mineralization is highly sensitive to free F- ions promoting
the hydrolysis of acidic precursors to apatite formation,
such as octacalcium phosphate. This results in precipitation
of fluoridated apatite crystals.4000 -

The effectiveness of fluorides in the control
of dental caries: evidence from systematic
reviews

••CL)

E
CD
C
CL)

C •• ••
Evidence from comprehensive systematic reviews on fluo-

rides for caries prevention and control has come to occupy
a key position between research and practice in the last
decade. As reliable summaries of accumulated knowledge,
they inform decisions, are the basis for recommendations
about the appropriate use of F"-based caries preventive
interventions, and are making clearer the scientific justifi-
cation for future research on the subject. Cochrane reviews
are systematic reviews that employ rigorous research
methods and are published in full in The Cochrane Library
(http:/ /www.thecochranelibrary.com) following a detailed
editorial process that is common to all reviews. Cochrane
reviews have answered important questions regarding the
effects of F~ on caries prevention. Consequently, they have
become very influential as a foundation for preventive prac-
tice and policy in dentistry.

The UK National Health Service (NHS) Centre for
Reviews and Disseminations (CRD’s) review of the effects
of water fluoridation was the first systematic review under-
taken on the subject. This systematic review was set up by
the University of York and is colloquially known as the York
review. It was conducted as an open process and to the
highest standards [118]. This review has shown that
research carried out over the past half century has been of a
much lower methodological quality than had previously
been reported. This review pointed out that the evidence of
a benefit of a reduction in dental caries should be consid-
ered together with the evidence of an increased prevalence
of dental fluorosis, and that there would continue to be a
need for high-quality studies providing more definite
current evidence on the effects, both positive and negative,
of water fluoridation. The findings of this review published
in 2000, which have been interpreted in quite different ways
on both sides of the fluoridation debate, reinforced the
importance of systematic reviews of the large body of exper-
imental evidence on the effects of all the main forms of F~

treatments used for caries prevention/control.
The series of Cochrane systematic reviews on the

effectiveness and safety of F" toothpastes, mouthrinses, gels,
and varnishes published throughout the last decade are con-
sidered the most comprehensive and most detailed on the
subject to date [109-115, 176, 180]. They bring together, in
a consistent manner, the available evidence on the effects of
the main modalities of topically applied F" interventions
currently used for the prevention/control of dental caries,
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Figure 14.27 F- concentrations in the surface enamel of deciduous canines
and dental caries prevalence in the deciduous dentition. No relationship bet-
ween the two is apparent [143]. Reproduced with permission of Karger
Publishers.

enamel at the time of eruption. How F" ingested in just
slightly elevated concentrations over several years can
influence enamel maturation at the time of pre-eruptive
maturation is still unknown!

It should be understood that once the full width of
enamel is laid down the enamel is far from fully mineral-
ized. The transformation of soft, protein-rich enamel into
highly mineralized, hard mature enamel is a result of growth
in size of the already seeded crystals. Once a matrix is laid
down, the apatite crystals are instantaneously seeded and
mineral increase occurs as a result of longitudinal growth of
the crystals. In fact, in rats it has been calculated that the
enamel contains only about 18-20% of mineral after being
fully formed (see [157] for a review). Following this the
enamel matrix proteins have to be broken down and
removed from the enamel while calcium and phosphates
have to be simultaneously transported into the enamel and
allowed to precipitate onto the growing crystal surfaces.
The hydroxyl apatite crystals grow predominantly in width
and thickness until the enamel contains about 96% mineral
by weight. Enamel crystals grow very slowly, and pre-erup-

tive enamel maturation may last for several years in humans!
Despite extensive studies on normal enamel maturation in
experimental animals, the processes leading to a fully min-

eralized enamel are far from understood [96]. Therefore, it
is speculative as to how F“ in small elevated dosages in
plasma may interfere with the processes.

In a review, Aoba and Fejerskov [6] discussed in depth
the various possibilities for how F" ions may influence
enamel mineralization during tooth development. Enamel
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in a systematic review, this can provide valuable insights
concerning the effectiveness of health-care interventions.
This is achieved through the epidemiological exploration
and evaluation of the included studies, especially when
these are randomized controlled trials (RCTs), considered
the most reliable type of study design for assembling
comparison groups on which to base causal inferences
about the effects of care [100]. Effectiveness can be defined
as the extent to which a specific intervention, when used
under ordinary circumstances, does what it is intended to

do - clinical trials that assess effectiveness are sometimes
called pragmatic trials. Efficacy, on the other hand, is the
extent to which an intervention produces a beneficial result
under ideal conditions - clinical trials that assess efficacy
are sometimes called explanatory trials and are restricted to

participants who fully cooperate. Systematic reviews using
meta-analysis of multiple well-designed RCTs are therefore
often the most robust type of research evidence to guide
decisions and research about effectiveness (Table 14.8).
This is because, in most circumstances, the effect of an
intervention will not be very large. So a large amount of
randomized evidence pooled together is needed to detect or
refute reliably such moderate, but potentially worthwhile
effects [37].

The Cochrane Collaboration (http://www.cochrane.org/),

an international nonprofit organization established in the
early 1990s, challenged those working in health care to put
policy and practice on a footing of strong, critically appraised
and objectively synthesized evidence. The Collaboration
makes reliable information about the effects of health-care
interventions readily available worldwide in the form of
Cochrane reviews, which are largely funded through
government sources [30, 36]. Cochrane reviews, which
concentrate mainly, but not exclusively, on synthesizing the
evidence from randomized studies, have been shown to be of
higher methodological quality, on average, than other
systematic reviews [85, 93, 94, 97]. The degree of certainty
any Cochrane review provides, however, depends on the
quality of the evidence that has been included in the review,

where the level of quality of evidence will not only depend
on the risk of bias and the directness of the evidence, but also
on the consistency and precision of the findings [153].

and examine systematically the main factors that can
influence their effectiveness. These reviews have clearly con-
firmed the relative effectiveness of F~ toothpastes, mouth-
rinses, gels, and varnishes, and showed that some additional
caries reduction can be expected when another topically
applied F~ treatment is combined with F~ toothpaste.

Moreover, since the York review on the effects of water

fluoridation was published there has been no other high-

quality systematic review that would alter its findings,

which has been chosen to form the evidence base on the
effects of water fluoridation on dental caries in subsequent
overviews and guidelines on the topic, such as the Australian
National Health and Medical Research Council review

(NHMRC, 2007).
The evidence available from the above-mentioned CRD

and Cochrane F" reviews, on the effectiveness and safety of
water fluoridation and topically-applied F“ treatments -

toothpastes, mouthrinses, gels, and varnishes - are the
focus of this section. The evidence available from several
subsequent Cochrane reviews on the effectiveness of other
F~ treatment modalities for preventing caries - slow-release
F" devices, milk fluoridation, and F" supplements/tablets
[18, 172, 182] - are also presented here, together with the
latest evidence from systematic reviews on the caries-pre-

ventive effect of salt fluoridation [128, 181].
However, the section highlights first the importance of

systematic reviews, especially Cochrane reviews, in inform-

ing decisions in health care, with a brief history of the eval-
uation of the effectiveness of fluorides in such reviews; and
it concludes by considering relevant implications for
research and practice.

Systematic reviews as objective summaries of the
best evidence from research in informing
decisions in health care, and the importance of
Cochrane reviews

Decisions about the appropriate provision of preventive or
therapeutic strategies should be informed by knowledge of
the effects of the interventions, and require that this
knowledge is quantitative. The formal synthesis of research
evidence can help increase access to this knowledge base by
ordering and summarizing the evidence available and by
increasing the precision of estimates of effect. Systematic
reviews locate, appraise, and synthesize the evidence from
relevant and valid studies in order to provide informative
empirical answers to research questions. Unlike other types
of reviews that do not adhere to an explicit method, and
tend to be based on only a selection of the literature and
thereby may be open to substantial bias and chance errors,

systematic reviews aim to avoid these pitfalls by presenting
an objective and comprehensive scientific summary of the
available evidence.

In addition, by including a quantitative synthesis of the
results of individual experimental studies, a meta-analysis,

Table 14.8 Hierarchy of evidence about effectiveness (for therapeutic
interventions).

Level Research evidence type

Systematic reviews of multiple RCTs, at least one RCT

Quasi-experimental studies, controlled trials without randomization
Observational analytic studies (cohort, case-control studies)

Descriptive studies, other observational studies without control
groups (cross-sectional, ecological studies, case series)

Expert opinion, consensus

I

IV

V
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Systematic reviews on the effectiveness of
fluorides, with a special focus on the Cochrane
fluoride reviews

Since the mid 1900s, the various F“ interventions - in the
form of toothpastes, mouthrinses, gels, and varnishes
mainly- have been subjected to intensive clinical testing in
RCTs, the least biased evidence type from primary research
into effectiveness. However, less conclusive study designs
have been used to assess the effectiveness of F~ in drinking
water and F" added to salt.

Yet, it is only relatively recently that this evidence started
to be summarized more objectively in rigorous systematic
reviews, taking such differences in study question and
design systematically into account. It is even more recently
that decisions and recommendations for the appropriate
use of F“ for caries control are being based on the results of
such reviews. This is despite the fact that reviews employing
meta-analysis of controlled trials summarizing the evidence
on fluorides for caries prevention had started to appear as
early as in the mid 1980s in dentistry [35, 162], coinciding
with the growth in their availability in the field of
medicine.

Nevertheless, the general picture in the early1990s was
that the effectiveness of fluorides in caries prevention had
been extensively summarized in traditional narrative
reviews based on selected published literature, and effec-

tiveness estimates had been reported in broad ranges, with
no general agreement on the causes of differences in
reported effectiveness. However, by the end of the 1990s
various reviews focusing mainly on the evaluation of
specific F" active agents within specific delivery systems
had used the quantitative meta-analytical approach to
synthesize study results [13, 90, 95, 161, 164, 175].

Furthermore, the systematic reviews published since
2000 have compiled evidence synthesized from hundreds of
reports of RCTs, as well as nonrandomized evidence (from
other types of studies), on the effects of fluorides in various
forms [4, 12, 18, 27, 32, 87, 109-115, 118, 142, 163, 165,

172-174, 176, 180-182]. The large number of systematic
reviews of trials published between 2002 and 2004 in
particular are associated with the publication of the first
Cochrane reviews [109-115] and the reviews from the
Swedish Council of Technology Assessment in Health Care
reviews [142, 173, 174], all of which assess the effectiveness
of F~ toothpastes, mouthrinses, gels, and varnishes.

Recommendations systematically developed for the
appropriate use of F“ in different settings/countries in prac-
tice guidelines are based largely on the results of the series
of Cochrane F“ reviews for preventing caries in children
and adolescents [109-115, 176, 180] and on the UK NHS
CRD systematic review on water fluoridation [118]. They
form the basis of the international evidence base used in
numerous guidance documents worldwide [3, 20, 66,
128, 154].

Thus, the main features and findings of the York review
on water fluoridation are presented next, followed by those
of the Cochrane F~ reviews, mainly in terms of the relative
and combined caries-preventive effectiveness of the various
F~ modalities, and their safety, in an attempt to account for
any assessment of beneficial and undesirable (adverse)
effects.

Before presenting the evidence from each systematic
review, however, an explanation would appear important in
order to facilitate the interpretation of the results from
systematic reviews of caries trials.

Measuring treatment effect in systematic reviews
of caries trials
When estimating effectiveness in caries trials of fluorides,
the primary outcome measure is usually caries increment
in treatment and control groups, where a typical measure is
increment in decayed, missing, and filled surfaces (DMFS).
There are several variations of this measure (e.g., DMFS,
DFS, DS, DMFT, DFT), however, and also different levels
at which dental caries is defined/diagnosed, different
methods of detecting dental caries, and so on (see also
Chapter 4).

It is important to realize that when combining the results
of caries trials of F~ effectiveness in a meta-analysis in most
systematic reviews the chosen measure of treatment effect
is the prevented fraction (PF). This is the difference in mean
caries increments between the ‘treatment’ and ‘control5

groups divided by the mean increment in the control group:

mr -m.
PF = mc

It can be expressed as a percentage of the mean increment
in the control group - the so-called percentage reductions
in caries increment, which is the usual measure of effect in
trials of caries preventive interventions. For an outcome
such as caries increment (where discrete counts are consid-

ered to approximate to a continuous scale and are treated as
continuous data), the PF is generally considered a more
appropriate measure of effect to be used in the meta-analysis
than is the mean difference or the standardized mean
difference. This is because the PF allows combination of
different ways of measuring caries increment in the included
trials, and a meaningful investigation of heterogeneity
between trials. It is also simple to interpret.

Systematic review of evidence on the effects of
water fluoridation
The effects of water fluoridation were investigated in a
systematic review by the University of York. The full report
is available via the CRD Fluoridation Review website
(http://www.york.ac.uk/inst/crd/fluorid.htm). There have
been several examples of misrepresentation of the research
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DMFT, and caries prevalence increases following with-
drawal of water fluoridation.

2. Water fluoridation has a caries-preventive effect over
and above F" toothpaste.

3. Water fluoridation may reduce inequalities between
social groups, by reducing the differences in caries
severity (as measured by dmft/DMFT) between social
classes among 5- and 12-year-old children.

4. Water fluoridation probably causes more dental fluo-
rosis than previously thought - the pooled estimate of
fluorosis prevalence at a water F~ concentration of 1 ppm
was 48% (95% confidence interval (Cl): 40-57%) and for
fluorosis of aesthetic concern 12.5% (95% Cl: 7.0-
21.5%); and may or may not cause other harms, such as
cancer, bone defects, and so on (no clear associations
have been shown).

5. There may or may not be differences in the effects of
natural and artificial water fluoridation.

Table 14.9 shows the main results of the review (for the out-

comes of dental caries and fluorosis).
These findings, however, are based on moderate- to

poor-quality evidence. There were 214 studies included;

none was of evidence level A (high quality, bias unlikely).
The study designs used included 102 cross-sectional studies,

47 ecological studies, 45 controlled before-after studies,

seven case-control studies, and 13 cohort studies.

evidence from the systematic review, and a Cochrane review

to update and publish it in The Cochrane Library has been
registered recently (OHG, personal communication).

The York review on water fluoridation addressed five
main questions:

1. What are the effects of fluoridation of drinking water

supplies on the incidence of caries, and what is the effect
of termination of water fluoridation on caries levels?

2. If water fluoridation is shown to have beneficial effects,
what is the effect over and above that offered by the use
of alternative F" interventions and strategies?

3. Does water fluoridation result in a reduction of caries
across social groups and between geographical locations,

bringing equity?
4. Does water fluoridation have negative effects?
5. Are there differences in the effects of natural and

artificial water fluoridation?

A comprehensive search to identify the body of evidence
available on the efficacy and safety of water fluoridation was
carried out and studies in any language were sought. Studies
included in the review were classified into levels/hierarchy
of evidence based on study design and adjustment for con-

founding and for measurement bias. Evidence rated below a
level of moderate quality/moderate risk of bias was not con-
sidered in the evaluation of efficacy. In the assessment of
safety, all levels of evidence were considered.

The main findings from the York review were:

1. Water fluoridation reduces caries incidence by an
average of 15% (ranging from -5.0% to +64%) as mea-
sured by the mean difference in the proportion of chil-
dren caries free, and by an average of 2.25 (ranging from
0.5 to 4.4) as measured by the mean change in deft/

Systematic review of evidence on the effects of
topically applied fluoride modalities (toothpastes,

mouthrinses, gels, varnishes)

The series of Cochrane reviews on the effects of self-applied
F“ toothpastes and mouthrinses, and professionally applied
F" gels and varnishes, used alone or in conjunction with

Table 14.9 York review on water fluoridation [118]. Summary of main results (for dental caries and fluorosis).

Number and types of studies
included, by main outcome

Main findingsStudy ID, year of publication Aim

Evaluation of efficacy (positive effects - caries
prevention)
median diff in percentage caries free (range)
14.6% (-5.0% to +64%)
median diff in dmft/DMFT (range)

2.25 (0.5-4.4)
Evaluation of safety (adverse effects - fluorosis)
Pooled estimate of prevalence at 1.0 ppm F~

Any fluorosis = 48% (95% Cl: 40-57%)
Fluorosis of aesthetic concern (TF >3, or
Dean's mild or higher, orTSIF >2 ) =12.5%
(95% Cl: 7.0-21.5%).
Proportion of the population with any
fluorosis (pooled)
at 0.1 ppm F“=15% (95% Cl:10-22%)

at 4 ppm F- =72% (95% Cl: 62-80%)

Evaluation of efficacy (positive
effects - caries prevention)

Moderate quality evidence:
23 before-and-after studies
2 prospective cohort studies
1 retrospective cohort study
Evaluation of safety (adverse
effects - fluorosis)
Low quality evidence:
4 before-and-after studies
1 case-control
83 cross-sectional studies

To assess the positive and negative
effects of population-wide drinking
water fluoridation strategies to

prevent caries

UK NHS CRD review, 2000
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one another, have been published from 2002 to 2010
[109-115,176,180], and are available in The Cochrane
Library (http://www.thecochranelibrary.com). Cochrane
reviews are updated as new evidence emerges and in
response to feedback, and The Cochrane Library should be
consulted for the most recent version of the reviews.

The Cochrane reviews addressed five major questions:

1. What is the efficacy of F" toothpastes, mouthrinses, gels,
and varnishes in preventing dental caries in children and
adolescents?

2. Is the efficacy of each of these F" modalities, and of them
in general, influenced by background exposure to other
F" sources, initial level of caries, F" concentration and
frequency of application, use under supervision, and the
form (modality) used?

3. Are there differences in the efficacy of the various F~

modalities either used singly (one compared with
another), or in combination with each other (primarily
F~ toothpaste plus another F~ modality compared with
F" toothpaste alone) ?

4. Are there differences in the efficacy of F~ toothpastes of
different F" concentrations?

5. What is the risk of developing dental fluorosis in young
children with the use of F

_
applied topically?

Thorough searches were performed of published and
unpublished evidence, from RCTs mainly, with no
language restrictions. The studies included were collated
and critiqued using similar methodology and measures
of effect for caries. The Cochrane reviews on topically
applied fluorides involved meta-analyses of all relevant
evidence comparing a F~ treatment against non-F~ con-

trols, against each other, and against a combination of
F" treatments. They investigated their comparative
effectiveness, as well as the dependence of the caries-

preventive effect of fluorides on prognostic features
through meta-regression analysis, and by direct and
indirect comparisons in a network meta-analysis. The
reviews also investigated the relative effectiveness of
F~ toothpastes of different concentrations, and the
relationship between the use of topical fluorides in young
children and the risk of developing fluorosis, where
nonrandomized evidence was considered.

The main findings from the Cochrane reviews on fluo-
rides applied topically are as follows.

1. There is unequivocal evidence from the first five
Cochrane reviews [109-113] that topically applied F~ in
the form of toothpaste, mouthrinse, gel, and varnish
reduce the incidence of caries. Research involving more
than 65000 children and adolescents in over 130 trials
shows a clear reduction in caries increment in both the
permanent dentition (for all forms of topically applied
F" treatments examined) and the deciduous dentition
(for F“ gels and varnishes).

The average D(M)FS prevented fractions in the four
individual Cochrane reviews ranged from 24% (95% Cl:
21-28%) for F" toothpaste, through 26% (95% Cl:
23-30%) for mouthrinses and 28% (95% Cl: 19-37%)
for gels, to 46% (95% Cl: 30- 63%) for F" varnishes. For
the primary dentition, the average d(e/m)fs prevented
fraction was 33% (95% Cl: 19-48%) for F~ varnishes,
based on three trials only. Pooled estimates of D(M)FS
and d(m/e)fs prevented fractions were calculated in the
summary review, which compiled all four reviews
together [113] combining all the data from the four
individual reviews for D(M)FS estimates, and the var-

nish and gel data for the effect in primary teeth - d(m/e)
fs prevented fractions.
However, conclusions on treatment effects were made
on a clearer basis in the placebo-controlled trials, as
caries reductions were overestimated in no-treatment
control trials, which were not double blind, and likely
to be of lower methodological quality. Table 14.10
shows the results for both types of comparisons
together and for placebo comparisons only from each
of the four individual reviews on F~ gel, varnish,
mouthrinse, and toothpaste, alongside the results from
the summary review compiling all four reviews
together.

2. The Cochrane reviews also show that use of topically
applied F~ treatments can reduce dental caries irrespec-
tive of exposure to water fluoridation - estimates of top-
ical F" treatment effect were similar between trials
conducted in fluoridated and nonfluoridated areas. It is
also shown that supervising a child’s use of self-applied
F“ (toothpaste or mouthrinse) leads to greater benefits.
A significant influence of initial level of caries (baseline
risk of the study population) and of frequency,
concentration, and intensity of F“ application was also

Table 14.10 Cochrane reviews of topically applied F~ treatments (TFTs). D(M)
FS/d(e)fs pooled estimates of effect measured as prevented fractions (PFs).

95% Cl (%) TFT typeb PFF- type3 PF 95% Cl (%)

Permanent tooth surfaces
Varnish (7) 46%
Gel (23) 28%
Rinse (34) 26%
Toothpaste 24%

Varnish (3) 40%
Gel (13) 21%
Rinse (30) 26%
Toothpaste 24%

30-63
19-37
23-30
21-28

09-72
14-28
22-29
21-28

(70Y (70)
All 4 TFTs 26% 24- 29 All 4 TFTs 24% 22-27
(133) (116)
Primary tooth surfaces
Varnish (3) 33% PF 19-48
Gel (2)c

Varnish

Varnish (1)
Gel (2)
Varnish and 27% PF 8-48
gel (3)

20% PF 2-38
26% PF -11-6326% PF -11-63

33% PF 22-44
and gel (5)

3 Number of placebo/no treatment comparisons.
bNumber of placebo comparisons.
cPlacebo comparisons only.
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one F~ modality versus another are summarized in
Table 14.12. Taking these results on the relative effective-
ness of the four F" modalities into account, and those of
a further investigation employing a simultaneous anal-
ysis of both types of comparisons (direct and indirect, in
a network meta-analysis) with the available data from
the reviews, no clear evidence was found that any modality
is more effective than any other [151].
The results from the Cochrane review on the combined
use of different F~ modalities with toothpaste against
toothpaste used alone [115] are also summarized in
Table 14.13. Evidence from nine trials showed that

indicated in the reviews. Although the magnitude of the
effect for initial level of caries was small (1% increase in
the PF per unit increase in mean baseline caries,

p = 0.004), this implies that, as the caries levels decline
in a population, the percentage caries reductions (PFs)
will decrease with the use of F“ treatments. The relatively
larger number of studies reporting relevant data made
these analyses more reliable in the Cochrane toothpaste
review [111], which included 70 placebo-controlled
trials in the meta-analysis, and in the summary review
[113], which included 133 trials from the four individual
reviews (Table 14.11).

3. For the influence of F~ modality, no significant differ-

ences in treatment effects between F" gel, mouthrinse,
and toothpaste were shown in the summary review
[113], although significantly lower D(M)FS prevented
fractions for these in comparison with F“ varnish was
suggested (DMFS PFs were on average 14% (95% Cl:
2-26%) higher in F“ varnish trials). However, in these
adjusted indirect comparisons of all four F~ modalities, it
is difficult to rule out the possibility of an overestimation of
the size of the differential effect in favor ofF~ varnish since
relatively few varnish trials were included and few among
these were placebo controlled.
In fact, the Cochrane review assessing direct compari-
sons between F~ toothpastes, mouthrinses, gels, and var-
nishes [114] is consistent with no evidence of a differential
effect between F~ treatment modalities. The review
showed that F~ toothpaste can protect against dental car-
ies as much as F~ mouthrinse or gels (but relevant compar-
isons of F~ toothpastes with varnishes were lacking) - the
pooled DMFS PF for the nine trials combined in this
comparison was 1% (95% Cl: -13% to +14%). The
results from this and the other direct comparisons of

Table 14.12 Cochrane reviews of topically-applied F
_

treatments.

Comparative effect on caries increment from direct comparisons between F~

treatments (used against each other and against a combination) - D(M)FS
pooled estimates measured as prevented fractions (PFs).

PF (%) 95%CI (%)F~ modalities in the comparisons
(no. of studies)

Varnish versus gel (1)
Varnish versus mouthrinse (4)
Gel versus mouthrinse (1)
Toothpaste versus gel (3)
Toothpaste versus mouthrinse (6)
Toothpaste versus any F~ a (9)
Toothpaste -}- varnish versus
toothpaste alone (1)
Toothpaste -}- gel versus toothpaste
alone (3)
Toothpaste+mouthrinse versus
toothpaste alone (5)
Toothpaste+ any F~ versus
toothpaste alone (9)

14 -12 to +40
-12 to +32
-40 to +12
-21 to +21
-18 to +19
-13 to +14

1 0
-14

0
0
1

48 12-84

14 -9 to +38

7 0-13

10 2-17

aThree gel trials and six mouthrinse trials, no varnish trial.

Table 14.11 Cochrane reviews of topically applied F~ treatments. Factors potentially influencing effectiveness; results from random effects meta-regression
analyses of D(M)FS prevented fractions (PFs).

Characteristic/factor
(no. of studies)15

Estimate
(95% Cl)

InterpretationCharacteristic/factor
(no. of studies) a

Estimate
(95% Cl)

Mean initial caries (126) Increase in PF per unit increase in
mean initial level of caries
Higher PF in presence of water
fluoridation
Increase in PF per 1000 ppm F~

0.7%Mean initial caries (67) 0.7%
(0.2-1.2%)(0.07-1.3%)

Background fluorides (116) 2.9%Background fluoridation (56) 3.2%
(-3.3% to +9.1%)

-0.3%
(-1.4% to +0.9%)

(-4% to +11%)
F~ content (69)F~ content (69) 8.3%

(1-16%)
Increase in PF moving from once to

twice a day for toothpaste/per 100
extra a year for any F~

Lower PF with unsupervised
toothbrushing
Higher PF with self-applied
supervised use

Frequency of application (131) 3%Frequency of toothbrushing (70) 14%
(0.4-5.7%)(6-22%)

Use under supervision (70) -11%
(-18% to -4%)

11% (3.7-17%)Use under supervision (111)

Analysis in the Cochrane F~ toothpaste review [111].
bAnalysis in the Cochrane F~ review including all four F~ treatment modalities [113].
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the simultaneous use of a topical F~ treatment with F~

toothpaste results in an enhanced caries reduction com-

pared with the use of toothpaste alone, although the
additional effect in the order of 10% (95% Cl: 2-17%) on
average may not be substantial.

4. The Cochrane review looking specifically at the relative
effectiveness of different levels of F- in toothpastes [176],
based on a network meta-analysis, confirmed that
the relative caries-preventive effects of F~ toothpastes
increased with higher F~ concentrations. Pooled results
from randomized trials with D(M)FS scores in the mixed
or permanent dentition showed the caries-preventive

effect of F" toothpaste was 23% for 1000/1055/
1100/1250 ppm F", 30% for 1450/1500 ppmF~, and 36%
for 2400/2500/2800 ppm F”.The benefits of increasing F~

concentration were only apparent from concentrations of
1000 ppm F~ and above - for 440/500/550 ppm F

_
and

below there was no significant effect shown compared
with placebo, reflecting the small number of trials for
these comparisons (Table 14.14). The studies on the
deciduous dentition were equivocal.

5. As regards adverse effects with the use of topically
applied fluorides, the evidence found in the Cochrane
review addressing one aspect in particular, the risk of
fluorosis in young children [180], focused mainly on
F~ toothpaste and on the outcome of mild fluorosis.
Based on the results of observational studies mainly
(1 cohort, 6 case-control, 16 cross-sectional surveys),
there is weak evidence that starting the use of F~

toothpaste in children under 12 months of age may
be associated with an increased risk of fluorosis, and
the evidence of an increased fluorosis risk between the
age of 12 and 24 months is equivocal. However, the use
of higher concentration F ~ toothpastes (>1000 ppmF~ ),
when evaluated in RCTs ( two), was found to be associ-
ated with an increase in fluorosis. No significant
association between frequency of toothbrushing or
the amount of F~ toothpaste used and fluorosis was
shown.

Table 14.13 Comparative effect on caries increment from direct comparisons
of toothpastes of different F~ concentrations. D(M)FS pooled estimates mea-
sured as PFs (placebo comparisons only) - Cochrane review.

F
_

concentration (ppm) Direct comparison meta
(no. of trials)

Network meta-analysis
PF [95% Cl]analysis PF [95% Cl]

Placebo versus
250 (3)
440/500/550 (2)
1000/1055/1100/
1250 (54)
1450/1500 (4) 22.07 [15.26, 28.88]
1700/2000/2200 (0)
2400/2500/2800 (4) 36.55 [17.46, 55.64]

9.14 [-3.62, 21.96]
15.35 [-1.89, 32.53]
22.99 [19.34, 26.58]

8.90 [-1.62, 19.42]
7.91 [-6.11, 21.94]
22.20 [18.68, 25.72]

29.29 [21.24, 37.46]
33.7 [16.52, 50.77]
35.52 [27.23, 43.62]

Table 14.14 Cochrane reviews on the effects of fluoridated milk, slow-release F- devices, and F" supplements.

No. of studies included, types of studies,
main outcome

Main findingsStudy ID, year of
publication

Focus

To determine the effectiveness of
community-delivered fluoridated
milk for preventing caries

Two trials, involving 353 children, with
an intervention or follow-up period of at

least 3 years.
Outcome measure: changes in caries
increment (DMFS/T-dmfs/t)

For permanent teeth, reduction in DMFT
(78.4%, P<0.05) shown in one trial after 3
years.
For primary teeth, reduction in the dmft
(31.3%, P =0.05) shown after 3 years, also
in one trial
Althoughl 32 children included at the 2-

year completion point, examination and
statistical analysis performed only on 63
children who had retained the beads.
Mean difference in caries increment -
lower in the intervention group: -0.72
DMFT, 95% Cl -1.23 to -0.21
-1.52 DMFS,95% Cl -2.68 to -0.36
F~ supplements vs no F~ supplements (five
trials):
DMFS PF 24% (95% Cl, 16-33%)
Unclear effect on deciduous teeth (two
trials)
F~ Supplements vs topical fluorides (five
trials):
No differential effect on permanent or
deciduous teeth
Limited information on the adverse effects/
fluorosis (one trial)

Yeung etal.,
2005 [182]

To evaluate the effectiveness of
slow-release F~ devices on
preventing, arresting, or
reversing the progression of
caries

One trial involving 174 children
Outcome measures: changes in caries
increment (DMFS/dmfs), progression of
lesions through enamel and dentine

Bonner etal.,
2006 [18]

To evaluate the efficacy of F-

supplements for preventing
dental caries in children

Eleven studies involving 7196 children.
Outcome measure: changes in caries
increment (DMFS/dmfs)

Tubert-Jeannin
etal., 2011
[172 ]
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Systematic review of evidence on the effects of
fluoride supplements (tablets, drops, lozenges),
slow-release fluoride devices, fluoridated milk;
and salt fluoridation
The Cochrane review on F“ supplements [172] included
data from five trials on children aged 5-12 years. It showed
that the use of F~ supplements was associated with a 24%
(95% Cl: 16-33%) reduction in D(M)FS, but the effect on
primary teeth was unclear, as data from two trials provided
discrepant results. When the F"supplements were compared
with the use of topically applied fluorides (toothpastes,

varnishes, rinses) or with the use of other preventive
measures (xylitol lozenges), there was no differential effect
on permanent or deciduous teeth. There was limited
information from one trial on adverse effects (fluorosis)
associated with the use of F” supplements.

The Cochrane review on slow-release F“ devices [18]
showed that there is weak and insufficient evidence from
one trial only, involving 174 children, of a caries-inhibiting
effect of slow-release F~ glass beads. The trial results are
based on a population selected on the basis of bead reten-

tion, which excluded 52% of available participants, whose
beads had become dislodged.

The Cochrane review on fluoridated milk [182] included
data from two trials involving 353 children, and provided
some evidence that fluoridated milk was beneficial to
school children. For both permanent and primary teeth,
after 3 years there was a significant reduction in DMFT in
one trial, but not in the other.

The main features/results of these Cochrane reviews are
shown in Table14.14. Owing to thegeneral lack of randomized
evidence addressing the questions posed in the reviews, a
common conclusion from all of them is that more research,
and research of better methodological quality, is needed.

What about the effects of salt fluoridation? According to
two recent systematic reviews [128, 181], fluoridated salt
was beneficial to children, especially their permanent
dentition. However, the studies examining the effects of salt
fluoridation in preventing dental caries are of lower levels in
the hierarchy of evidence about effectiveness, and data are of
poor methodological quality in general.

The Australian study [128] showed that three before-and-

after cross-sectional studies suggest that salt fluoridation
reduces caries in populations of children aged from
6-15 years, and that one comparative cross-sectional study
provides evidence of a significantly increased risk of any
fluorosis’ associated with salt fluoridation. However, there
were no data relating to the risk of ‘fluorosis of aesthetic con-
cern’ and to other potential health risks. The South African
study [181] pooled together caries data from nine included
studies for different age cohorts in meta-analyses; no RCTs
were identified, and the quality of the evidence was variable
and poor, with estimates of effectiveness based mainly on data
from studies without a concurrent control group.

A summary of the main evidence from systematic
reviews: relevant implications for practice and
research
The evidence on the beneficial effects of F~ toothpastes,
mouthrinses, gels, and varnish is consistent and strong, based
on a sizeable body of evidence mainly from RCTs. However,
research conducted on the effects of water fluoridation,
milk fluoridation, F- supplements, and salt fluoridation is
still insufficient and/or of lower methodological quality.

Regarding the effects of the two most widely used and
recommended forms of F“ application -fluoridated tooth-
paste and water fluoridation - it can be concluded that the
caries-preventive benefits of regular toothbrushing with F"

toothpastes are firmly established, but scientific contro-

versy on the effects of water fluoridation are likely to
continue until higher quality studies are conducted and
more definitive evidence is produced.

The main conclusions from the Cochrane reviews on the
effectiveness of topically applied fluorides for caries control are:

• There is a clear reduction in caries increment in both the
permanent (for all forms of topically applied fluorides
examined) and the primary dentition (for F“ gels and
varnishes) with topically applied F" treatments.

• These F~ interventions can reduce dental caries irrespec-

tive of water fluoridation or other sources of F" exposure.

It is also shown that the caries-preventive effect of
topically applied F~ increases when there are higher initial
levels of caries (D(M)FS) and when higher F" concentra-

tions and/or frequency of application are used, and that
supervising a child’s use of self-applied F" (toothpaste or
mouthrinse) leads to greater benefits.

• F" toothpaste, the most readily available form of F", which
is commonly linked to the decline in caries prevalence in
many developed countries, can protect children and
adolescents against dental caries as much as other topi-
cally applied F" intervention, strengthening the major
role of F“ toothpaste as an effective and acceptable public
health approach for the prevention of dental caries.

• In addition, the evidence shows that children using another
form of topically applied F“ therapy with F“ toothpaste will
experience additional reductions in dental caries, com-
pared with children using F" toothpaste only, although the
size of the caries-preventive effect may not be substantial.

• Furthermore, when higher F“ concentration is used in the
formulation, the caries-preventive effect of F" toothpaste
increases (dose-response from 1000 ppm F~), but the
effectiveness of low F" concentration is unclear, since
benefit is onlysignificant for F~ concentrations of 1000 ppm
and above. In this regard, the current F" levels of toothpaste
products that are marketed worldwide generally fall within
an effective range, between 1000 and 1500 ppmF“.

• As for the dental adverse effect of enamel fluorosis, there
is weak, unreliable evidence that starting the use of F“
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toothpaste in children under 12 months of age may be
associated with an increased risk of fluorosis, and the use
of higher concentration F~ toothpaste (>1000 ppm F“),

when evaluated in RCTs, was also found to be associated
with an increase in fluorosis.

• The general lack of information across the Cochrane F~

reviews on relevant outcomes other than caries increment
also makes it more important that further experimental
research includes assessments of potential benefits, as
well as harms and costs.

In this regard, it should also be noted that all Cochrane
F~ reviews are now being updated, and as evidence from
new trials is being incorporated into the existing reviews,
the precision of the estimates of effects are likely to increase,
although no major changes in conclusions are likely to
occur. It is expected, however, that the reporting of relevant
outcomes in new trials might be generally improved
through initiatives such as the CONSORT for randomized
trials, and the PRISMA for systematic reviews [121, 122], as
these reporting guides become more widely adopted by
dental journals. This would improve the future identification
and quantification of effects, and recommendations for the
appropriate use of fluorides.

• Therefore, in children until the age of about 12 years, parents
have to supervise their children in appropriate toothbrushing
with F" toothpaste to obtain maximum caries control.

Today, individuals in many parts of the world are con-
suming F~ from multiple sources. When combinations of
F

_
therapy are used, often unintentionally, we are inevitably

having some individuals ingesting so much F~ that the prev-

alence and severity of fluorosis on a population basis will be
increasing. The use of F" has to be based on a sound scientific
understanding, and clearly the outdated maxim cif a little is
good then more is better’ has to be avoided at all costs.

• Dietary F" supplements therefore, should not generally
be used. Other sources of systemic F", other than water,
such as salt or milk, are not to be generally recommended
either, not least because the studies examining the effects
of salt fluoridation in particular are of lower levels in the
hierarchy of evidence about effectiveness, and data are of
poor methodological quality in general.

• The primary mode of action of F“ is topical. The methods
we need to employ to maximize the caries control and min-

imize the risk of dental fluorosis are clearly delineated. We
need to encourage methods that ensure that elevated F~

levels are sustained in the oral cavity and children swallow
as little as possible of the F", so that the risk of fluorosis,
particularly the cosmeticallyannoying forms, is minimized.
From a practical point of view, we can be sure that upon
eruption of the first permanent molars (6 years) the enamel
maturation of the anterior teeth is near to completion and,
therefore, from a cosmetic point of view, ingestion of F" will
have impact only on premolars and on second molars.
Efforts to minimize F

_
ingestion are therefore particularly

important in preschool children under the age of 6 years.

• The most common combination of F" methods is the use
of F~ dentifrices in populations with fluoridated drinking
water. Any additional benefit to F- toothpastes used in
combination with other topical methods, such as mouth-
rinses, gels, and varnishes, is not substantial, and only
modest caries reductions might be anticipated.

• The combination of methods is primarily recommended
for patients with insufficient oral hygiene and suffering
from hyposalivation.

• In orthodontic treatment, special focus on proper oral
hygiene using fluoridated toothpaste is mandatory, pos-

sibly combined with regular mouth rinsing or topical
paint with high-concentration vehicles.

There is no single method of delivering F
_

that is appro-
priate for all, and consideration of the risks/benefits and
cost-effectiveness of any program must be examined in detail
at national, local, and individual levels. At a national level we
must consider variations in occurrence of caries within the
population (see Chapter 4), existing exposure to F", the infra-
structure available, economic development, the availability
of personnel, oral hygiene habits, and dietary behavior.

Rational use of fluorides in caries control
in different parts of the world:
recommendations
Any recommendations for the appropriate use of fluorides
based on the systematic reviews findings should be made
bearing in mind that such (Cochrane) reviews are not
intended to provide recommendations for practice in

any particular clinical context, even though all Cochrane
reviews include an authors’ Conclusions section, which are
rich sources of information for anyone making decisions and
recommendations about appropriate health care and future
research. The evidence from the reviews, therefore, is usually
the foundation of evidence-based guidelines, which are sys-

tematically developed statements/recommendations specifi-
cally developed to assist practitioners’ and patients’ decisions
in specific clinical and public health circumstances.

• Dental caries is not a result of F" deficiency- but frequently
available F~ in the oral environment can effectively slow
down the rate of caries lesion progression at any age.

• It is essential to appreciate that dental caries is ubiquitous
and lesions form and progress lifelong. F~ should be avail-
able at slightly elevated levels in the oral environment
every day and fluoridated toothpaste is so far the only
agent that significantly can slow down the rate of lesion
progression irrespective of age.

• To obtain a maximal caries control it is mandatory also to
perform daily oral hygiene with F- toothpaste and to restrict
the intake of dietary carbohydrates.
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Background literature• A fundamental decision to be made by politicians and
health-care workers is the distribution of the costs of any
program between the individual and the state. The
important message is ‘make it simple and cheap.’

• Avoid many different concentrations in toothpastes. To
minimize small children ingesting too much, reduce the
size of toothpaste used rather than the concentration.

• In the elderly with exposed root surfaces at risk, it may be
recommended to finish brushing at night by not rinsing
with water and with a finger apply a little toothpaste in
approximal spaces. This creates a long-lasting F" reser-
voir, as salivation during sleep is very limited.

• In populations where the caries prevalence and severity is
high (see Chapter 22) and evenly distributed throughout the
population there can be little argument that water fluorida-

tion provides the most cost-effective and efficient method of
F~ delivery. However, for reasons already discussed, water
fluoridation has been difficult to implement as the infra-

structure and/or the political will required in most countries
may not be available. Moreover, in many societies there has
been a widespread opposition towards this approach which
may be seen as a ‘mass medication.’ It should be realized,
however, that in countries with a high standard of living
and where caries prevalence and incidence were amongst
the highest in the world - the Scandinavian countries -

about 90% caries reductions have occurred during the last
two to four decades (see Chapter 4) without water fluorida-

tion. This has been achieved by combining the use of F- in
different ways with good oral hygiene practice, including
widespread use of F~ toothpastes.

• F" toothpaste has been by far the most successful F~ delivery
system to be developed. Its efficacy and efficiency are well
documented. The majority of a population can use it and
methods of application can be tailored to suit the individual.
Toothbrushing is the cultural norm in many societies, but
we must remember that it is probably the cosmetic rather
than the therapeutic benefits that have ensured such wide-
spread penetration into the market place.

• It is important that the dental profession realizes that F~

in toothpaste is a highly potent therapeutic agent when
used to control ongoing, active disease. Ensuring a supply
of cheap and effective F“ toothpaste, and ensuring that it
is used effectively, should be the key element in all caries
control programs. In low-economy countries, the cost of
toothpaste constitutes a major burden for the population
and great efforts should be made to minimize widespread
use of fermentable carbohydrates while introducing
health-promoting habits, including good oral hygiene.

• Other F~ delivery systems, such as mouthrinses and gels,
should be seen as adjuncts to toothpaste usage, not an
alternative, and predominantly should be used for high-

risk caries individuals and groups. For rational caries
control in populations with high or low caries prevalence
and severity, please see Chapters 22-24.
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Introduction
Motivation and instruction in oral hygiene form the basis of
school-based caries preventive programs for children in
many populations. Today, 80% of 11-year-old schoolchil-
dren in Scandinavia report that they brush their teeth at
least twice a day [34]. Daily toothbrushing with fluoride
toothpaste is believed to be the primary reason for the car-

ies decline observed in many populations since the 1970s
[38, 39]. However, the role of oral hygiene in caries control
has been questioned. Dental practitioners have seen that
many patients do not develop cavities, in spite of the fact
that they perform rather poor oral hygiene and consume
candy and soft drinks on a regular basis [48]. Furthermore,
it has been claimed that the effect of tooth cleaning is pri-
marily an effect of fluoride in the paste rather than an effect
of biofilm removal per se [35]. Other researchers have
placed more emphasis on the fact that dental caries is a
biofilm-mediated disease by promoting the old saying
that a clean tooth never decays.’ In a systematic review,

Sutcliffe [52] proposed a more balanced view by concluding
that ‘there is no unequivocal evidence that good oral
cleanliness reduces caries experience, nor is there sufficient
evidence to condemn the value of good oral cleanliness as a
caries preventive measure.’

The aim of this chapter is to present and discuss some of
the literature that has evaluated the caries-preventive effect
of oral hygiene in an attempt to explain why there are such
diverging opinions on the usefulness of this important
method in caries control.

Some theoretical considerations
It is not surprising that it is not always possible to find a
strong positive association between the presence of dental
biofilm and caries. According to the caries concept pro-
posed by Fejerskov and Manji [17] (see Chapter 2), biofilms
on teeth are the one and only prerequisite for caries; they
are a necessary but not a sufficient cause. Because of the
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multifactorial nature of the disease there are numerous
determinants that may influence the outcome by either

increasing or decreasing the rate of demineralization.
Increased sugar consumption and decreased salivary secre-

tion are typical examples of determinants that speed up the
carious process because of acidification of the dental plaque
(see Chapter 7). Fluoride, in contrast, owing to its stabi-

lizing effect on the mineral balance, tends to decrease the
rate of mineral loss (see Chapters 9 and 14). It is the
combined effect of all the determinants, positive and nega-
tive, rather than the amount of biofilm itself, that deter-

mines whether a carious lesion develops and progresses.
Therefore, there is no standard level of oral hygiene to be
recommended [44]. In fact, it might be expected that, given
a perfectly balanced combination of determinants, no lesion
progression will occur if individuals suspend their regular
tooth-cleaning habits!

To evaluate the importance of dental cleanliness per se it

is necessary to take into account all the determinants that
may potentially influence the association between plaque
and caries. Unfortunately, studies describing the caries-

controlling effect of toothbrushing often fail to use such an
analytical approach. For example, most studies published
after the introduction of fluoride toothpaste have not made
an attempt to separate the effect of cleaning from the effect
of the toothpaste itself.

Plaque removal
15 ml 10%
Sucrose

15 ml 10%
Sucrose

min

Figure 15.1 Mean pH (blue) and standard deviation (red) of approximal
plaque following a 2 min rinse with 10% sucrose solution (a) before and
(b) after plaque removal with dental floss [ n = 8). PC: paraffin chewing.

From [18] . Reproduced with permission of Stevens Publishing Corp.

min

Efficacy is used to refer to the benefits observed when a
procedure is applied as it should’ be, and with full compli-
ance by all concerned. The term efficacy is usually reserved

for benefits at the individual level (or the tooth/site level) -
for example, as measured by a controlled clinical trial - and
answers thequestion:‘Can the procedurework?’Effectiveness
refers to the degree of realization of desirable effects observed
at the population level, or among people to whom a
procedure is offered. Hence, the term effectiveness answers
the question:‘Does the procedure work?’ As shall be demon-

strated in the following sections, these distinctions are very
useful when discussing the effects of oral hygiene. For the
purpose of clarity the discussion will therefore be dealt with
at the following levels: the tooth/site level, the level of the
individual, and the population level.

The tooth/site level
The strongest evidence supporting an effect of oral hygiene
on caries stems from experimental in vivo studies. In a
study conducted in dental students by von der Fehr et al.
[55], it was shown that withdrawal of oral hygiene proce-
dures for 23 days led to the emergence of whitish, opaque,

noncavitated enamel lesions along the gingival margin of
the teeth (see Fig. 9.17a and b). Not surprisingly, students
who performed nine daily mouthrinses with 50% sucrose
solution during the test period developed more lesions than
students who did not rinse. Equally important, however,

was the observation that, irrespective of whether sucrose

The biological effect of tooth cleaning

Before describing the clinical effect of tooth cleaning it may
be helpful to illustrate the extent to which tooth cleaning can
influence the metabolism of the biofilm. Most people believe
that every time they brush their teeth the dentition becomes
perfectly free from debris. The truth is that this goal is

seldom achieved in the hands of the patient. This is clearly
shown in Fig. 15.1. Cleaning of an approximal surface with
dental floss significantly reduces the production of organic
acids after a carbohydrate challenge, but residual biofilm
maintains the ability to elicit a moderate pH drop [18]. Thus,

even after carefully performed plaque removal, teeth are
never ‘clean’ from a microbiological point of view. Bacteria

will often be retained in surface irregularities and in areas
that are difficult to reach, such as approximal surfaces and
fissures. Therefore, it is not surprising that dental cleanliness

plays a crucial role in the effect of toothbrushing.

The clinical effect of tooth cleaning

When evaluating the results from clinical studies assessing
the caries-preventive effect of toothbrushing, it is important

to appreciate that the design of the study, as well as the
method of analysis, will affect the conclusions. Depending on
the design of the study, the outcome may reflect either the
efficacy or the effectiveness of the preventive measure [1].
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Figure 15.2 Mineral distribution curves of enamel specimens after different experimental toothbrushing regimens in situ. The mineral content is plotted
versus the distance from the outer surface. P: no toothbrushing for 3 months; NF: brushing with a non-fluoride toothpaste for 3 months; F: brushing with a
fluoride toothpaste for 3 months; D: artificially demineralized control specimen. From [15]. Reproduced with permission of Karger Publishers.

had been applied or not, the early manifestations of caries
were reversible. Thus, after 30 days of careful oral hygiene
(possibly using non-fluoride toothpaste) and daily mouth-

rinses with 0.2% sodium fluoride (NaF) the clinical appear-
ance of the enamel had almost returned to pre-experimental
levels. These observations have been confirmed by other
studies showing that improved oral hygiene, including daily
use of fluoride toothpaste, favors the arrest of active enamel
and dentin caries lesions [3, 36, 43] (see Chapter 13).

More recently, modified orthodontic bands have been
applied as an experimental model to study the effect of pro-
longed protection from mechanical forces on the buccal
surfaces of premolars. When using this technique it has
been demonstrated both clinically and histologically that
undisturbed biofilm formation under the band leads to the
development of progressive stages of white spot carious
lesions within a period 4 weeks [25, 26]. After re-exposing
such lesions to the natural oral environment, including
normal oral hygiene with a non-fluoride toothpaste, the
lesions showed evidence of regression and microwear of the
surface [27, 28] (for further details, see Chapter 5). Increased
microwear with time supported the concept that mechanical
biofilm removal was the main factor responsible for the
arrest of the lesions.

The role of biofilm removal as an essential mode of caries
control has also been addressed in in-situ studies. In-situ
studies are experimental studies carried out under condi-
tions that closely mimic the natural conditions in the oral
cavity; for example, by inserting tooth specimens into lower
partial dentures and exposing them to the oral environment
for varying periods of time, while subjecting them to a well-
defined experimental procedure. Before the start of the
experiment the volunteers are told to comply carefully with
the instructions, and often compliance is monitored and
reinforced at regular intervals during the study. After the
experimental period, changes in the mineral content of the

tooth specimens can be measured by quantitative microra-
diography and compared with specimens obtained from a
control group. Provided that full compliance is achieved,
such studies provide information about the efficacy of a
procedure.

In one in-situ study Dijkman etal [15] assessed the effect
of two oral hygiene regimens - twice-daily brushing with
a fluoride toothpaste (1250 ppm fluoride) and twice-daily
brushing with a non-fluoride toothpaste - relative to no
brushing, on the mineral content of shallow enamel lesions
that were developed under artificial conditions in the labo-
ratory. After 10 weeks in situ, a distinct mineral uptake in
the lesions after brushing with the fluoride toothpaste was
observed. The mineral content of the lesions that were
cleaned with a non-fluoride toothpaste did not change,
while the control lesions that were not subjected to any
treatment at all became deeper and lost considerable min-
eral (Fig. 15.2). The authors calculated that twice-daily
brushing with fluoride toothpaste resulted in a 90%
reduction in mineral loss compared with the control group
that did not brush. The effect was ascribed to a combination
of two factors: a cleaning effect and a fluoride effect, both of
which were of the same order of magnitude. These findings
suggest that there may be an additive effect of brushing the
teeth with fluoride toothpaste. Therefore, individuals who
either do not use a paste containing fluoride or neglect the
importance of mechanical biofilm removal are unlikely to
achieve maximum protection against caries.

Another in-situ study was designed to test whether a car-
ies-preventive program consisting of careful daily brushing
with a 1100 ppm fluoride toothpaste, supplemented with
topical 2% NaF applications, had a controlling effect on
natural actively progressing root caries lesions over a
3-month period [45]. The nonoperative treatment program
applied in this study had previously been shown to arrest
root caries lesions in clinical studies (see Chapter 13).
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control the development and progression of caries. Thus,
tooth cleaning with fluoride toothpaste can be highly
efficacious.
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The level of the individual
Conclusions from studies analyzing the effect of tooth
cleaning at the individual level are less consistent. While
some clinical trials have shown that children brushing their
teeth more than once a day may develop fewer new carious
lesions than children who brush their teeth less frequently
[13, 53], other studies have not been able to confirm such a
relationship [29]. This is probably because reported tooth-
brushing in itself does not say anything about the quality of
the oral hygiene procedures [8] . When examining the effect
of toothbrushing expressed in terms of oral cleanliness, a
clearer picture has been obtained. Thus, children whose
dental cleanliness is consistently good may experience
lower caries increments than those whose cleanliness is
consistently bad [7, 42, 51, 53].

Only one clinical trial has so far allowed evaluation of the
effect of tooth cleaning as an isolated variable relative to the
effect of fluoride [33]. The overall aim of this study was to
assess the effect of daily supervised toothbrushing in groups
of 9-11-year old children over a 3-year period. Brushing at
school was supervised as a means to control compliance.
The design of the study was very elaborate (Table 15.1).
There were two supervised brushing regimens: one with
and one without a fluoride toothpaste. Three experimental
groups served as controls: one group not performing super-

vised brushing at school, and two groups rinsing fortnightly
with either distilled water or a 0.5% NaF solution. The
results demonstrated that fortnightly fluoride rinses
reduced dental caries increments significantly. However,
daily brushing with fluoride toothpaste was more effica-

cious than fortnightly fluoride rinses. The effect of tooth-

brushing with fluoride toothpaste was most pronounced on
smooth surfaces that are easy to clean and easily accessible
to fluoride. Another observation from the study was that
supervised toothbrushing with a non-fluoride toothpaste
did not appear to have a detectable effect.

The findings of the study suggest that, in most people,

toothbrushing performance (even under supervision) may
be insufficient to obtain a caries-preventive effect when
using a fluoride-free toothpaste. However, when tooth-

brushing is performed with a fluoride-containing tooth-
paste it can have a very significant caries-preventive effect.
Moreover, the fact that supervised brushing with fluoride
toothpaste had a better clinical effect than did plain rinsing
with a fluoride solution supports the contention that dental
cleanliness plays an important role in the outcome. This
assumption is further supported by the results from clinical
trials in which it was demonstrated that children performing
unsupervised toothbrushing with toothpaste, with or
without fluoride, developed significantly less caries with
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Figure 15.3 Mineral loss of root-caries specimens after different treatments

in situ. The red and green lines indicate periods with and without plaque
removal respectively. The solid data points (A-D) and error bars give the mean
values and standard error of the mean for the amount of mineral removed in
each group ( n = 9). E and F indicate the mean amount of mineral removed
from sound root surfaces after a 3-month period without and with tooth
cleaning respectively. The mean mineral content value for sound control sur-
faces (blue horizontal line) is included for comparison ( n = 5). From [45].
Reproduced with permission of Sage Publications.

Assessment of the mineral content of the root lesions after
3 months of treatment revealed that most lesions did not
experience further mineral loss, whereas in control speci-
mens (no brushing with fluoride toothpaste and no topical
fluoride application) the mineral loss continued (Fig. 15.3).
Importantly, the nonoperative treatment also had a pro-

nounced inhibitory effect on lesion progression in newly
exposed root surfaces. Unfortunately, the study did not
include a test group that brushed with a non-fluoride tooth-
paste. Hence, it was not possible in this study to determine
the impact of the oral hygiene procedures relative to the
impact of the fluoride component.

Collectively, studies at the tooth/site level have shown
that when meticulous oral hygiene and fluoride tooth-

paste are applied together and targeted specifically at sites
with a high rate of lesion progression it is possible to
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Table 15.1 Caries increment (decayed surfaces) during the final year of a 3-year experiment of different preventive measures.

New carious surfacesProphylactic measure

Occlusal Buccal LingualProximalTotal

Daily supervised toothbrushing with an NaF dentifrice
Daily supervised toothbrushing with a non-fluoride dentrifrice
Fortnightly rinsing with a 0.5% NaF solution
Fortnightly rinsing with distilled water

Control

1.6 0.2 0.457 2.34.4
2.5 0.54.7 0.656 8.3
2.2 0-5 0-369 6.3 3.3
2.3 0.84.8 0.571 8.4
2.0 0.946 9.0 5.2 0.8

Adapted from [33]. Reproduced with permission of Elsevier.

new lesions occurred along the gingival margin. The
majority of new carious lesions developed along the
cemento-enamel junction (25%) or in relation to margins of
restorations (51%).

Because of the low clinical effectiveness of tooth-
brushing, as revealed by cross-sectional studies, some
researchers believe that the primary purpose of tooth-
brushing is to serve as a vehicle for the application of
fluoride [35]. As discussed in the previous sections, this
belief is hardly justified. It is true that at the population
level the effect of brushing with a fluoride toothpaste does
often not exceed that obtained by water fluoridation [2] or
by fortnightly fluoride rinses [24]. However, this does not
mean that careful toothbrushing should not be advocated.
Toothbrushing is cheap and easy to apply and, when per-

formed properly, has the potential to control both caries
and gingivitis. Toothbrushing can be implemented in all
societies throughout the world, even in less-privileged pop-

ulations who do not have access to modern tooth-cleaning
devices [14]. Figure 15.4 illustrates how a person from rural
Kenya is successful in mastering plaque control by using a
chewing stick with a self-designed brush at one end and a
tooth pick at the other!

Finally, it should be appreciated that biofilm removal
could play a significant role in caries control by an interac-
tion with the diet. Kleemola-Kujala and Rasanen [32] sug-
gested that there may be a synergistic interaction between
dental biofilm and sugar consumption; that is, the effect of
the two factors in combination is higher than the sum of the
separate effects. The authors calculated the relative risks of
caries in three groups of children with increasing levels of
biofilm and sugar consumption, relative to a group of chil-
dren with low biofilm levels and low sugar consumption
(Fig. 15.5). The data showed that at low levels of biofilm an
increase in the total sugar consumption did not increase the
risk of caries notably. However, the risk of caries increased
significantly (up to thre-fold) with increasing levels of bio-

film at all levels of sugar consumption. The increase was
greatest at the highest levels of sugar consumption. These
findings may be taken to indicate that, when sugar con-

sumption is high, biofilm removal can be a powerful method
to control the development and progression of caries.

better oral hygiene [7, 42]. A closer look at the data in the
latter studies revealed that the caries-controlling effect was
higher in the groups using the fluoride paste, again suggest-

ing that biofilm removal and fluoride, when acting together,
have an additive effect. It should also be appreciated
however, that poor oral hygiene cannot be compensated for
by the intensive use of fluorides. Thus, the effect of
professional administration of fluorides in the form of
gels, rinses, or tablets has been shown to be limited in
individuals who do not practice good oral hygiene [41, 56].

To summarize, the above findings indicate that the most
simple and efficacious way to control the development
and progression of caries at the level of the individual is
to suppress the presence of dental biofilm in conjunction
with the regular use of fluoride, preferably in the form of
a fluoride toothpaste. Toothbrushing can be efficacious
without the additional help of fluoride, provided that brush-

ing is supervised and the degree of cleanliness is high [19].
However, most individuals will find it difficult to achieve
and maintain such a high proficiency of cleaning.

The population level

Self-performed toothbrushing is not particularly effective
in controlling dental caries at the population level. Of the
investigations quoted in the review by Sutcliffe [52], only
about half of the cross-sectional studies showed a positive
association between plaque and caries. However, multivar-

iate analyses have shown that oral hygiene status is a strong
risk indicator of caries when controlling for various other
factors, such as sugar consumption and fluoride exposure
[11, 40, 50, 54].

It is hardly surprising that there is no clear-cut association
between oral hygiene and caries in population studies.
Because of the multifactorial nature of caries, the presence
of dental biofilm does not by itself indicate a high rate of
lesion progression. Furthermore, cross-sectional studies
have often measured the level of dental cleanliness by
indices developed for periodontal purposes. However, gin-
gival plaque is probably a poor predictor of caries on
occlusal surfaces and on root surfaces. Thus, in a study of
periodontal patients followed over an 8-year maintenance

period, Ravald et al. [47] reported that only about 7% of the
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Figure 15.4 Demonstration of how useful the mswaki can be in maintaining proper oral hygiene. Look at this gentleman's clean oral cavity. He has never used
anything but the mswaki. He cuts a thin branch of a tree and peels the bark.Then he chews the end to form a small brush which is easy to use throughout the oral
cavity when used gently with small rotating movements. The other end can be cut to be used as a tooth pick approximally. From the Primary Oral Health Care
Project, KEMRI, and DANIDA. Courtesy of F. Manji, V. Baelum, and 0. Fejerskov.

been suggested. One such strategy, commonly referred
to as the Karlstad program, was developed by Axelsson
and Lindhe [4] . In addition to the traditional components
of a caries-preventive program (repeated oral hygiene
instruction, dietary counseling, and topical fluorides), this
program included a new treatment component, namely
professional cleaning of the teeth at regular intervals by spe-

cially trained personnel. The idea was based on the results
of the experimental in vivo studies described previously in
this chapter, showing that when dental biofilm was allowed
to accumulate on a clean tooth surface, white spot lesions
developed in the enamel within a period of 2-3 weeks [55].
In the classical Karlstad program, biofilm was therefore
removed professionally from all tooth surfaces of the denti-
tion every fortnight to control the progression of caries (for
details of the clinical procedure, see Chapter 17).

When the Karlstad program was carried out in children
every fortnight during the school term, the number of car-
ious lesions per year went down from about three per child
to a single lesion in every 10 children (Fig. 15.6). Later
studies by the Karlstad group [5], summarizing experiences
with the method for more than 15 years, showed that the

1 1 PI 1 0.0-0.9

PI 2 1.0-1.9

PI 3 2.0-3.0
3.0

2.0

£ 1 - 0
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I III

Level of sugar consumption

Figure 15.5 Relative risk (RR) of caries at different levels of plaque
accumulation and sugar consumption in terms of unit risk for teeth with
plaque index PI = 0-0.9, 1.0-1.9, and 2.0-3.0 and low (I), middle (II), and
high (III) sugar exposures. Primary teeth; 5-year-olds. From [32]. Reproduced
with permission of John Wiley & Sons.

The effect of professional tooth cleaning
In an attempt to overcome the difficulties encountered in
obtaining improved biofilm control for some individuals,
alternative strategies for nonoperative caries control have
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Figure 15.6 The Karlstad studies (1973-1978): annual caries increments at different professional tooth-cleaning frequencies. Adapted from [8].

caries-controlling effect was largely retained with longer
intervals between the appointments (up to 3 months) in
well-motivated children and adults (Fig. 15.6).

Researchers who have applied the Karlstad method in
other populations have not been able to obtain quite as
impressive results [6, 22, 31, 46]. However, it should be
emphasized that professional tooth cleaning is particularly
efficient on tooth surfaces that are difficult to clean, such
as approximal surfaces [6, 22, 31] and erupting occlusal
surfaces [12, 16]. Therefore, this rather costly treatment
program may be justified in the management of some
highly caries-active patients (see Chapter 17).

be restricted to selected individuals who are in need of
such treatment (e.g., active noncavitated lesions) and who
can be expected to practice the method in the recom-
mended way [21]. For patients who do not master the
flossing technique it is helpful to remember that as tooth-
brushing improves there may be no advantage to follow it
with flossing [23]!

Concluding remarks
This chapter provides evidence to support that tooth
cleaning can be a highly efficacious method for controlling
the development and progression of caries, in particular
when using a fluoride toothpaste. When toothbrushing is
often found to be ineffective it is probably not because of
inadequacy of the method but rather because of careless-

ness on the part of the person who applies the method.
Controlled clinical trials in children testing the effect of
supervised toothbrushing at school have clearly shown that
the level of oral cleanliness improves significantly during
the course of the trial [33, 37]. This observation, together
with the marked caries-controlling effect obtained by reg-

ular professional tooth cleaning, suggests that failure to
achieve caries control by self-performed oral hygiene is pri-
marily associated with a lack of compliance. Oral health
professionals should be aware of this problem when moti-
vating their patients in the treatment of dental caries.

In summary, the effectiveness of toothbrushing in caries
control (i.e., toothbrushing as normally performed) is not
very high. However, when the quality of toothbrushing is
high (i.e., toothbrushing as it should’ be) it can be a very
efficacious procedure.

Tooth cleaning and fluoride may have an additive effect
in caries control. Therefore, tooth cleaning should always
be carried out in conjunction with the use of a fluoride
toothpaste.

The effect of dental flossing
It may come as a surprise for some dental professionals
that the widely recommended use of dental floss has not
been shown to have a caries-controlling effect on approxi-
mal surfaces when used as a supervised preventive mea-
sure by children at school [21, 30]. Only when flossing is
performed professionally on a daily basis by trained per-

sonnel may a caries reduction be obtained [57]. A recent
Cochrane review [49] has confirmed that while flossing
plus toothbrushing may reduce gingivitis compared with
toothbrushing alone, no studies have reported that floss-

ing plus toothbrushing is effective for controlling dental
caries. This does not necessarily mean that flossing is a
poor method to control the amount of biofilm between
teeth. Indeed, dental flossing, when performed properly,
can be an effective means of reducing the amount of
approximal bacterial deposits [10, 20, 23]. However, when
self-performed flossing does often not lead to the expected
effect this is probably because flossing is difficult to per-

form. The success of interdental cleaning is greatly
dependent on the ease of use and patient motivation [9].
Therefore, implementation of a flossing program should
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The biofilm lifestyle and the rationale for
antibacterial intervention
In nature, most bacteria reside in biofilm communities.

The biofilm lifestyle predominates also in humans, and is
mostly beneficial to health. Biofilms, however, are also
associated with the majority of diseases of bacterial origin.
Dental plaque is a typical biofilm. Ecological imbalance
within dental biofilms may lead to dental caries as well
as periodontal disease [30]. Therefore, control of dental
biofilms is fundamental to oral health. Dental biofilms,

however, are not easily controlled by mechanical means.

This fact has encouraged the search for agents to control
caries by preventing the formation of or by disrupting bio-

films on teeth, or by inhibiting acid formation or stimulating
base formation by dental biofilm bacteria. The possibility of

controlling dental caries by using antibacterial agents has
been of long-standing interest. Researchers have searched
for suitable agents ever since Miller in 1890 [34] suggested
that antiseptics that destroy bacteria, or limit their number
and activity, could be a way to counteract or limit the rav-

ages of dental caries.7

Numerous agents, with varying modes of action, have
been tested for their ability to intervene with dental biofilm
formation or metabolism, assuming that dental caries
development would be reduced by such agents. However,
as discussed in this chapter, there are in fact few such agents
with documented long-term anticaries effect. This may be
due to lack of agent efficacy or lack of documentation. Lack
of documentation may be related to efficacy testing in
short-term studies using surrogate end-points, such as
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involved in carbohydrate catabolism, for instance, is more
active during early stages of S. mutans biofilm formation
than in planktonic cells [53].

Unlike classical infectious diseases, which are caused by
bacterial pathogens, caries is caused by the resident oral
microbiota. This microbiota represents an important line of
defense and protects the host against colonization by foreign
bacteria. The goal, therefore, is not to eliminate the micro-
biota, but to prevent a shift from an ecologically favorable to
an ecologically unfavorable biofilm that may lead to disease.
Whether this should be achieved by chemical agents or
by other means may be discussed. One view is that any
reduction of dental biofilms is beneficial if accomplished
safely. Since adequate self-performed mechanical control
of dental biofilms is difficult and often inadequate, anti-
bacterials may offer an adjunct. The opposing view is that
such agents may disturb the ecological balance within the
oral cavity, and that bacterial strains resistant to the agent or
with cross- or co-resistance to clinically relevant antibiotics
might emerge. It is an established fact that widespread and
sometimes indiscriminate use of antibacterials has led to
treatment failure of infections due to acquired resistant or
multi-resistant bacteria. This has been a problem since the
early 1960s and is steadily increasing.

The acquisition of resistance to antibacterials is often
acquired through horizontal gene transfer of mobile genetic
elements that code for resistance genes. The oral microbiota,
including the early tooth colonizers Streptococcus oralis and
Streptococcus mitis, may function as reservoirs of antibiotic
resistance genes [19, 44]. Resistance genes from these species
can be transferred and incorporated via homologous
recombination in the close relative Streptococcus pneu-

moniae. S. pneumoniae has a high pathogenic potential and
is associated with high worldwide morbidity and mortality,
causing human infections such as septicemia, meningitis,
and pneumonia.

Any chemical agent that affects bacterial cells may be
expected to have some adverse effects against host cells,
unless the target structure or metabolic pathway is unique
to the bacteria. There is, however, no evidence that the
common usage of chemical agents against dental biofilms
has resulted in demonstrable adverse effects. On the other
hand, there is lack of conclusive, controlled studies to dem-
onstrate a health benefit from prolonged use of antibacte-
rial agents. Thus, possible benefit must be weighed against
potential disadvantages on an individual basis.

biofilm mass or levels of mutans streptococci to assess
the potential anticaries effect. No direct relationship exists
between caries development and biofilm mass or salivary
and biofilm levels of mutans streptococci. One, therefore,
cannot extrapolate from studies on dental biofilm inhibi-
tion or inhibition of mutans streptococci to possible
anticaries properties of an agent. The only way to assess
anticaries efficacy is through well-controlled longitudinal
clinical studies with assessment of caries incidence or
progression as end-point. Such studies are laborious and,
therefore, scarce.

Notably, antibacterial activity per se does not necessarily
coincide with clinical efficacy. Lack of agent efficacy may be
related to the fact that the oral bacteria are organized
in complex biofilms. Their properties are then changed
markedly from their free-floating (planktonic) condition. It
is clear that biofilm bacteria are much less susceptible to
antibacterial agents and to the host immune system than
when they are planktonic. An agent that effectively kills
planktonic cells might require 2-1000 times higher concen-

trations in order to kill the same type of bacteria when in a
biofilm. As an example, the chlorhexidine concentration
needed to kill Streptococcus mutans in suspension may need
to be increased five times to kill them in a biofilm [14].

Antibacterial agents have generally been tested against
planktonic cells, while the inherent natural biofilm toler-

ance to antibacterial agents was not appreciated until
recently. The increased tolerance to antibacterial agents
when growing in biofilm may partly explain why many
oral prophylactic agents predicted to be efficacious in vitro
only show marginal clinical effects.

There are several factors that may contribute to low anti-
bacterial susceptibility of biofilm bacteria [3]. Formation
and maintenance of a biofilm is linked to the production
of an extracellular matrix. Retarded or incomplete penetra-
tion of an agent into the biofilm may be caused by
electrostatic or physicochemical properties of the agent
and of the biofilm matrix, or by enzymatic degradation of
the agent. Reduced growth rate of the bacteria due to
nutrient limitations or oxidative stress have also been con-

sidered reasons for lack of efficacy. The bacteria may also
express active efflux pumps that enable bacteria to rid
themselves of toxic molecules, allowing them to survive in
the presence of antibacterial agents. Maybe more impor-

tant is that bacteria within a biofilm are phenotypically
altered by their ability to turn on and off genes. Evidence
exists that bacteria are able to regulate gene expression in
response to interbacterial and environmental signals.
Genes are regulated according to needs. Thus, other genes
may be expressed by the bacteria when in a biofilm than
those expressed when they are free floating. For 5. mutans
it has been reported that approximately 12% of the genes
show significant differential expression when grown as a
biofilm compared with planktonic growth. The machinery

Biological activity and mode of action

An antibacterial agent is capable of destroying or inhibiting
the growth of bacteria by chemical or biological means.
Antibiotics, disinfectants, and biocides are antibacterial
agents. Most often, they are directed against pathogenic
bacteria.
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The efficacy of antibacterials depends on a range of
intrinsic and extrinsic factors. A general requirement for
biologic activity of an agent is bioavailability, here defined as
the delivery of the agent to the intended site of action in a
biologically active form, at effective doses, and for sufficient
duration. Usually, local administration is the choice for
agents intended to affect oral biofilms. The clinical efficacy
of an orally delivered antibacterial agent for topical use is
therefore also dependent on its substantivity.

Substantivity refers to the agent’s ability to bind to oral
surfaces and its subsequent rate of release from its
binding sites. After delivery, a substantive agent is char-

acterized by slow release over time. An agent may be
retained in the oral cavity by binding to oral surfaces,
including mucosal surfaces, tooth surfaces, pellicle, and
supragingival dental biofilm, according to its affinity and
binding strength. The binding strength determines the
equilibrium between bound and free-agent molecules
and the subsequent release rate from the binding sites
(Fig. 16.1). This binding and release allow for contact of
varying duration between the agent and the dental bio-

film, depending on agent substantivity and salivary flow
rate. An agent with high substantivity will be retained in
the mouth for a prolonged period (Fig. 16.2a). On the
other hand, an agent without substantivity will be cleared
from the oral cavity with a rate determined by the sali-
vary clearance. This only allows a short-term effect of
the agent, and bacteria might have time to metabolize
and multiply between agent applications. A nonsubstan-

tive agent, therefore, must be applied more frequently
than a substantive agent in order to have similar clinical
efficacy (Fig. 16.2a and b).

Most antibacterial prophylactic agents used today have a
broad-spectrum activity aiming at reducing biofilm
accumulation or activity by direct action on the bacteria.
Alternative approaches designed to inhibit bacterial adhe-
sion to the teeth without causing significant bacterial cell
damage have also been proposed. Such non-antibacterial
agents, however, represent a small fraction of commercially
available prophylactic agents.

Antibacterial agents can reduce biofilm mass at various
stages of the biofilm formation or maturation through one
or more of the following mechanisms:

• inhibition of bacterial adhesion and colonization;

• inhibition of bacterial growth and metabolism;

• disruption of mature biofilms;

• detachment of biofilm bacteria;

• modification of biofilm biochemistry, ecology, or virulence
(Fig. 16.3, Table 16.1).

I

i K Effective dose level

CD No effect<

(a) Time

Oral mucosa

kb|kd Effective dose level

/ o

2-MDelivery ClearanceSaliva

kb J kd >
4—'

/
No effectO)

<
Dental pellicle
Dental biofilm

Time

Figure 16.2 Dose curves of (a) an agent with high substantivity and (b) an
agent with low substantivity.The horizontal dotted lines represent the effective
dose levels. The effective dose-time area (circumscribed between the curves
and the dotted lines) may be similar if the low substantivity agent is applied
frequently. After [37]. Reproduced with permission of Taylor and Francis.

(b)Figure 16.1 Oral delivery, binding, release, and clearance of antibacterial
agents in the oral cavity. The agent binds to oral mucosa, tooth surfaces, pel-
licle, and dental biofilm bacteria according to its affinity Kb and released from
its binding site depending on its dissociation constant Kd and salivary clearance
rate. The oral mucosa represents the major reservoir for substantive agents.
After [50]. Reproduced with permission of Sage Publications.
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on the enamel and thereby reducing bacterial adhesion.

Several routes of surface modification have been investi-

gated. Unfortunately, the clinical efficacy has so far been
low, but future progress in material sciences may lead to
novel approaches.

Specific surface proteins on the bacteria are involved in
binding to pellicle components. Interbacterial communication
may regulate surface protein expression. Targeting surface-

associated proteins directly or through communication
interference may, therefore, represent a logical strategy to
control biofilm formation and activity Expression of surface
adhesins may, for instance, be impaired by subminimal
inhibitory concentrations of several antibacterial agents,

thus interfering with bacterial adhesion and colonization.
Immunization against dental caries has been a central

research topic for many years. The aim is to inhibit adhesion
or to reduce virulence, most often by use of vaccines against
epitopes on mutans streptococci. The surface-bound antigen
I/II and glucosyltransferases in mutans streptococci are the
most studied cell surface targets for possible immunization

against dental caries.
In general, immunization approaches are directed against

single bacterial species. Knowing the ability of bacteria to
form biofilms and to adapt and transform in such environ-

ments, a question is whether immunization will give lasting
protection. The development of immunization approaches
for prevention of diseases that are not deadly, such as dental
caries, is also challenged by the expectation that it should
have no significant side effects or health risks. No clinically
applicable immunization scheme directed against dental
caries is yet commercially available.

Inhibition of bacterial growth and/or metabolism

The majority of agents used to limit or inhibit dental biofilm
formation are broad-spectrum antibacterial agents with bac-
tericidal (killing) or bacteriostatic (inhibiting growth) effects.

They are used according to a nonspecific plaque hypothesis,
and are formulated to be used as supplements to mechanical
oral cleaning.

Some antibacterial compounds bind to the bacterial
membrane and thus interfere with normal membrane
functions, such as transport. This disturbs the bacterial
metabolism and in turn may kill the bacteria. Adsorption
to bacterial membranes may also lead to alterations in the
permeability, resulting in leakage of intracellular compo-

nents along with denaturation and coagulation of cyto-

plasmic protein contents.
Present knowledge of mechanisms involved in biofilm

formation indicates that it may be possible to interfere with
bacterial activity on surfaces and colonization without
affecting cell viability. For several bacteria, communication
signals may be necessary to form structured biofilms.
Compounds that interfere with signal formation or signal
detection are being investigated for several bacteria,
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Figure 16.3 Modification of biofilm biochemistry.

Table 16.1 Stages and mechanisms of biofilm formation as targets for
interference.

Mechanism and stage Target

Surface physico-chemical properties
Bacterial cell surface components
Cell communication
Transport systems
Cell wall
Metabolic activity
Cell viability
Cell communication
Extracellular polymers:
polysaccharides, DNA
Cell surface proteins
Cell communication
Adhesion
Co-aggregation and co-adhesion
Release of cell surface proteins

Modification of biofilm biochemistry Specific bacterial niche
and ecology
Replacement

Inhibition of bacterial adhesion
and colonization

Inhibition of bacterial growth
and metabolism

Disruption of biofilm maturation
Detachment of biofilm bacteria

Inhibition of bacterial adhesion and colonization

Inhibiting bacterial adhesion to tooth surfaces will reduce
accumulation of dental biofilms. In vitro studies have shown
that agents that reduce the surface free energy will reduce
bacterial adhesion to that surface. Various approaches have
been explored to modify surface characteristics of teeth,

pellicle, and/or bacteria. The salivary pellicle, to which
the bacteria adhere through specific and nonspecific
binding mechanisms, provides a complex array of binding
sites. Thus, the composition of the pellicle may modulate
bacterial adhesion events. One approach is to change the
surface characteristics by manipulating the protein film
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including oral bacteria. Such signals may be involved not
only in the formation of structured biofilms, but also in the
ability of the cells to adapt to adverse environmental condi-
tions. Different communication systems in S. mutans seem to
influence, for instance, biofilm formation, antibacterial resis-
tance, and acid tolerance. Synthetic antibacterial peptides, and
lytic bacteriophage-derived enzymes, that are targeted to kill
specific bacteria also represent an interesting approach to pre-

vent colonization and to control oral biofilms.Studies in these
fields are, however, in an early stage. A deeper understanding
of bacterial regulatory networks and signal transduction sys-

tems in complex environments will be required before the
possibility of interference can be fully appreciated.

Detachment and disruption of dental biofilms
Dental biofilm formation is the result of a well-regulated
series of processes, each of which may represent a potential
target for biofilm control (Fig. 16.3). Adhesive biopolymers,
like glucan and mutan, embed the bacteria and provide,
together with other matrix components, three-dimensional
stabilization of the biofilm. Frequent applications of
chlorhexidine, as well as high concentrations of delmopinol,
possess biofilm-dispersive activity. The dispersive activity of
chlorhexidine may be attributed, at least in part, to its inhib-
itory effect on glucosyltransferase activity, whereas delmopi-
nol reduces the viscosity of glucans. Since these agents have
multiple mechanisms of action, it is difficult to ascertain the
relativecontribution of their matrix disrupting effect on bio-
film. As discussed below, studies on the anticaries effects of
chlorhexidine are so far inconclusive. For delmopinol, caries
prophylactic effects have not been reported.

One possible reason for the lack of demonstrable anticar-
ies efficacy by matrix-disrupting agents is that the biofilm
matrix contains several types of biopolymers (including a
variety of polysaccharides and DNA), and proteins.
Therefore, targeting just one of these may be insufficient.
Another barrier is diffusion of the disrupting agent into
mature biofilms. This may explain why antibiofilm agents
are in general more effective in preventing biofilm formation
than in promoting disruption of mature biofilms.

Recent studies indicate that bacteria may have the ability to
respond to environmental cues by activating pathways leading
to detachment from biofilms. For instance, under unfavorable
conditions, detachment would allow bacteria to leave the bio-

film and find new sites for colonization. For several bacteria,
release of surface proteins used for attachment is a regulated
process. Elucidation of such mechanisms may lead to novel
strategies that may prove effective in preventing caries

Modification of dental biofilm biochemistry
and ecology
Bacterial ecologic balance is considered crucial for mainte-

nance of dental health. One way to maintain or restore such a
balance could be to replace potential pathogens by harmless

and beneficial bacteria through probiotics or replacement
therapy. By definition, a probiotic is a live bacterium that,
when ingested in sufficient quantity, exerts health benefits
on the consumer. The term probiotics is often used also for
replacement therapy. This latter term is more related to inhi-
bition of colonization or displacing a pathogen by a definite
effector strain, and often used to produce a more long-lasting
effect on the ecology. Coupled with an understanding of how
these bacteria act, genetic engineering opens the possibility
of designing new probiotic strains. Such strains may be
enabled to compete against and to replace known patho-

gens, while being nonvirulent themselves. A probiotic
should preferably be able to establish as a part of the biofilm
and replace or interact effectively with the given pathogen.
The probiotic or replacement organism must not itself
cause disease and should possess a high degree of genetic
stability. With probiotics, naturally occurring harmless
bacteria may exert a beneficial action by occupying coloni-
zation sites and competing with the pathogen for nutrients.
They may also produce metabolites, biosurfactants, or anti-
bacterial agents that are harmful to or that inhibit biofilm
formation by the pathogen.

Probiotics are emerging as promising agents to prevent
and treat various gastrointestinal disorders [10]. Probiotics
have also been suggested in caries prophylaxis [33].
Lactobacilli may reduce S. mutans biofilm formation and
inhibit S. mutans adherence to hydroxyapatite [21, 46]. In
children given milk containing the probiotic Lactobacillus
rhamnosus LGG over seven months [35], the probiotic
milk was suggested to have a protective effect, since a ten-

dency of low caries incidence was seen in one of the age
groups. Reports on the effectiveness of applying probiotics
in the prevention of dental caries, however, are limited and
inconclusive. Further large-scale investigations are needed
before we know whether bacteriotherapy may be effective
in preventing dental caries.

Replacement strategies to reduce the pH drop in dental
biofilms are also being pursued. One such approach is based
on the replacement of wild type S. mutans by genetically
engineered S. mutans that are defective in lactate produc-
tion. To promote replacement the strains are also engineered
to produce high levels of bacteriocins against wild-type
S. mutans strains. Animal studies have shown promising
results, but, as with immunization, replacement approaches
have been directed against the single bacterial species
S. mutans, disregarding a possible cariogenic role of other
bacteria.

As of today, direct approaches to alter the ecology of the
biofilm to become less pathogenic are restricted and have
not yet led to development of agents appropriate for general
clinical use. The Human Microbiome Project, which aims
at identifying the complete microbiota of healthy individ-
uals at different body sites, will increase our understanding
of microbiota dynamics. Knowledge of which species are
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Dentifrices
Dentifrices fill three main functions:

• to debride teeth of stain;

• to give the cavity a feeling of freshness and cleanliness;

• to serve as a vehicle for prophylactic agents.

Dentifrices contain the following essential ingredients:

• an abrasive system to help remove stain;

• a component to carry the abrasive and the active agent;

• a surfactant to provide foam and detersive action;

• a binder for desirable rheological properties;

• flavor to make tooth brushing pleasant.

The complex formulation of dentifrices involves possibil-
ities for component interactions. Care must therefore be
taken in order to secure bioavailability of the active compo-
nents. Toothbrushing with a dentifrice is a well-adopted
habit. Therefore, dentifrices should be a suitable vehicle for
delivery of prophylactic agents.

present in health and disease may in the future give us a
better understanding of the ecological shifts occurring dur-

ing disease development, how we may interfere, and how we

may maintain a health-beneficial flora. Given the increasing
problem of antibacterial resistance, approaches to promote or
to restore ecological balance, for instance by use of probiotics,
may become attractive future alternatives.

Vehicles for caries prophylactic agents

Caries prophylactic agents may be delivered to the oral
cavity by various delivery formulations (vehicles):

• mouthrinses;

• sprays;

• dentifrices;

• gels;
• chewing gum/ lozenges;
• various sustained release formulations or devices.

The choice of vehicle depends on compatibility between the
active agent and the constituents of the vehicle. For in-
stance, the first fluoride dentifrices were ineffective owing
to incompatibility between fluoride and the abrasive system
of the dentifrice.

The vehicles should provide optimal bioavailability of the
agent at its site of action. Delivery by dentifrices and mouth-

washes, which are the most common vehicles, results in

immediate high concentrations of the vehicle. The patient

compliance is of vital importance. Patient compliance is

probably reduced with increasing dosing frequency and with

increasing length and complexity of the treatment. Therefore,

the prophylaxis is most likely to succeed if the delivery vehicle
does not require that the patient adopt new habits.

Recent developments in material sciences have provided
novel systems for drug delivery. Active agents may be
packed into micro- or nano-particles or incorporated into

so-called functional films. We might in the future also see
use of such new approaches in oral prophylaxis.

Mouthrinses

Mouthrinses represent the simplest vehicle formulation.

Mouthrinses are usually a mixture of the active component
in water and alcohol, with addition of a surfactant and
flavor. Most antibacterial agents are compatible with this
vehicle.

Gels

A gel is a thickened aqueous system, but with neither abrasive
material nor foaming agents. Gels are generally compatible
with relevant antibacterial agents. Gels are usually applied in

pre-made or individually made appliances to provide close
contact between the agent and the tooth surface.

Chewing gums and lozenges

The effect of chewing gums and lozenges depends on release of
the agent during chewing, or during dissolution. The contact
time is longer than with mouthrinse for instance, but increased
salivation will inevitably increase the oral clearance rate of an
agent. Administration of antibacterials via such vehicles may
represent effective and acceptable routes, particularly in

patients with low toothbrushing compliance. For individuals
with reduced salivation, stimulated salivary secretion due to

chewing may also be beneficial and relieve some discomfort.
Increased salivation in itself may be beneficial. Further work
on chewing gums and lozenges as vehicles is justified.

Sustained-release vehicles

Sustained-release vehicles, such as varnishes, may provide a
long-term effect of the prophylactic agent. The agent efficacy
depends on its degree and rate of release from the carrying
material. Fluoride varnishes and also chlorhexidine varnishes
are in use and found to be effective. The efficacy of sustained-
release agents is independent of patient compliance.Sprays

Sprays have been evaluated for the delivery of, for instance,

chlorhexidine in mouthrinse formulations. An advantage
attributed to the spray is that relatively small doses are required
to achieve efficacy. Good compliance may be expected with
sprays because it is easy for a patient or caregiver to use.
Further investigations on the use of sprays for the delivery of
prophylactic agents are warranted, however.

Specific agents

There are three agents that have received particular interest

as caries-prophylactic agents. These are chlorhexidine, which
is a cationic antibacterial agent, triclosan, which is a nonionic

antibacterial agent, and xylitol, which is a sugar alcohol
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claimed to have various effects on the oral microbiota. These
agents will be described in some detail in the following.
Essential oils and other less-frequently used agents, such as
cetylpyridinium chloride (CPC), delmopinol, hexetidine,
sanguinaria extract (SE), metal ions, sodium dodecyl sulfate
(SDS), and certain enzymes, will be discussed more briefly.

Cationic agents readily bind to negatively charged bacte-

rial surfaces and, therefore, generally are more potent than
anionic or nonionic agents. Likely binding sites for cations
on Gram-positive bacteria are free carboxyl groups from
peptidoglycans and phosphate groups from teichoic and
lipoteichoic acid within the bacterial cell wall. In Gram-
negative bacteria, lipopolysaccharides have high affinity for
cations. Cationic agents thus can interact with both Gram-
positive and Gram-negative bacteria. Cationic agents that
have been used as antibiofilm agents include

• chlorhexidine;. CPC;

• delmopinol;
• hexetidine;. SE;

• metalions.

Chlorhexidine (Fig. 16.4) is to date the most thoroughly
studied and the most efficacious antibiofilm and antigingi-
vitis agent. It is regularly considered a gold standard against
which the efficacy of other antibiofilm agents is compared.

The antibacterial nonionic agent triclosan (Fig. 16.5) has
been used as a preservative in consumer products such as
deodorants, soaps, and body powder for more than 30 years.
Triclosan has been added to dentifrices and mouthrinses
with the object to reduce dental biofilm formation and
development of gingivitis.

Xylitol is a pentitol (Fig. 16.6), which is used as a sugar
substitute in, for instance, chewing gums. Like other poly-
ols, which cannot be fermented by oral bacteria, xylitol does
not lead to acid formation.

As will be discussed, evidence of cariostatic effects of
these agents is inconclusive.

Chlorhexidine
Mode of action and clinical use
Chlorhexidine is a bisbiguanide with both hydrophilic and
hydrophobic properties (Fig. 16.4).

The positively charged molecule may bind to negatively
charged groups (i.e., to phosphate, carboxyl, or sulfate
groups) on the oral mucosa, on bacteria, and in the pellicle.
The bacterial membrane integrity may be disrupted by
interactions with the hydrophobic portion of the molecule,

causing disturbance of the membrane function. At high
concentrations, chlorhexidine is bactericidal, causing leak-
age of low molecular weight cell constituents and precipita-
tion of cell contents. These damages are irreversible. At
lower concentrations the effect is bacteriostatic, causing
interference with normal membrane functions or leakage of
cell constituents [23]. The in vitro antibacterial effect of
chlorhexidine is not outstanding, but the spectrum is broad.
Gram-positive bacteria are generally more sensitive to
chlorhexidine than Gram-negative bacteria are. Mutans
streptococci are particularly sensitive, whereas Streptococcus
sanguinis, for instance, exhibits great variation in suscepti-
bility among strains [13]. The clinical antibacterial and
antibiofilm effect of chlorhexidine is better than for other
agents with similar or even better in vitro antibacterial effi-
cacy. This superior effect has been ascribed mainly to the
substantivity of chlorhexidine and to the fact that chlorhex-
idine retains its antibacterial effect even when adsorbed to
surfaces. A single mouthrinse with 0.2% chlorhexidine
exerts an immediate antibacterial effect, reducing the oral
bacterial number by 80-95% [43]. Twice-daily mouthrinses
inhibit dental biofilm accumulation almost completely. As a
result of the direct antibacterial effect, chlorhexidine reduces
the metabolic activity of the dental biofilm, thus decreasing
acid challenge after carbohydrate intake. Chlorhexidine may

Figure 16.4 The molecular formula of chlorhexidine.
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Figure 16.5 The molecular formula of triclosan. Figure 16.6 The molecular formula of xylitol.
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similar caries-prophylactic effect during a 3-year study
period [38]. In another study, varnishes containing either
40% chlorhexidine or fluoride (Duraphat®) applied every
3 months during 1 year were evaluated for ability to inhibit
progression of already existing root caries lesions. Both
fluoride and chlorhexidine decreased lesion progression
compared with control [41]. In a review of chlorhexidine
intervention studies performed between 1995 and 2003,

chlorhexidine varnish seemed to have an inhibitory effect
on fissure caries development in children with low exposure
to fluoride. In elderly and in fluoride-exposed caries-active

children and adolescents, evidence for an anticaries effect
of chlorhexidine was inconclusive [49]. More recently,

two studies that examined the caries inhibitory effect of
40% chlorhexidine varnish in Chinese children reported
somehow contradictory results. In one study, the effect was

reported as questionable and only transient [55], whereas
37.3% caries reduction was found in the other study [11].
There is, therefore, lack of conclusive evidence-based
data supporting the clinical use of chlorhexidine in caries

prevention.

Intensive prophylaxis with chlorhexidine and fluoride
in combination may be indicated in individuals with
high caries activity and incidence due to for instance

hyposalivation after irradiation treatment of the head
and neck regions [24].

Triclosan
Mode of action and clinical use
Triclosan is a nonionic antibacterial agent with hydrophilic
and hydrophobic properties (Fig. 16.5). Triclosan has a

broad antibacterial spectrum, with activity against both
Gram-positive and Gram-negative bacteria and fungi. Oral
bacteria such as mutans streptococci, S. sanguinis, and
Streptococcus salivarius are susceptible to low concentra-

tions of triclosan in vitro. At low concentrations, the effect
is bacteriostatic. Until recently, triclosan was thought to

function as an unspecific biocide. Recent data, however,

show that triclosan inhibits lipid synthesis specifically [32].
This leads to defective cell membrane synthesis.

Owing to its poor aqueous solubility, triclosan is solu-
bilized in the flavor/surfactant phase of the triclosan for-
mulation. In commercial products, triclosan is solubilized

in one or more detergents, such as SDS, sodium lauroyl
sarcosinate, or in propylene glycol or polyethylene glycol.
Thus, when testing the antibacterial effect of triclosan,

one must consider possible additive or synergistic effects
with these constituents.

The substantivity in the oral cavity of triclosan itself
is relatively low. Thus, to be efficacious, a copolymer,
polyvinylmethyl-ether maleic acid (commercially known as
Gantrez), or zinc citrate is added to the formulations.

Without these retention mediators, triclosan toothpastes
have no apparent effect on dental biofilm biomass [52].

also inhibit the enzyme glucosyltransferase [42] that is

essential for bacterial accumulation on tooth surfaces, and
the metabolic enzyme phosphoenolpyruvate phosphotrans-
ferase that is involved in transport and phosphorylation of
glucose across the membrane [31].

Despite the widespread clinical use of chlorhexidine,

reports on untoward effects are few. General and systemic
effects are rare, and degradation of the chlorhexidine mole-
cule to form potentially dangerous metabolites seems
unlikely. Concern has been raised, however, that the residual

activity of chlorhexidine after application may promote
resistance in the resident microbiota [22].

Local adverse effects include:

• discoloration of teeth, tongue, restorations and dentures;

• soreness and desquamation of the oral mucosa;

• taste disturbances.

Local adverse effects are frequently reported, and the product
itself has a bitter taste. Reducing the concentration of
chlorhexidine reduces the local adverse effects. The pre-
scribed dosage for chlorhexidine mouthrinses is usually
either 10 mL of a 0.2% solution or 15 mL of a 0.12% solu-

tion with twice-daily rinses. Similar doses are obtained, and
the efficacy is comparable. Similar doses may also be
obtained by chlorhexidine-containing chewing gums
(20 mg per piece). For long-term use, chlorhexidine should
be dosed individually.

Caries-prophylactic effect
One would expect that the inhibitory effects on dental bio-
film formation and metabolic activity would affect caries

development. However, general use of chlorhexidine as an
anticaries agent is controversial. No or very low cariostatic

effect has been found in human studies where the chlorhex-
idine treatment is carried out as part of the individual’s
home care with either mouthrinses or toothbrushing. On
the other hand, professional application of chlorhexidine
combined with a rigorous prophylactic regimen including
oral hygiene instruction, dietary advice, professional dental
prophylaxis, and topical application of fluoride varnish
reduced caries lesion development in children during a 3-

year study period [56]. The idea was to inhibit caries lesion
development by reducing the acidogenic potential of the
microbiota. The number of new caries lesions in the untreated

control group was 9.6 versus 4.2 for the chlorhexidine-treated

group. It is worth noting, however, that a similar prophy-
lactic regimen, but without chlorhexidine treatment, may
give similar caries reduction [25].

Professional application of a chlorhexidine gel was shown
to perform better than two different fluoride varnishes in a
2-year study in children [26], and better than a placebo gel
when applied to approximal sites [17]. Quarterly applica-
tion to approximal sites in 13-14-year-old children of either
a 0.1% fluoride varnish or a 1% chlorhexidine varnish had a
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Extensive studies have been performed to prove the
efficacy of triclosan-containing products. Despite the
demonstration in several short- and long-term studies that
triclosan prevents dental biofilm formation and gingivitis;
its effect must be considered as modest. A meta-analysis of
16 clinical studies of the long-term effect of daily unsuper-
vised triclosan use have shown reductions in dental biofilm
mass by 15% and gingivitis by 12% [9]. As to the effect on
periodontitis development, the effect on the general
population is not significant. Triclosan may possibly slow
down progression in predisposed individuals (i.e., in individ-

uals who have already increased dental pocket depth) [6].
Notably, this effect appears to be of moderate magnitude (bet-
ween 10 and 20% compared with placebo) and independent
of triclosans antibacterial properties [5]. Data on a possible
cariostatic effect of triclosan are scarce. It has been shown that
triclosan neither enhances nor interferes with fluoride-
enhanced remineralization and that triclosan-containing
toothpastes are at least as good as’ fluoride-containing
dentifrices without antibacterial additives.

Concerns have recently been raised that the widespread use
of triclosan-containing products may lead to development of
antibacterial resistance [54]. In high concentrations, triclosan
causes disruption of the bacterial cells by targeting multiple
nonspecific targets. However, triclosan-containing products
like dentifrices leave residues that will dilute to sublethal
concentration. At sublethal concentrations triclosan inhibits
the enzyme enoyl-acyl carrier protein reductase involved in
fatty acid metabolism, giving it a specific target in a similar
manner as clinically relevant antibiotics. It has been shown
that triclosan use selects triclosan-resistant bacteria. Of
particular public health concern is that widespread use of
triclosan, in addition to selecting for triclosan resistance,
may promote development of concomitant resistance to
other clinically important antibacterials through cross- or
co-resistance mechanisms. Since most bacteria are capable
of acquiring genes from other strains or species, resistance
may spread further among inhabitants of the human
microbiota [19, 44]. The use of triclosan, therefore, should
be restricted to purposes where there is a well-documented
effect. The meager documentation of triclosans anticaries
effect hardly justifies its use in caries prophylaxis for the
general population.

Xylitol

Xylitol is a sugar alcohol with five carbon atoms, a pentitol
(Fig. 16.6).

Xylitol is non-acidogenic and thus does not promote
dental caries. Potential effects of xylitol have been exten-

sively studied, particularly in Finland. Interpretation of
early results was that xylitol possesses anticaries or even
caries therapeutic properties. It has also been suggested that
xylitol exerts effects on bacterial growth and metabolism, on
salivary factors, and on de- and remineralization processes.

Reduced dental biofilm formation has been reported; a
decrease in the number of salivary mutans streptococci and
less gingivitis has also been observed. Each factor alone or
in combination could theoretically contribute to a cario-

static effect.
Caries prophylactic regimens including xylitol chewing

gum have been suggested for high caries risk children and also
for mothers with high salivary levels of mutans streptococci.
There is however, still a controversy over the caries inhibitory
effect of xylitol, the optimal dose, and the mechanism of
action. A recent randomized, controlled study concluded that
daily use of xylitol lozenges did not result in statistically
significant reduction in caries increment in adults at high car-
ies risk during a 33-month study period [1].

A specific xylitol-induced change in salivary factors has
not been confirmed in either short- or long-term studies.
Nor has xylitol been shown specifically to interfere with
enamel demineralization or to increase remineralization. In
vivo studies have indicated remineralization to occur also
with other sugar alcohols, such as sorbitol. In fact, even
sucrose-sweetened gum chewed regularly after meals may
enhance remineralization, thus pointing to the impact of
increased salivation. Unfortunately, in many clinical studies,
caries incidence in subjects chewing xylitol gum has been
compared with nonchewing control subjects [27]. It is
therefore difficult to discriminate between a true xylitol
effect and the impact of increased salivation through chewing
of a sweetened gum. Thus, the claim of remineralization
being a xylitol-specific effect has not yet been confirmed. On
the contrary, it may be concluded that any caries preventive
effect of chewing sugar-free gums sweetened by xylitol or
other sweeteners is related to the chewing process, and not to
the sweetener itself [29].

Several studies indicate that the levels of mutans strepto-

cocci in saliva and in dental biofilm may be reduced after
consumption of xylitol, and the view that a specific effect of
xylitol on S. mutans is a cornerstone of xylitol’s anticaries
mechanism has been broadly supported.

Xylitol seems to be unique among sugar alcohols in its in
vitro inhibitory effect on glycolysis, particularly in mutans
streptococci. The inhibitory effect has been related to uptake
of xylitol via a constitutive transport system specific for
fructose and subsequent intracellular accumulation of
xylitol-5-phosphate, as part of an energy, phosphoenol-
pyruvate, and adenosine triphosphate-consuming futile
xylitol cycle. Concomitant intracellular accumulation of
glucose-6-phosphate to confirm an antimetabolic effect of
xylitol in vivo has, however, not been demonstrated.

Reduced adhesiveness through impaired polysaccharide
formation has also been suggested as one of the inhibitory
mechanisms of xylitol on mutans streptococci and an expla-
nation for cariostatic effects of xylitol. It is worth noting
that long-term xylitol consumption leads to selection of
mutans streptococci, which are resistant to or unaffected by
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surfaces. Bacterial resistance or major shifts in the bacterial
composition of dental biofilm have not been observed in

clinical experiments with delmopinol. Delmopinol reduces
dental biofilm formation probably by reducing bacterial
adhesion to the tooth surface. Its inhibitory effect on dental
biofilm is less than or comparable to chlorhexidine. The
effect on dental caries in humans has not yet been assessed.

Hexetidine
Hexetidine is a synthetic hexahydropyridine, which has
antibacterial and antifungal activity in vitro and in vivo. It is

active against Gram-positive and Gram-negative bacteria,

including oral bacteria such as mutans streptococci,

Streptococcus sobrinus, and S. sanguinis. The in vitro anti-

bacterial activity of hexetidine is reported to be inferior to or
essentially similar to that of chlorhexidine or CPC.Hexetidine-
containing mouthrinses are commercially available, yet at

clinical acceptable concentrations it exerts only a very
slight inhibitory effect on dental biofilms. Increasing the
concentration of hexetidine from 0.10% to 0.14% increases
the antibiofilm efficacy to approach that of 0.2% chlorhexi-
dine. However, the frequency of desquamative lesions
increases correspondingly. The exact mechanism for the
antibiofilm activity is not clear. Hexetidine has been claimed
to inhibit glycolysis, but clinical data do not support this
assumption. The antibacterial effect of hexetidine is reduced
in the presence of saliva. Enhanced antibiofilm effects of
hexetidine are observed in combination with divalent metal
ions; for instance, Zn2+ [40] or Cu2+ [18]. This is probably
related to increased intracellular uptake of the metal ions.

The agent has not been evaluated for ability to prevent
dental caries in humans.

xylitol. Speculation has been that xylitol-resistant strains

might be less virulent than xylitol-sensitive strains. According
to Trahan et al., selection in xylitol consumers of natural
mutants with diminished virulence might be one of the
mechanisms of the inhibitory action of xylitol [48]. There are,

however, no clinical data to support such a contention.

Attempts have been made to incorporate xylitol as an
active ingredient in dental hygiene products, and at present
xylitol-containing dentifrices are available on the market.
One of three longitudinal xylitol dentifrice studies consent
to a caries-reducing effect of xylitol [45], whereas the two
other studies failed to find an additive effect of xylitol when
added to fluoride-containing dentifrices [8, 38].

Xylitol is an interesting alternative sweetening agent, and
could be the sweetening agent of choice when sucrose is to be
substituted, as in chewing gums for instance. Chewing in itself
increases salivation, and therefore is beneficial. However, data
to confirm caries prophylactic effects of xylitol or superiority
claims of xylitol over other polyols are lacking. Well-designed
randomized clinical studies with proper control are needed to
demonstrate a role of xylitol in caries prophylaxis.

Other agents proposed for caries prophylaxis,
but without documented anticaries effects

Cetylpyridinium chloride

CPC, benzalconium chloride, and benzethonium chloride
are quaternary ammonium compounds. CPC has been
widely used in mouthrinses, mainly because of its antibac-
terial property.

The CPC molecule possesses both hydrophilic and hydro-
phobic groups, thus allowing ionic and hydrophobic interac-

tions. It is assumed that interaction with bacteria occurs via

cationic binding in much the same way as for chlorhexidine.
The antibacterial activity of CPC is equal to or better

than chlorhexidine, whereas its biofilm inhibitory property
is inferior. This difference in antibiofilm efficacy may be
related to the fact that CPC loses part of its antibacterial

activity upon adsorption to surfaces. Notably, the
substantive properties are also different. Initial retention of
CPC is higher than for chlorhexidine, but CPC is cleared
from the oral cavity more rapidly [2]. It has been suggested
to incorporate CPC into dental materials, for instance in

orthodontic adhesives with the aim to control caries lesion
formation around orthodontic brackets. Although CPC
retains its antibacterial properties, the clinical effect remains

to be assessed. There are no data on CPC’s ability to prevent
dental caries in humans.

Essential oils

Essential oils are extracts from plant material in a solvent,
often alcohol. Essential oils have been used as antiseptics for
over 100 years, and are widely used in pharmaceutical, food,

agriculture, and cosmetic products, owing to their low toxicity
and their antibacterial effect [4]. The exact pharmacody-

namics of most essential oils is currently not fully known, but
it is thought that some compounds act by interfering with
normal cell membrane function, causing leakage of cellular
components, disruption of the proton motive force, and dena-
turation of proteins. There is, however, most likely not a single
mechanism of action of essential oils, considering that this is a
heterogeneous group of compounds.

The most well-known oral product containing essential
oils is Listerine. This product was already tested for its anti-

septic properties by W.D. Miller in the 1880s [34]. It contains
a mixture of menthol and methyl salicylate and two phenol-
related essential oils, thymol and eucalyptol, in a solution of
over 20% alcohol. A new mixture without alcohol was

recently launched on the market. There is, however, little
documentation of the efficacy of this product.

Delmopinol
Delmopinol is a potent surfactant with low molecular
weight and is predominantly cationic at pH below 7. It has
low antibacterial activity and is believed to act primarily
by interfering with the physicochemical properties of oral
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Essential oils have a broad antibacterial spectrum, being
bactericidal against both Gram-positive and Gram-negative
bacteria. Use of alcohol-containing essential oils as oral
antiseptics has in some studies shown reduction in both the
supragingival biofilm and in total recoverable streptococci
in saliva and interproximal sites after rinsing [15]. The effi-
cacy has in some studies been evaluated as at least as good
as flossing and brushing alone [47]. Others have not found
a reduction in salivary S. mutans or lactobacillus levels.
Compared with chlorhexidine, the biofilm inhibitory effect
of essential oils is inferior [39].

efficacious compared with chlorhexidine. Because of the
ability of Zn2+ to combine with odoriferous sulfur-containing
compounds, zinc salts have a long history in oral hygiene
products. Zn2+ is also an anticalculus agent. Concerns were
raised as to a possible interference of Zn2+ with the cario-
static effect of fluoride, but this seems not a problem.

Metal ions interact with both Gram-positive and Gram-
negative bacteria. The antibacterial effect is unspecific. Metal
ions form metal-salt bridges with anionic groups of enzymes.
This in turn may influencesubstrate interactions due to altered
charge or conformational changes of the enzyme. Metal ions
have an antiglycolytic effect, as shown both in vitro in pure cul-
tures of bacteria and as reduced acid formation in vivo.Divalent
metal ions probably inhibit glycolysis in dental biofilm by
oxidative inactivation of SH-groups of glycolytic enzymes.

Numerous studies have confirmed the clinical antibiofilm
effect of metal ions, both alone and in combination with
other agents. The antibiofilm effect relates partly to the
antibacterial activity and partly to displacement of Ca2+

from pellicle and bacterial surfaces. Binding of metal ions to
bacteria alters their surface charge and adherence ability [36].

Cu2+, Sn2+, and Zn2+ have shown cariostatic effects in rats.
SnF

2
has been used as a prophylactic agent in humans for

many years owing both to a potential cariostatic effect and
to its antibiofilm properties.

Metal ions are substantive agents. Both salivary and
dental biofilm levels of Cu2+, Sn2+, and Zn2+ are elevated for
several hours after a mouthrinse. The ions bind to the same
oral receptors as chlorhexidine.

Adverse effects related to metal ions are unpleasant
metallic taste, tendency to induce a feeling of dryness in the
oral cavity, and a yellowish to brownish dental stain. Metal
sulfides, which are formed between the metal ions and sulf-

hydryl groups of pellicle proteins probably, cause it. Zn2+

ions have the least tendency to stain, because zinc sulfide is
yellowish to greyish-white in color. The staining tendency
is generally lower for metal ions than for chlorhexidine.

Sodium dodecyl sulfate
SDS is an anionic agent. The molecule has a hydrophilic
sulfate group and a hydrophobic carbon chain. It is the most
frequently used detergent in commercial dentifrices.

SDS has antibacterial activity against a range of bacteria in
vitro, including mutans streptococci, S. sobrinus, and
Actinomyces viscosus. Adsorption of SDS to the bacterial sur-

face may interfere with cell wall integrity, with subsequent
leakage of cellular components. At low concentrations SDS
is reported to inhibit specific bacterial enzymes, such as
glucosyltransferase from S. sobrinus and S. mutans, enzymes
of the phosphoenolpyruvate phosphotransferase transport
in S. sobrinus, and lactate dehydrogenase and glucose
6-phosphate dehydrogenase in Escherichia coli. These
effects may be related to the strong affinity of SDS for pro-
teins and its denaturing property.

Sanguinaria extracts

SE is a herbal preparation. It is obtained from the bloodroot
plant Sanguinaria canadensis. SE has been used in homeo-

pathic preparations and in folklore medicine for treatment
of topical infections and as expectorants. It is antibacterial
against Gram-positive and Gram-negative bacteria,

including oral bacteria. The exact mode of action is not
clear, but SE seems to exert a bactericidal effect by inter-

fering with essential steps in the synthesis of the bacterial
cell wall [51]. SE, reportedly, suppresses the activity of sev-
eral enzymes, possibly through oxidation of SH-groups. The
antibacterial activity is thought to be associated with the
lipophilic property of the molecules. More important may
be that SE is capable of binding metal ions. The marketed
preparations of SE contain quite high concentrations of
ZnCl

2
. As will be discussed later, zinc ions have antibacterial

activity It may be speculated, therefore, that potential effects
of SE are related to the Zn2+ content.

SE has substantive properties, but clinical data on the
efficacy of mouthrinses with SE are not conclusive. In some
studies, antibiofilm as well as antigingivitis, and antiglyco-

lytic effects were reported. In others, little or no effect was
found. In vitro studies have indicated that adherence of oral
bacteria to hydroxyapatite may be inhibited, and SE may
increase saliva-mediated aggregation. Both factors may
contribute to inhibition of dental biofilm formation in vivo,
but clinical effects on caries have not been assessed.

Metal ions
Metal ions have antibacterial effects depending on the ion
concentration, as well as on the chemistry of the ion. Their
bacteriostatic effects have been recognized for a long time.
Miller proposed the use of metal ions to treat rampant car-
ies as early as 1890 [34], and Hanke reported in 1940 that
mouthrinses containing certain metal ions have antibiofilm
potential [20]. The antibacterial efficacy is proportional to the
concentration of free metal ions, which is the predominant
bioactive form [7]. Hydrolysis of the metal ions and binding of
metal ions to other components reduce the metal ion activity.
The formulation of the vehicle is therefore crucial.

Metal ions of interest are Cu2+, Sn2+, and Zn2+. Cu2+ and
Sn2+ are more potent than Zn2+, but these are only moderately
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from in vitro data, epidemiological data indicating public
health relevance are lacking.

The antibacterial agent concentrations for use in oral
prophylaxis
needed for bacteriostatic or bactericidal effects. Agents with
substantive properties, however, will eventually expose
bacteria to subinhibitory concentrations. This carries an
inherent risk of inducing antibacterial resistance.

Studies focusing on possible adverse effects of subinhibi-
tory concentrations of such agents, however, are limited, and
there are considerable gaps in our current knowledge about
the effect of residual concentrations of antibacterials. The pos-
sibility of selection and emergence of antibacterial-resistant
bacteria is, nevertheless, a significant risk that should carefully
be weighed against potential benefits. The finding that resis-

tance to triclosan may result also in resistance to commonly
used antibiotics underlines the importance of prudence and
the need for further research to establish a possible correlation
between exposure to antibacterial consumer products and
development of antibiotic resistance.

Intrinsic resistance
In intrinsically resistant bacteria, the target molecule may be
lacking or the agent cannot get to the target due, for instance,

to diffusion restriction by electrostatic or physico-chemical
properties or presence of extracellular polysaccharides. Gram-

positive bacteria, characterized by a single cell membrane that
is enveloped by a thick peptidoglycan layer, are generally more
susceptible to antibacterials than are Gram-negatives. In
Gram-negatives, the complex cell wall composed of an inner
and an outer cell membrane creates a more effective barrier.

Short exposure of oral bacteria to antibacterials such as
chlorhexidine shows, for instance, that the Gram-positive
oral streptococci are more susceptible to killing than are the
Gram-negativeFusobacterium nucleatumand Porphyromonas
gingivalis [12]. Bacteria may also be equipped with enzymes
that can lead to biocide degradation or with efflux pumps
that promote the export of internalized biocides.

The arrangement of bacteria in biofilms is a general mech-

anism promoting intrinsic or phenotypic resistance. Growth
rates are usually slow in biofilms, contributing to reduced sus-

ceptibility. Also, bacteria in biofilms are embedded in a
polymer matrix that may create a barrier against the penetra-

tion of certain agents. The expression profile of bacterial genes
in biofilms is in addition often altered, with the potential to
affect susceptibility levels. Finally, persister cells that represent
a small fraction of the bacterial population in biofilms may
enter a protected, dormant state that renders them insensitive
to antibacterials [3].

Acquired resistance

Acquired resistance is the result of mutation and/or acquisi-
tion of mobile genetic elements through conjugation, trans-

duction, or transformation. The resistance mechanisms

Dental biofilm inhibitory properties of SDS have been
shown in humans. This may relate, mainly, to the antibacte-
rial effect, but competition with negatively charged bacteria
and pellicle proteins for binding sites, with subsequent inhi-
bition of bacterial adsorption to the tooth surface, may also
contribute to the inhibitory effect. SDS apparently has some
degree of substantivity, which may be explained by its high
affinity for calcium. SDS in combination with Zn2+ shows
increased antibiofilm and antibacterial properties. There
are no data to support a cariostatic effect of SDS.

Enzymes

Whole saliva contains two peroxidase enzymes that oxidize
thiocyanate (SCN“) to hypothiocyanite (OSCN-) in the
presence of hydrogen peroxide. Hypothiocyanite is antibac-

terial and inhibits some streptococci and lactobacilli in vitro
[28]. The activity of the salivary peroxidase system depends
on available hydrogen peroxide. Hydrogen peroxide is pro-

duced by various bacteria as a metabolic end-product, but
in limiting amounts for maximum activity of the salivary
peroxidase. The enzyme amyloglucosidase provides glucose
from which glucose oxidase produces hydrogen peroxide.
Addition of these enzymes to oral products is suggested to
ensure sufficient hydrogen peroxide to control proliferation
of bacteria through enhanced peroxidase activity.

Mouthrinses containing the enzymes have been tested for
ability to reduce dental biofilm, gingivitis, and dental caries,

but the effect is not impressive. Dentifrices containing these
enzymes show slightly improved antibiofilm and antigingivitis
effects compared with nonenzyme dentifrices, but whether
this marginal effect is of clinical relevance may be questioned.

generally higher than concentrationsare

Risk of antibacterial resistance development?

An antibacterial kills the susceptible strains, but allows
bacteria carrying antibacterial-resistant factors to survive and
multiply. Antibacterial resistance refers to the characteristic of
a genus, species, or strain of bacteria enabling it to avoid being
killed or inhibited by a defined concentration of an antibacte-

rial agent. Bacterial resistance may be a natural property of the
organism, intrinsic resistance, or may be acquired, so-called
acquired resistance. Antibacterial agents exert selective
pressure on the microbiota. Thus, with all use of antibacte-

rial agents, there is an inherent risk of selecting for resistant

or unsusceptible genera, species, or strains. Agents with
several targets are considered less likely to induce resis-

tance. Presence of subinhibitory agent concentrations will
increase the risk of resistance development. In vitro studies
demonstrate that some antibacterials used at sublethal con-

centrations trigger the emergence of antibiotic resistance
and/or select bacteria resistant to clinically relevant antibi-
otics. The possibility of genetic linkage between genes for
antiseptic resistance and those for antibiotic resistance has
been described [16]. Despite this mechanistic evidence
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may be exerted in different ways. It may depend on altered
composition of the outer cell wall, such as the fatty acid and
protein composition of the outer membranes. Mutations in
the Fabl enzyme involved in fatty acid synthesis, is linked
to triclosan resistance in E. coli. Resistance may also depend
on expression of antibacterial degrading enzymes or on
efflux pumps. Efflux pumps enable bacteria to rid them-
selves of toxic molecules, allowing them to survive even in
the presence of an antibacterial agent. The pumps may act
on a range of chemically dissimilar compounds, giving rise
to cross-resistance. This has been observed in staphylococci
that carry plasmids with genes for multidrug efflux pumps.
In this case, reduced levels of susceptibility to cationic
agents such as chlorhexidine and quaternary ammonium
compounds, concomitant with resistance to clinically rele-

vant antibiotics, has been reported.
Transfer of resistance genes from one bacterium to another

via vertical gene transfer increases the antibacterial-resistant

population, while new resistant species or strains may evolve
through horizontal gene transfer. Biofilm, where bacteria are
in close proximity, may be an optimal environment for
horizontal gene transfer.

treatment, where mechanical cleaning is particularly difficult
may justify use of antibacterial agents for periods of varying
length. In all cases, expected benefit should be weighed
against potential adverse effects, and the choice of agent,
treatment length, mode of application, and dose should be
made on an individual basis.

As discussed in this chapter, the ideal antibacterial agent
for dental biofilm control is not yet available, and documen-

tation for caries prophylactic effects in humans of available
agents is sparse. The main reasons lie in the multifaceted
nature of the caries disease and the fact that bacteria causing
the disease are organized in complex biofilms, a fact that in
the past often has been neglected. Most in vitro studies so far
have been on the single species level. Studies with multispe-

cies biofilm models are increasing and are giving us insight
into the complex interplay between bacterial species living in
biofilm. These in vitro models supplemented with increasing
knowledge of the human oral microbiome may in the future
give us novel tools to modify biofilm ecology. Biofilms are
likely to represent a natural scenario for bacterial communi-
cation, and the ability to communicate has been shown in
both oral streptococci and periodontal pathogens. The com-

munication may regulate pathogenic traits like biofilm
formation and expression of virulence factors. For most oral
biofilm bacteria, however, the presence and function of com-

munication pathways remain to be clarified.
We might in the future see new developments in caries

prevention based on the progress presently being made in
understanding the special features of biofilm bacteria and
their communication systems. Developments in material
science may lead to novel vehicles for delivery of targeted
agents. Definite targets remain to be defined, and future
research is needed to establish a correlation between
exposure to oral antibacterial prophylactic agents and the
development of antibacterial/antibiotic resistance.

Concluding remarks and future approaches
The oral microbiota consists of millions of bacteria of hun-
dreds of various species that are organized in biofilms. Oral
biofilm bacteria show differences in antibacterial suscepti-
bility determined by genetic background and by their mode
of growth, as well as membrane structure and permeability.

The agents suggested for caries control most often act on
a broad spectrum of targets, and are used according to the
nonspecific plaque hypothesis. Differences in susceptibility
levels driven by intrinsic or acquired mechanisms pose a risk
of bacterial selection upon exposure to antibacterial agents.
Selection that favors growth of pathogens or resistant
bacteria may result in unwanted effects on the microbiota.
Of concern is also the fact that the antibacterials used often
have multiple targets that may overlap with the more specific
antibiotic targets. This poses a risk of cross-resistance emer-

gence, with the consequent reduction in the clinical efficacy
of antibiotics.

Therefore, antibacterial prophylactic agents should not be
instituted routinely. Such agents should be used restrictively
and only if conventional prophylactic methods are likely to
be ineffective. This may be the case for individuals with high
caries activity and incidence due, for instance, to physical or
mental handicaps, impaired dexterity due to high age,
hyposalivation due to systemic diseases or medication, or
similar conditions. These individuals may benefit from inter-

mittent or chronic use of antibacterial prophylactic agents.
Certain conditions, such as intra-oral fixation or splinting,
treatment with orthodontic appliances, insertion of pros-

thetic restorations or implants, or pre- and post-surgical
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Introduction
This also applies to programs aimed at controlling dental
caries. Therefore, practitioners are sometimes inclined to
adopt a treatment philosophy that what works in my hands
is probably good for the patient.’ In other cases the evidence
exists but is not being implemented by the practitioner.
Potential barriers could be that the knowledge and attitude
of the practitioner, patient demands, the practice environ-

ment, and the health-care system, including funding, block
the implementation of new treatment routines.

As with other dental treatment, (nonoperative) caries
control procedures must be cost-effective; that is, the treat-
ments should be given to those individuals who need them

Dental care neither begins nor ends with a single course
of treatment, but it is ongoing. When a series of dental
treatments is complete, dentist and patient must decide
when it would be wise to follow up on the effect of both the
nonoperative and operative treatments provided. Health
authorities in some countries (e.g., UK and Denmark) rec-

ommended clinical guidelines for monitoring disease
progression in patients, but none of these guidelines is
based on firm scientific evidence because many of the diag-

nostic procedures and treatments that are used in daily
practice today have not been evaluated in clinical trials.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
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mesial surface of second molars (see Chapter 12). In adults
and the elderly, difficult-to-reach root surfaces may be the
predominant risk sites, although coronal caries is also very
important in this age group [15, 63].

Identifying caries risk factors

Although it may only take a short time to obtain a subjective
estimate of a patient’s caries activity status, identifying
the relevant risk factors may take a little longer. This is
time well spent, however, because the patient may be
able to modify some risk factors and thus slow down
disease progression.

According to Beck [3], a risk factor is defined as an envi-
ronmental, behavioural, or biologic factor confirmed by
temporal sequence, usually in longitudinal studies, which if
present, directly increases the probability of a disease occur-
ring, and if absent or removed, reduces the probability.’

Important biological and environmental risk factors include
salivary flow, quality of oral hygiene, some dietary aspects,
and fluoride exposure, all of which are the determinants of
the disease (see Chapter 5).

It is important to understand that different patients have
different risk factors. Dentists must identify which of the
potential risk factors play a particular role for the individual
patient. A well-adjusted risk factor profile implies that the
de- and remineralization processes in the dental biofilm are
balanced. However, if one or more risk factors are changed
in a negative direction the physiological balance in the
biofilm breaks down and caries development is likely to
happen [59]. Dentists, as well as patients, should be alert to
possible changes in risk status because, if such disturbances
are not corrected, caries control is elusive.

When identifying the risk factors it is important to use a
systematic approach, much like a detective; detectives look,
listen, ask questions, listen again, and collate the evidence.
It is good practice to list and rank the factors thought to be
responsible for the individual’s caries risk status (Table 17.1).
This defines what should be modified for that particular
individual. It may also define factors that cannot be modi-

fied; for example, a dry mouth consequent to demolition
of the salivary glands. Such a patient will always be a high
caries risk.

the most and who can benefit from them. This puts a firm
demand on the dentist, who must have the skills to single
out patients with the highest needs.

The aim of this chapter is to gather the evidence presented
in many of the previous chapters to give some practical
guidelines for caries control for individual patients of all
ages - from cradle to grave.

How are current caries activity and risk
of future caries progression assessed?

Effective management of caries requires information from
two sources:

1. A visual-tactile caries examination using lesion activity
assessment to give information about the current caries
activity status and prognosis of existing lesions.

2. A medical and dental history highlighting potential risk
factors for future caries development in an individual.

Patients should be made aware of their relative risk for
developing new lesions and for progression of existing
lesions. This knowledge may encourage them to become
involved in their own care, to keep appropriate recall
appointments, and, if they pay for their own care, help them
to budget for dental bills.

How should the visual-tactile activity
assessments be made?

The strongest evidence of caries activity is the presence of
active carious lesions (cavitated and/or noncavitated) at the
time of examination (see Chapter 11). This is because it has
been shown that, where there has been no intervention,
active noncavitated lesions run a higher risk of developing
into a cavity than inactive lesions and sound surfaces [41].
It should be noted how many active lesions are present and
where the lesions are located. Furthermore, it may be infor-
mative to consider the recent caries activity of the patient;
that is, the number of new, progressing, or filled lesions
observed over the past 2-3 years.

There is no consensus as to how to define a high caries
activity because this is a relative judgment depending on
the caries prevalence of the population. However, as a rule
of thumb, in most populations a yearly increment of two or
more active lesions, detected clinically and/or new lesions
detected radiographically, would indicate a high rate of
lesion progression. Multiple active lesions in regions of the
mouth with a high salivary flow (e.g., lower incisors) always
suggest a high activity status.

When estimating the activity status, due consideration
should be given to the stage of development of the denti-
tion. In children, occlusal surfaces of erupting permanent
molars constitute a particular risk site. Adolescents may be
more prone to caries development in approximal surfaces,

especially the distal surface of second premolars and the

Table 17.1 Checklist of biological and environmental caries risk factors.

Medical history
Current and past diseases
Current medications

Dental history
Current activity state of caries lesions
Past history of caries

Current oral hygiene practices and proficiency
Current exposure to topical fluorides from toothpastes, rinses, or tablets
Current dietary pattern
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Medical history
A proper way to start the detective work is to take a medical
history. The importance of this cannot be overemphasized.

Complaints of a dry mouth (xerostomia) and reduced
salivary output (salivary hypofunction) are common condi-
tions, particularly in older populations. Persistent salivary
hypofunction is likely to result in new and recurrent dental
caries (see Chapter 6), and it can be really difficult to pre-
vent this. Table 17.2 lists causes of dry mouth (see [53] for a
review).

Over 400 medications have a side effect of salivary gland
hypofunction, and 90% of the most commonly prescribed
medications have been reported to cause dry mouth [56].
The number of prescriptions increases as patients age, and
with increased numbers of medications comes an increase
in xerostomia and hyposalivation.

In addition, the systematic diseases for which these med-
ications are taken may themselves contribute to the
problem. These diseases tend to be more prevalent in older
persons, whose glands are more vulnerable to the delete-
rious effects of the medications compared with those of
younger people [18]. The problems are thus compounded
in the elderly, with estimates of the prevalence of xerosto-

mia in adult free-living and nursing-home populations
ranging from 16 to 72% [64].

Sjogren’s syndrome presents mainly in women during the
fourth and fifth decades. It manifests in either primary or
secondary forms. Primary Sjogren’s syndrome is character-
ized by dry mouth and eyes, resulting from progressive
loss of salivary and lacrimal function. Secondary Sjogren’s

syndrome involves one or both of these sites in the presence
of another connective tissue disease, such as rheumatoid
arthritis or lupus erythematous.

Patients with HIV/AIDS frequently experience salivary
hypofunction from a lymphocytic destruction of the glands
that results from medications.

Diabetes can also cause changes in salivary secretions, par-

ticularly where diabetes is poorly controlled. Salivary secre-

tion will also be inhibited in Alzheimer’s disease, Parkinson’s
disease, strokes, cystic fibrosis, and dehydration.

All opiates reduce salivary secretion, and their misuse is
associated with high levels of caries [49]. The management
of opiate addiction can give rise to further oral health prob-

lems when methadone is used. Methadone itself causes a
dry mouth and it can be prescribed in a sugary linctus form,
although sugar-free versions are available, which are cer-
tainly preferable from a dental perspective. In addition,
drug users may have a high level of sugar consumption [40]
and a chaotic lifestyle that is hardly conducive to good
oral hygiene or regular dental care. Alcoholics also fall
into this group.

Radiation therapy, used in the treatment of head and
neck cancers, causes permanent salivary gland hypofunc-

tion as a result of damage to, or loss of, salivary acinar cells
and a persistent complaint of dry mouth. It is claimed there
is only later recovery if the total dose to the salivary tissues
is less than 25 Gy [22].

Chemotherapy sometimes causes disturbances in sali-
vary gland function, but the long-term impact on oral
health is not clear. In the short term there may be decreased
flow rate and increased numbers of aciduric bacteria in
saliva. In addition, there is an increased risk of oral candidi-
asis. Oral mucositis is a frequent, severe, and sometimes a
dose-limiting complication of cancer chemotherapy and
radiotherapy [23].

In some of the cases of dry mouth described above, the
patient will be very aware of this unpleasant symptom.
Other patients may not complain, but dentists can often
detect a dry mouth during the course of a clinical examina-
tion because the mouth mirror tends to stick to the mucosal
surfaces or the saliva appears frothy. If a dry mouth is sus-

pected, the diagnosis should be verified by measuring the
resting and stimulated salivary flow rates (see Chapter 6).

An emerging problem in many populations is the
increasing demand for medication for attention deficit
hyperactivity disorder (ADHD), in children as well as in
adults. Common side effects of medication against ADHD
are a dry mouth (1-10%), a phenomenon that may not be
known to many dentists.

Sometimes the medical history reveals a ‘hidden’ sugar
exposure. Many medicines are produced in a sugar syrup
form andsome medicated pastilles are sugar based. Asthmatics
often use inhalers and many of these contain lactose in the
propellant, and asthma may itself result in a dry mouth.

Table 17.2 Causes of dry mouth.

Antidepressants
Antipsychotic drugs
Tranquilizers
Hypnotics
Antihistamines
Anticholinergics
Antihypertensives

Medications Diuretics
Anti-Parkinsonian drugs
Appetite suppressants
Antinauseants
Antiemetics
Muscle relaxants
Expectorants

Sjogren's syndrome
Rheumatoid arthritis
Diabetes
HIV/AIDS
Scleroderma
Sarcoidosis
Lupus
Parkinson's disease
Alzheimer's disease
Cystic fibrosis
Asthma

Strokes
Dehydration
Hormonal changes
Pregnancy
Post-menopause
Neurological disease
Pancreatic disturbances
Liver disturbances
Nutritional deficiencies
Anorexia nervosa
Malnutrition
Drug abuse
Smoking

Systematic diseases
or conditions

Head and neck
radiotherapy

Chemotherapy
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The dentist should always check the constituents of a drug to
identify potential side effects associated with caries.

Dental history
The patients dental history will reveal additional impor-

tant information. A history of multiple restorations that
have to be frequently replaced may be an important indica-
tion of a high caries risk. There is also a well-documented
association between a high past caries experience and the
risk of developing root caries [15, 65]. Sometimes the
dental history will reveal changes in oral health, such as no
dental problems for years and then a sudden deterioration
leading to multiple restorations. In a case like this it will be
important to identify the relevant change. The onset of a
dry mouth is a good example of a change that increases
the risk of dental caries [2] (see Chapter 6).

Much of the information about caries risk emerges from
asking the patient questions pertaining to the biological risk
factors and listening carefully to their answers. For instance,

it is always sensible to ask how often teeth are cleaned, what
brushes and interdental cleaning aids are used, which tooth-
paste is chosen. The dentist should check that the paste con-
tains fluoride by examining the contents listed on the tube.

In some countries (e.g., Denmark) almost all toothpastes
contain fluoride, while in others very little of the toothpaste
is fluoridated. In other countries (e.g., UK) most tooth-

pastes are fluoridated but some products are fluoride free.
The patient may also be asked whether they use any mouth-
rinses and it may be illuminating to ask why these mouth-

rinses are used. Sometimes it is because the patient perceives
that they ‘freshen’ the breath. Since inadequate plaque
control is a major cause of halitosis, this perception may
subsequently be turned to advantage.

Questions about diet are obligatory when the patient
presents with active carious lesions or a history of multiple
restorations that are frequently replaced. Often a few simple
questions will reveal an inappropriate dietary habit, such as
frequent sipping of sugared coffee or tea, sugary soft drinks,

pastilles, and snacks (Fig. 17.1). In other cases it may be
quite difficult to identify the nature of a caries-promoting
diet, and only when using the imagination to conceive the
patient’s lifestyle is it possible to ask the right questions. In
such cases, the simple question ‘Do you have a sweet tooth?’

may serve to unlock the conversation. In rare cases a verbal
enquiry does not suffice to reveal a suspected misuse of
sugary foods and it may be necessary to ask the patient to
fill in a diet sheet for further clarification.

© Nyvad

Figure 17.1 Rapidly progressing caries in 28-year-old male who had ignored
oral hygiene and who had been sipping sugared coffee regularly during the
day for 5 years. The patient visited the dentist because it was difficult for him
to get a new job! This is a "yellow" patient in whom all risk factors can be
modified in conjunction with the operative treatment.

with clinical parameters, to be sufficiently accurate for the
assessment of future caries risk at the individual level. More
recently, computer programs (e.g., Cariogram [4] ) and car-
ies risk assessment systems (e.g., CAMBRA [14] ) have been
developed to assist the dental practitioner in selecting indi-
viduals with a high caries risk and designing appropriate
preventive protocols. It is tempting to feed relevant patient
data into a computer and ask it to produce a preventive
strategy. However, this may create a false impression of
objectivity when in fact the program can be no better than
the data that were used to produce it. Indeed, such systems
have shown to have limited ability to predict [61]. The
current best strategy for identifying high-risk patients,

therefore, is to select individuals with active noncavitated
active lesions that can be prevented from becoming cavitated
by nonoperative interventions (see Chapters 11 and 13).

Such targeted approaches have shown a remarkable effect
by reducing the caries incidence over 4 years by 44% in a
low-caries population [19].

Identifying social and demographic risk factors

Although not directly involved in the caries process, social
factors can have an overriding influence on health and
disease and on what lifestyle changes patients can make.

How do dentists assess these important but sensitive issues?
When dentist and patient first meet they know very little
about each other, but a mutual summing up will begin.

The dental professional will notice such things as age,

cleanliness, demeanor, disability, nationality, speech, dress,

religion, educational status, employment status, and
whether the patient is alone or accompanied. Some of these
assessments are fraught with difficulty, and jumping to
conclusions can be very unwise. Poverty and educational
status can have enormous implications, and perhaps it is
a pity that patients are seen in the surgery rather than in
their homes.

Caries risk assessment systems
In some countries microbiological or salivary chair-side
tests are recommended as an aid to predict the risk of
caries. However, dental caries cannot be predicted with
certainty (Chapter 23). Neither microbiological nor salivary
or dietary tests have been shown alone, or in combination



The principles of caries control for the individual patient 307

How is the information used to categorize
patients into risk groups?

What can and what cannot be modified
by the patient?

For some patients the frequency of intake of a particular
drink or food may be of overriding importance to their
caries risk, and modification of this factor may be essential
to changing this risk. The role of the sweetened nursing
bottle or dummy in early childhood caries (ECC) [51] or
sipping sugared soft drinks/coffee are classical examples.
In other patients the quality of the oral hygiene may need to
be improved to change the risk status.

However, some factors that are highly relevant to a high
caries activity cannot be modified. Some medications are only
available in a sugar syrup base, although the dentist should
always investigate whether there is an alternative formulation
sweetened with an artificial sweetener. If an alternative seems
possible, the patients general medical practitioner should be
contacted. Other medications result in hyposalivation but
may be essential for the patients well-being. Again, reference
to a formulary will show whether a particular medication has
an inhibitory effect on salivary secretion.

A low salivary flow from glands damaged by radio-
therapy for a head and neck malignancy is another example
of a caries riskfactor that cannot be modified. Hyposalivation
as a result of Sjogren’s syndrome or other diseases is also
permanent. Acknowledgment by both patient and dentist
of factors that cannot be modified will be important so that

other risk factors, such as plaque level and diet, can be con-
trolled as far as possible.

Social and behavioral factors may be of overriding
importance and dictate what dentist and patient can
achieve. For instance, is the patient prepared to own the
problem’ and recognize his or her essential role in its solu-

tion? The answer to this question may lie in a patient’s
beliefs and educational background.

Sometimes the patient needs a carer to assist. Young children
are incapable of removing plaque and are not in control of their
own diet. Similarly, a physically and/or mentally debilitated
person is dependent on a carer for both plaque control and
provision of food and drink. Old age may be relevant. While
some old people are free living and independent, others are
living in residential care because they cannot look after them-

selves. These residents may be physically and/or mentally
impaired and many have a major caries problem [54].

Money, or lack of it, can indirectly affect dental caries.
Will the budget run to brushes, floss, artificial sweeteners,
mouthwashes, or even toothpaste? Can the patient spare the
time to attend the surgery? For some patients even treatment
that is free at the point of delivery is expensive if they lose
earnings to keep an appointment.

Categorizing caries-activity status
and caries-risk status

On the basis of the clinical caries examination and the medical
and dental history the patient may be allocated to one of the
following caries activity and caries risk categories (Fig. 17.2).

Active caries lesions
(cavitated or noncavitated)

No active caries
(cavitated or noncavitated)

I l 1
Risk factors may not be changed
Low salivary secretion
Poor compliance: OH/fluoride
toothpaste, dietary habits

Risk factors under control
Support self care

Risk factors may be changed
OH/fluonde toothpaste, dietary
habits, sugary medication

I
Corrective phase (nonoperative
and operative treatment)
2-6 wks

Corrective phase (nonoperative
and operative treatment)
2-6 wks 3I I

Re-evaluation
After 6-9 mo

Re-evaluation
After 3-6 mo

i
Oral health review
12-24 mo interval

Oral health review
12-24 mo interval

Oral health review
12-24 mo interval

©Nyvad

Figure 17.2 Guideline for categorizing patients into caries-activity/caries-risk status and for setting the recall interval for caries control. OH = oral hygiene.
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own mouths. This would pertain even if we had a dry
mouth and were therefore at high risk. It is only ethical to

give patients the information we have and try to ‘infect’

them with some of our own enthusiasm for dental care.

The arrows in the nonoperative quiver are:

• plaque control;
• use of fluoride;

• dietary modification.

The way in which each of these modalities is used will

depend on the circumstances of the individual patient.
Treatments with proven efficacy are highlighted here, but it

is important to understand that there is no single protocol
into which all patients can be fitted. In some patients, oral
hygiene improvement and use of fluoride toothpaste may
be the main target, while in others dietary changes and/or
professional fluoride treatments are in focus. The art of car-

ies control is exactly to deliver the nonoperative modalities
in the right balance. This may not always come forward at

the first appointment, but subsequent recall visits allow for
finer adjustments in accord with the patient’s ability and
wish for change.

Plaque control

Since carious lesions form as a result of the metabolic events

in the dental plaque (see Chapter 2), good plaque control
must be the cornerstone of preventive and nonoperative
treatment in all patients. Teeth should be brushed regularly,

at least once every day [66], with a fluoride-containing
toothpaste [36]. The brushing interferes with the growth
and ecology of the biofilm (see Chapter 7) and the fluoride
application retards lesion progression (see Chapter 14). The
time of day is not crucial, but it is advisable to establish a
routine for toothbrushing at specified times of the day. If
time is scarce, it is better to clean the teeth carefully once

a day than to perform a careless job several times a day.

The quality of cleaning, rather than the frequency, seems to

be of prime importance (see Chapter 15). In any case, the

patients involvement and cooperation are essential. The

patient should be shown the carious lesions, both clinically
and on the radiograph. The patient may need a small mirror

to see the diseased sites in the mouth. Disclosing solutions
will demonstrate to the patient the direct relationship of the
biofilm to the specific lesion.

The first step is always to decide whether the patient has
active caries lesions. If the answer is yes, the next step is to

decide whether risk factors can be changed:

Caries inactive/caries controlled (green). No active caries

lesions and no history of recent restorations. Risk factors
controlled.

Caries active but all relevant risk factors can potentially be
changed (yellow). Presence of active caries lesions. Caries
control may be achieved by modification of risk factors,
such as plaque, diet and/or use of fluoride.

Caries active but some risk factors cannot be changed (e.g.,

some dry mouths, some medications) or risk factors
cannot be identified (red). Presence of active caries lesions.
This patient category will always be at high risk of caries,

but it may be possible to control caries by professional
intervention with some risk factors.

The dentist may wish to color code this concept of
activity and risk status with green, yellow, and red stickers
inserted in the notes. This visual representation is poten-
tially helpful for all concerned. The aim is to help the patient
to change the risk factors; that is, to convert yellow or red to

green. However, some risk factors cannot easily be changed.

To give an example, a patient with a dry mouth is always a
caries risk (red). Nevertheless, caries activity can still be
controlled with strenuous nonoperative treatments.

It should be appreciated that balancing the risk factors is

a universal goal for everyone. All too often the symptoms of
caries are quickly eradicated by insertion of fillings without

correcting the risk factors. While this approach might well
eliminate the symptoms, it does not cure the disease!

However, patients cannot perform a proper caries con-
trol in a mouth with multiple open cavities. Therefore,

uncleansable cavities should be temporarily restored to arrest

caries progression (see Chapter 20) and to facilitate plaque
control prior to implementing nonoperative treatments.

What nonoperative treatments are available?

This section will now describe the various nonoperative
treatments relevant to caries control. Initially, a general
approach to all age groups will be given. Subsequently,

problems specific to children and patients with dry mouths
will be covered. In many of these patients the role of the
dental team is to advise, educate, and encourage behavioral
change in the individual. Not too many changes should be
attempted at one time. It is salutary to note here that the
evidence that it is indeed possible to change behavior is

lacking [26]. This, however, in no way absolves the dental

professional from trying to help a patient to prevent the

progression of carious lesions. We, as individual dentists,

do not expect carious lesions to form and progress in our

Toothbrushing
Oral hygiene instruction should be both general to the
whole mouth and site specific for a particular lesion. The

patient should be advised to clean the diseased site(s)

before cleaning the whole mouth, to ensure cleaning where
it is most needed. A chart of plaque deposits and active

lesions can be useful. The patient now has a picture of
problem areas.
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Having used a disclosing solution, the patient (or, in the
case of a small child, the parent) should be asked to brush.
The following are worth noting.

• Can the patient remove the plaque? Is the brush reaching
the salient area? Should it be angled differently? To give an
example, perhaps half closing the mouth will allow access
of the brush to the buccal surfaces of upper molar teeth.

• Would a different design of brush help? Perhaps the patients
brush is too big. Would an electric toothbrush help? Most
modern powered toothbrushes have a small, circular head
that performs oscillating, rotating, or counter-rotational
movements. Some models have timers that give useful
feedback to the user on the time they have spent brushing.
A review of evidence [21] concluded that powered tooth-

brushes with an oscillating/rotating movement were more
effective in removing plaque and reducing gingivitis than
manual brushes. It has also been reported that powered
toothbrushes may improve compliance.

• Is thorough brushing in the surgery causing gingival
bleeding? How does the patient react to this? Do they
think they have been rough or can they appreciate that
the gums are bleeding because they are inflamed? Can
the patient distinguish healthy from bleeding gums? Do
they appreciate that inflammation will resolve with good
plaque control?

• Encourage the patient to feel the teeth with their tongue.
Plaque-free teeth have a shiny feel, whereas plaque
deposits feel furry to the tongue. Does the patient like the
shiny feel of clean teeth? If they do, this may be a moti-
vating factor to brush, but if they do not, motivating the
patient to clean may be difficult.

It is surprising how difficult it is for most patients to
comply with recommendations. Therefore, do not try to
cover too much at one visit. Where a recall visit shows that
brushing has not improved, the operator must try to decide
where the problem lies. If the patient can remove plaque but
does not, the problem is motivation, not manual dexterity.
Most people can remove plaque, but many do not!

Children need help with toothbrushing, and this is of
particular importance as teeth erupt. Eruption of permanent
teeth can take 6-30 months (longer time for second molars
than for first molars), and during this time the occlusal
surface will be difficult to clean because it is below the
occlusal plane [13]. These erupting teeth should be brushed
individually by the parent, who should stand behind the
child bringing the brush in at right angles to the arch.

Elderly people who are physically and/or mentally dis-
abled may need a carers help to clean their mouths. This
matter must be handled with tact, as the person may not
wish to admit they need help and the carer may find the
task physically revolting. Mechanical toothbrushes may be
easier for carers to handle than conventional brushes.

Interdental cleaning
Where active approximal lesions are present, either in
enamel or on the root surface, an interdental cleaning aid
will be needed. In young patients, enamel lesions are best
cleaned with dental floss or tape, whereas interdental
brushes are preferred for cleaning larger interdental spaces
and root surfaces. The operator will need to spend time
showing a patient how to use these devices correctly. Many
patients find this difficult, time consuming, and tedious,
and they cannot easily see the results of their efforts.
Dentists can help in the following ways.

• They should give site-specific advice, by showing the
patient the lesion(s) on the radiograph and teaching them
where these sites are in the mouth. Ideally, every inter-
dental space should be cleaned, but if this is not practical
it may be more realistic to suggest cleaning the specific
interdental spaces where the lesions are.

• Careful examination of the dental floss or interdental
brush after use can show the patient that they have removed
plaque. This is a potential motivating factor. The patient
can see and smell that they have done something useful.

• Some patients may find it easier to use a special holder for
the dental floss, particularly if their manual dexterity is
poor. Alternatively, interdental brushes with a small
diameter may be helpful.

• Patients should be taught the relevance of any bleeding
during interdental cleaning. If this persists, either cleaning
is inadequate and gingival inflammation has not resolved,
or a cavity is present that the floss cannot reach.

Professional tooth cleaning
In caries-active patients who for some reason do not master
plaque control themselves, and/or in patients with severely
decreased salivary secretion (Table 17.2; see also Chapter 6),
it may be necessary to support the patient for a time with
additional plaque control in the form of professional tooth
cleaning. As described in Chapter 15, regular professional
tooth cleaning has been shown to reduce dental caries by
almost 100%. Dentists seem to forget that professional
tooth cleaning is a powerful means of caries control because
this treatment modality was originally developed for
management of periodontal diseases.The clinical procedure
is detailed in Table 17.3.

Use of fluoride
All patients should use fluoride toothpaste containing
between 1000 and 1500 ppm fluoride as a basic caries-
control method. For practical purposes, all individuals in
the family may share the same brand of paste. However,
children below the age of 7-8 years are recommended to
use a smaller amount (pea size) (see also Chapter 14). Adult
patients with risk factors that cannot be changed may
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Table 17.3 Clinical procedure of professional tooth cleaning.

1. Disclose plaque.
2 . Remove plaque with low-abrasive, fluoride-containing polishing paste (e.g., 0.1% NaF in silicon dioxide). A handpiece (rotating up to 5000 rpm) is used, with

pointed bristles for fissures and a soft rubber cup for free smooth surfaces. For proximal surfaces the paste is applied with a toothpick or an interdental brush,

depending on the local anatomical conditions.

3 . Disclose again and check that all plaque has been removed.

4. Apply topical fluoride (2% NaF) or fluoride varnish. Make sure that the fluoride application reaches the site(s) with active caries.
5. Control visits. The interval between appointments should be short at the beginning of the program (every 2-3 weeks) but may be extended when cooperation

is improved and the patient has reached a satisfactory level of plaque control.

allowed in over-the-counter toothpastes in the EEC), there
will be a reduction in caries of about 6-8% [36]. However, an

increase in the frequency of brushing from once to twice a

day reduces caries by 14%, and supervised brushing may
reduce caries by 11% compared with unsupervised brushing
[34, 46]. Therefore, the best advice for the caries-active

patient is not only to focus on the fluoride concentration of
the paste, but rather more on the frequency of brushing and
diligence of use of the paste and brush!

Fluoride mouthwashes may benefit adults with active

caries who are not able to clean their teeth adequately with
a fluoride toothpaste; for example, because of sensitive oral
mucosa. The mouthwash (0.05 or 0.1% NaF) should be
used for a full minute once or twice every day. Alternately,

a 0.2% NaF solution may be used weekly. Fluoride mouth-

washes are available over the counter in some countries,

whereas in others they would have to be prescribed individ-
ually. It should be appreciated that the caries inhibition of
fluoride mouthwashes can be as high (26%) as the daily use
of fluoride toothpastes [34].

Professional applications of high concentrations of
fluoride, in the form of a 2% aqueous NaF or fluoride var-
nish (Duraphat/Fluor Protector) should follow professional
plaque removal. These products should be applied on

slightly dried teeth for 2-5 min. Their principal mode of
action is to deposit calcium fluoride in active carious

lesions, and this is a source of fluoride that is slowly released
during subsequent pH drops in the biofilm (see Chapter 14).
The applications may be repeated every 2-3 months until
caries activity is controlled. A systematic review [37] con-
cluded that fluoride varnish reduced caries in the deciduous
dentition by 33% and in the permanent dentition by 46%

when compared with a placebo. The caries-inhibiting effect
of professionally applied fluoride gel is likely to be lower
(28%) [35]. Professional fluoride application is time con-

suming; therefore, these methods may not be cost-effective
unless used in individuals with a high caries activity.

In recent years a number of alternative fluoride-containing
products have been launched as an aid in caries prevention,

such as fluoride-containing chewing gum, fluoride-containing
dental materials, and fluoridated toothpicks and dental

floss. However, to the best of the authors’ knowledge,

none of these products has been tested in well-designed,

benefit from a high-fluoride toothpaste; for example,

5000 ppm fluoride.

In caries-active patients it is essential to intensify the
fluoride therapy until the situation is under control. This
could be achieved through intensive self-performed use of
fluoride toothpaste, fluoride-containing mouthwashes for
home use, professional (operator-applied) topical applica-

tions, or combinations of these methods (see Chapter 14).
The choice of fluoride vehicle is not crucial as long as it is

combined with improvement of the oral hygiene status
(Chapters 14 and 15). The important thing is that the

patient accepts the mode of treatment and complies with
the advice given.

Fluoride toothpaste has much to recommend it. It is cheap
and requires minimal patient cooperation and enhances
patients’ appreciation of their own role in maintaining oral
health. A systematic review [36] concluded its use to be
associated with a 24% reduction of caries in the permanent
dentition of children and adolescents. Most of the evidence
has been gathered in clinical trials lasting 2-3 years. Thus,

the benefits accrued through a lifetime experience may be
substantially greater. Elevated intraoral concentrations of
fluoride may be achieved by asking the patient to refrain
from rinsing the mouth vigorously with water after brush-

ing; however, the additional effect on caries control by
abstaining from rinsing after toothbrushing is dubious
(see Chapter 14). Therefore, the emphasis should be on
the extreme importance of dental cleanliness rather than
the mechanism of clearing excess paste from the mouth.

Fluoridated toothpastes may also be used therapeutically by
asking the patient to apply the paste directly onto the clean
active carious lesions with a finger or a brush, preferably
immediately before going to bed, where decreased salivary
secretion at night is an issue. This mode of application may
ensure increased concentrations of fluoride for extended

periods in the vicinity of the lesion.

In many countries there is a vigorous debate about the
optimal’ fluoride concentration of toothpastes to be used for
caries control, and it is often argued that higher concentra-
tions are better. It is true that there is a dose-response effect
of fluoride toothpaste; hence, for every increase of 500 ppm
fluoride in the toothpaste concentration above 1000 ppm
(1500 ppm being the maximum concentration of fluoride
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THURSDAY SATURDAY SUNDAYFRIDAY

Time Time Item TimeItem Time Item Item

BEFORE
BREAKFAST

Breakfast

MORNING

Midday
meal

AFTERNOON

Evening
meal

EVENING
and NIGHT

Figure 17.3 Diet analysis form.

large-scale clinical trials. Until proper documentation has
been presented, therefore, it would be unwise to resort to
these methods as the primary preventive strategy.

Dietary modification
No change in diet should be suggested for a caries-inactive
patient, but the dentist should still make the patient aware
of how a change in diet (e.g., frequent sugar attacks) may pose
a problem if the oral hygiene is poor (see Chapters 8 and 15).
Likewise, parents should be informed that nursing bottles
and dummies may cause rampant caries (ECC) if plaque
control is inadequate [51] . 'Sugar to mealtimes’ or ‘Saturday
snacks’ may be reasonable ways to proceed.

Changes in life may sometimes be accompanied by
changes in diet, and where these changes are extreme they
may have dental consequences. Thus, moving from home,
having a baby, unemployment, divorce, retirement, and
bereavement are times when a little advice on diet and
caries may not be amiss.

Dietary analysis should always be carried out on patients
with multiple active lesions. Sometimes a simple verbal
analysis will suffice to identify a problem, while in other
cases more elaborate analyses need to be performed.

There are two principal techniques for determining food
intake. One, the 24 h recall system, records the dietary intake
during the preceding 24 h. The other method is to obtain a
3-4-day written record, asking the patient to record food
and liquid intake as it is consumed. Both methods rely on
the patient’s full cooperation and honesty. Furthermore,

both forms of diet recording suffer from the disadvantage
that the record may not be representative of the diet

consumed over a much longer period, although it is this
that is likely to have been responsible for the current caries
and restoration status. Thus, a diet history is an unscientific
tool that must be interpreted with caution.

Recording the diet
Figure 17.3 shows a suitable form for diet analysis. When
this is given to the patient it should be explained that their
help is needed to find the cause of their dental decay. Since
this may be related to what they eat and drink, a record of
this is needed, together with the time of eating. The patient
should also be asked to include any medicine taken by
mouth. This would allow the dentist to check whether it is
sugar-syrup based or has a xerostomic effect. The patient
should keep the diet sheet with them and fill it in at the time
to avoid missing anything. Quantities of food consumed
are not specifically requested, but it is important not to
change anything just because a record is being kept.

Analysis of the dietary record
Once the patient returns the completed sheet, dentist and
patient can begin to look at it together. The dentist should
encourage the patient to identify the items that contain
sugar; this will show whether the patient appreciates which
items are potentially harmful. The effect of sugars on acid
production in the biofilm should be explained in simple
terms (see Chapters 7 and 8).

Then, the number of sugar attacks should be counted and
this number recorded at the top of each day. Now the den-

tist can explain the relevance of frequency in a simple way.
It would not be unreasonable to suggest that after a sugar
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residents. In addition, poor nutrition and weight loss
may be a consequence of illness and require frequent
snacks, food enrichment, and food supplements. These
supplements are often high in sugar.

attack the plaque may remain acidic for about 1 h; thus,

nine attacks would equal 9 h of acid plaque. This is a simple
explanation for someone with no knowledge of chemistry.

With some patients it may be appropriate to draw and
explain a Stephan curve (Chapter 8). The method of
delivering the message should be tailored to the educational
level and understanding of the patient. Imagine explaining
the problem to a biochemist or someone with no knowledge
of chemistry.

How is the individual helped to control
disease progression?

The categories of caries risk that were defined in the
‘Categorizing caries-activity status and caries-risk status’

section will now be considered individually (see Fig. 17.2).
Each group will comprise a wide variety of individuals with
different social backgrounds; thus, broad statements about
management must still be tailored to the individual.

Caries inactive/caries controlled (green): these patients
only need encouragement to sustain careful oral hygiene
with the use of fluoride toothpaste.

Caries active but all relevant risk factors can potentially be
changed (yellow): mechanical plaque control should be
improved, and consideration given to supplementing
fluoride toothpaste with chair-side fluoride applications
and/or mouthwashes. Where there are multiple active
lesions, the diet should also be investigated and advice
given as to how it may be improved.

Caries active but some risk factors cannot be changed (red):

these cases are the most challenging. There is no standard
preventive treatment that will meet the needs of all
patients. In each particular case the caries-controlling
treatment must be designed individually, with due regard
to the risk factors. All the caries control treatments -
plaque control, including professional tooth cleaning,

use of fluoride, dietary modification, and stimulation of
salivary flow - may have a role to play. Patients with a dry
mouth fall into this group and are discussed specifically
in the following pages.

Caries-active patients for whom the risk factors have not
or cannot be identified are frustrating because the dentist
feels that he/she has missed something. The detective
work should continue and the case be managed as in the
red group.

Dietary advice
On the basis of the diet sheet, dentist and patient may be
able to work out some realistic strategies for reducing the
frequency of intake of sugar-containing foods and drinks.
It is neither necessary nor possible to cut sugar completely
out of the diet, but to restrict intake mainly to mealtimes
may be a realistic and attainable goal.

The following suggestions may be useful.

• Try to confine sugar to main meals; eat and enjoy it.
• Substitute a savory snack for a sweet one. A list of sugar-

free drinks, snacks, and chewing gum is useful when
discussing this with the patient.

• Substitute an artificial sweetener for sugar in tea and
coffee.

• Water and milk are safe drinks between meals.

Age and diet
The attitude of the parents or carer is of great importance in

achieving dietary change in children. The professional must
be sensitive to possible feelings of guilt, anger, and even
denial when dietary problems that may be responsible
for caries are discussed. In addition, the influence of social
and cultural pressures may be considerable. In some cul-
tures it is not the mother who determines what the family
eats and drinks, although this may be the person the
professional meets.

Dietary preferences are likely to change with age. The
teenage years can be a time of rebellion, and hygiene and
dietary practices may change to the detriment of the
dentition.

The dentist can only work with the young person, who
may be fiercely resentful if a parent is involved. One of the
useful things about caries is that the white spot lesion is

visible. Physicians trying to persuade young people to give
up smoking may envy us this tangible sign of an ecological
catastrophe!

Elderly and old people often revert to a soft diet because
of a dry mouth or poor dental conditions. Studies have
shown that the elderly occupants of residential homes may
have multiple sugar attacks [57] and it is very difficult to

change this. Care staff are busy and often not dentally aware.
Visitors often bring sweets as presents, and eating these
may be one of the few pleasures left in life to care-home

When should the patient be recalled?

Setting the recall interval

Recalls should be scheduled according to individual needs
and be based on assessment of the current caries activity
and caries risk. Therefore, the recall interval may vary widely
between patients and during the course of a treatment.
Frequent automatic recalls (e.g., every 6 months) do not
necessarily lead to better outcomes. Ironically enough, it

has been shown that the more frequently the patient visits

the dentist the more fillings they accumulate [52]. These
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findings have been interpreted to indicate that while fre-

quent dental visits may help to postpone tooth loss and to
maintain dental function, they may not stop the onset of
further disease.

The following recommendations may be used as a
guideline for setting the recall interval (Fig. 17.2).

All caries-active patients should be recalled 2-3 weeks
after the first instruction to check how they master plaque
control and changes in lifestyle. If the dentist does not
make a special effort to follow up on these matters before
engaging in operative treatments, the patient may think
that nonoperative measures are not important. The
atmosphere at this first control visit should be very positive,

to encourage the patient to collaborate further. The patient
should be shown what is good and what could be improved
in the mouth, and helped with any modifications. Several
control visits may be necessary before the risk factors are
properly controlled.

Further recalls depend on the patients response to the
given nonoperative treatment (Fig. 17.2). A patient under-
going radiation may need to see the dentist every 2-3 weeks.
A caries-active patient with a dry mouth might be seen
every 2-3 months. A caries-active patient who has mas-

tered plaque control and dietary changes, and is using
fluoride toothpaste as prescribed, might be seen for a (first)
recall in 6 months. A caries-inactive patient would have a
longer recall interval of 1-2 years.

In younger patients, the eruption status, particularly of
the first and second molars, should influence recall. The
occlusal surfaces of erupting molars are prone to plaque
stagnation [6] and it is probably wise to see such patients
two to three times a year to check that plaque control is
being maintained, in particular when there are signs of
active caries (see Chapter 13). If proper plaque control
cannot be achieved and active noncavitated caries lesions
are present in the fissures, a sealant should be applied [71]
(see Chapter 19).

Examining the mouth at recall
Clinical examination to determine current caries lesion
activity and caries risk status is very important. This exam-
ination should concentrate on the presence of plaque and
gingival health that reflects plaque control. The whole
dentition, as well as previously detected lesions, should be
carefully examined for signs of caries arrest or progression.
The patient should be both told and shown what has
improved and what needs further improvement.

The decision to take new radiographs should be based
on current caries activity as well as the depth of previ-
ously detected lesions (see Chapters 11 and 12). In car-

ies-active patients where outer dentin lesions have been
managed successfully with nonoperative treatments, new
bitewing radiographs are not required until after at least
a year, whereas in caries-inactive patients the interval

between bitewing examinations may be several years. In
any case, it is essential to obtain comparable radiographic
views if lesions are to be monitored for progression or
arrest.

Assessment of compliance at recall
Patient compliance seems to improve for a short period and
then tends to relapse. In a review of methods of oral hygiene
instruction and problems of compliance, it was concluded
that relapse occurs irrespective of the method of oral
hygiene instruction [48]. This review cites several reasons
why patients may fail to comply in the long term: unwill-
ingness to perform oral self-care, poor understanding of
recommendations, lack of motivation, poor dental health
beliefs, unfavorable dental health values, stressful life events,
and low socioeconomic status.

However, an important factor in obtaining long-term
results through oral hygiene instruction is regular recall
visits [48]. At these visits, compliance with advice on
plaque control, diet, fluoride use, and saliva stimulation
should be assessed by discussion. It is only human nature
for the patient to try to please with these answers.
Disclosing, recording of plaque, and a follow-up diet sheet
are a little more objective than simple discussion. In some
cases it may be necessary to explain to the patient what
the dentist sees as the consequences of poor compliance.
The dentist must be honest and the conversation should
be recorded in the notes.

Recording changes in oral health behavior
and caries lesion activity at recall
Since knowledge of a patients habits is so critical to
management, a record of habits should be kept. This should
include toothbrushing habits, use of interdental cleaning,
use of topical fluorides, and diet. A note should also be kept
of any changes agreed with the patient or parent.

To maintain an overview of the nonoperative treatments
given and monitor their effects on caries lesion activity it is
necessary to record such variables in a sheet specifically
designed for this purpose (see example in Fig. 17.4). This
may be particularly useful when treatment of the patient is
shared between different persons in the dental team. By
doing so it will not only be easier to identify the specific
points where additional focus is needed, but also to point
out where the patient has already been successful in
controlling lesion progression.

Resetting the recall interval
Based on the above, the interval to the next recall can be set.
Where the reasons for the caries activity cannot be modi-
fied, or caries is active but the cause has not been established,
recalls will be frequent. Conversely, if the clinical status is
improving, the interval may be increased.



314 Controlling dental caries

Patient: 12-year-old patient

2012 2012 20122012
DATE

Febr 2 Febr 16 Mar 19 May 7

Instruction in
biofilm removal ++ + +

CD
>
CD

Dietary advice + +c
CD

03
Q_

Topical fluoride 2% NaF2% NaF

Lesion activity
assessment*

Tooth Surface

occl o/+•/+2 •/+ •/-

occl15 o/-•/+ •/- #/+

occl #/+ o/+18 o/-o/-
CD
>
CD occl •/+ •/+ o/-31 •/-

-C
O •/-•/+ •/+ •/+o dist29

dist •/+ •/-20 o/- o/-

* Surfaces with active caries are assessed for lesion activity and presence of biofilm at baseline and follow-up
using the following symbols: • active /O inactive noncavitated caries, active/D inactive cavitated caries,
Presence /absence of visible biofilm on probe: +/-r

Figure 17.4 Recording sheet used to monitor caries lesion activity and maintain an overview of the nonoperative treatments given.

The following may be relevant:

• Parents knowledge on the causes of caries, importance of
diet, and their child’s eating habits.

• Do parents supervise and help with toothbrushing?
• Is there a family crisis needing complex support from

dental or other professionals?

• Is poor oral health status a symptom of abuse or neglect
needing intervention by social welfare workers or others?
Untreated caries is more common among physically
abused/neglected children [42].

In contrast to the child, the growing adolescent comes
to make their own choices and take responsibility. Early
intervention to reinforce self-care for caries control is

important because oral health behavior in young adults is
often established in teenage years [1].

A habit of toothbrushing twice daily at the age of 12 years
may predict more stable oral hygiene practices through the

Caries control in children and adolescents

What is special about caries control in
children and adolescents?

The cornerstones in caries control (plaque control, use of
fluoride, proper diet) are the same for all ages, but up to
the age of about 12 years it is the parents (or those who
bring the child up) who play the most important role.
When caries control strategies are planned for children it
should be remembered that caries in the child is the result
of decisions taken by adults. There is a relationship bet-
ween the parents’ behavior and beliefs and the child’s
dental health at 7 years of age [38]. Indeed, parents’ poor
dental behavior could be considered a risk indicator for
caries development in their children. Thus, a logical
starting point in the discussion with parents of children
with overt caries lesions might be their own dental health
behaviors and attitudes.
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adolescent years compared with those who brush less [31].
A low toothbrushing frequency in teenagers may predict
developing socioeconomic health differences in adulthood
[28]. Dietary habits are also often established mid-teens
[58]. This points to the importance of implementing
training in tooth cleaning and having a conversation with
the adolescent during the recall visits that includes aspects
of dietary habits.

When to start caries control in children
Efforts to educate and encourage parents can start from
pregnancy - it is never too early to point out they will be
responsible for their infants oral care [45]. It is common
that caregivers and their children first come into contact
with dental professionals when the children are about
3 years old, but this may be too late. Home visits have been
shown to be highly cost-effective in caries prevention in
very young children in socially deprived areas [29, 30].
Trained personnel visited infants from 8 months of age, and
their families, at 3-month intervals. They provided dental
health education and short video demonstrations directed
towards both the child’s and the mothers needs.

Risk factors for caries in young children have been
reviewed by Harris et al. [20]. Oral hygiene and diet may
interact such that good oral hygiene may balance the effect
of a cariogenic diet (see Chapter 15). The role of oral hygiene
was further emphasized by an epidemiological study of car-
ies in children aged 3-4 years. Children were more likely to
be caries free if teeth were brushed, twice per day, by an adult
before the child was 1 year old. Indeed, the parents’ per-
ceived ability to implement regular toothbrushing was the
most important predictor of whether children had caries,
and this factor was also relevant in children from disadvan-
taged backgrounds [44]. Brushing of young children’s teeth
by an adult is a must. It is simply not negotiable!

Figure 17.5 Caries has ruined the upper incisors in a 20-month-old child who
sipped a bottle of sugar-containing liquid during the night. Note the whitish
and chalky border of enamel that indicates very high caries activity.

ECC shares the same microbiological characteristics as
other forms of caries [59]. When the condition appears pri-
marily on the smooth surfaces of the upper anterior teeth
this is probably due to insufficient or neglected oral hygiene
in an area of the mouth with reduced salivary clearance
[16], combined with regular exposure to sugared liquids.

Some studies have reported that breastfeeding for more
than a year beyond the stage of tooth eruption is conducive
to ECC [67]. Although prolonged breastfeeding might
theoretically promote the development of ECC because of a
relatively high lactose concentration in breast milk (ca. 6%)
[17], it is more likely that feeding patterns (frequency and
duration) play a role. To ascertain the role of breastfeeding
in ECC is difficult because other factors, such as intake of
other sugary foods, could bias the results. In a carefully con-
ducted study in Southeast Asia it was shown that, in addition
to supplementary sugary foods and pre-chewed rice, noc-

turnal breastfeeding (baby sleeping with the mother) after
the age of 12 months posed a risk of developing ECC [68].
Infants without those habits who were breastfed up to
12 months did not experience ECC. Therefore, water
should be the only drink offered to the child during sleep.

The prevalence of ECC differs according to the
population examined, and a prevalence up to 85% has
been reported for disadvantaged groups in developing
countries [5, 62]. In the western world, a strong association
was found between socioeconomic status, ethnicity, and
prevalence of ECC [20, 55].

Early childhood caries (ECC)
Caries in preschool children up to the age of 6 years is com-
monly referred to as ECC [10]. It has been proposed that
very young children at the age of 12-36 months may have
an atypical’ caries pattern that differs from that of older
children by primarily affecting the smooth surfaces of the
maxillary primary incisors and first primary molars. This
pattern, which may also be found in a more extensive and
severe form involving tooth fractures and pulp involve-

ment, was recently reclassified as severe early childhood
caries (S-ECC) (Fig. 17.5) [7, 10]. Previous classifications of
this condition included terms such as rampant caries,’

nursing bottle caries,’ nursing caries,’ and ‘baby bottle tooth
decay.’ In many ways the old terms seem more sensible than
the new terminology because S-ECC is typically associated
with caries-promoting behaviors such as frequent bottle
feeding on demand ( ad libitum ) or drinks in baby bottles
during sleep. Indeed, there is nothing special about S-ECC.

Achieving behavior change
It has been stated that behavior change is more likely when
we ‘hear’ ourselves talk about the need to change rather
than being told to change [69]. Behavior change is rarely a
discrete, single event: the patient or parent moves gradually
from being disinterested (precontemplation stage) to con-

sidering a change (contemplation stage) to deciding and
preparing to make a change [74].
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since then the reduction in caries among 15-year-olds was
greater in Nexo than in other municipalities serving as
controls. Ekstrand and Christiansen [12] could not explain
this improvement by variables other than the specific
preventive program in Nexo.

So how should we talk with patients or parents? The
motivational interviewing (MI) technique is one way of
communicating that allows the exploration of an actual
problem or topic in a supportive environment [47, 69]. The
technique is not based on confrontation or ‘finger pointing,’

but on the health professional asking open-ended ques-
tions. A condition of success is that the patient/parent talks
while the professional listens. Key words in the interaction
are rapport, empathy, and trust. This rapport is often
established as the health professional shows a genuine
interest in the child and the family.

In a recent study [70], MI was compared with traditional
health education and found to have a greater effect on

childrens dental health than traditional health education.
Children aged 6-16 months were followed for 1 year. The
participants were all at high risk of developing caries (immi-
grants). The caries increment in the MI group was reduced
by 68% compared with the control group (0.7 versus 1.9
new carious lesions). In that study the parents could choose
among a menu of various caries preventive options.

Orthodontic treatment
Children undergoing orthodontic treatment with fixed or
removable appliances have an additional risk for caries

development (Fig. 17.6a and b), especially where there is
frequent consumption of sugar-containing soft drinks. The
daily toothbrushing with fluoride-containing toothpaste,

eventually combined with use of a fluoride mouthrinse, is
also the basic caries controlling measure in this group.
Individual preventive programs should be tailored for each
patient. Patients with active caries are at special risk, and
consideration should be given to use of professional tooth
cleaning with fluoride applications during visits [73]. It is
also reasonable to suggest that orthodontic treatment is
unwise in those where current caries status designates them
as high risk.

Effective caries control in children
Brushing, by parents, using a small quantity of fluoride-
containing toothpaste is essential and should start as soon
as teeth erupt. Pine et al. [43] showed the benefit of twice-
daily brushing in newly erupted first molar teeth compared
with brushing once daily or less. This study also showed
the importance of parental beliefs. If parents feel strongly
that there is time to check their child’s toothbrushing, the
odds that their child actually brushes twice daily are about
three times greater. Therefore, it is important to support the
parents and convince them that their efforts make sense for
the child’s dental health and that they really contribute.

Eruption of the first and second molars constitutes a
particular caries risk because of the difficulty of maintain-
ing sufficient plaque control [72]. When the first permanent
molar erupts at 5-7 years of age it is important to inform
the parents about the new challenge of keeping the tooth
healthy. In the municipality of Nexo, Denmark, a program
has been developed and evaluated that emphasizes
mechanical plaque control focusing particularly on erupt-

ing molars [12]. Although the study was not a randomized
controlled trial, the results indicate that a dedicated program
focusing on plaque control, from 8 months of age, prevents
caries. The program is tailored toward the needs of each
child and can be divided into three components:

• education of the parents;

• training in plaque control;
• early nonoperative intervention by the dental professional,

including plaque removal, application of topical fluoride,

and use of sealants

The number of visits was individualized according to the
needs of each child. The program was started in 1987 and

Figure 17.6 (a) Active caries with and without cavity formation caused by
frequent snacking and poor oral hygiene in combination with fixed orthodontic
treatment, (b). Excessive plaque formation seen at a previous visit before the
appliance was removed. Courtesy of Ivar Espelid.
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Patients with a dry mouth

The numerous causes of dry mouth were detailed in the
‘Medical history’ section. These patients are a particularly
challenging group because their situation is often
permanent. Thus, preventive measures may have to be
intensified and continued throughout life [24], and despite
these efforts it is not always possible to fully control disease
progression. However, some patients with moderately
decreased salivary secretion (unstimulated flow between
0.2 and 0.3 mL/min; Chapter 6) can possibly be managed by
a combination of improved self-performed plaque control
with fluoride toothpaste and limiting sugar intakes.

Patients with dry mouth may find some toothpastes
too astringent to be comfortable to use. A mild paste
should be selected, preferably one without sodium lauryl
sulfate. Where caries is active and difficult to control, a
high-fluoride paste should be recommended (e.g., 2800-
5000 ppm fluoride) and in some countries this must be
prescribed by a dentist. The patient should be warned that
this paste is not be used by small children for toxicological
reasons.

Radiotherapy
Patients exposed to radiotherapy of the salivary glands
inevitably develop ravaging dental caries (Fig. 17.7a and b)
unless stringent action is taken to protect the teeth
(Fig. 17.8). Salivary flow decreases rapidly with irradiation,

and whether salivary flow returns has been related to the
irradiation dose. Glands receiving over 26 Gy had little
subsequent function and no significant recovery over time

[11]. Thus, caries preventive approaches must be instituted
as soon as radiotherapy is begun. Since there is a dose-
response relationship between the amount of radiation
delivered to the oral tissues and the damage that eventually
occurs, it is sensible for the dentist to request information
about the total dose of irradiation that is planned for the
patient. This information will allow the dentist to set the
intensity of tooth cleanings, topical fluoride treatments, fre-

quency of recall visits, and so on.

Figure 17.7 (a) The patient has been irradiated in the region of the salivary
glands for the treatment of a malignant tumor. Heavy plaque deposits are
obvious over the lesions [27]. Reproduced with permission of Oxford University
Press, (b) A typical pattern of caries attack on occlusal surfaces in a patient
with a dry mouth, in this case caused by radiotherapy in the region of the sal-
ivary glands. The cusp tips and incisal edges are attacked because the dentin is
often exposed by tooth wear in these areas. Plaque may stagnate in the con-

cave areas [27]. Reproduced with permission of Oxford University Press.

Plaque control and fluoride

An effective approach in patients exposed to radiotherapy
consists of daily, self-applied 5 min topical applications
with a 1% NaF gel in individually fitted trays [9]. In addition,

patients should be instructed to remove all dye-disclosed
dental plaque, by toothbrushing and using dental floss/
interdental brushes, every day.

The main problem with the above treatment is compli-
ance. Failure to comply strictly with the prescribed use of
the fluoride gel invariably leads to rapid caries development.
Therefore, easier to perform preventive approaches have
been developed and tested. Such treatments may include
twice-daily mouthrinses with either fluoride (0.05% NaF)

© Nyvad

Figure 17.8 Cancer patient who has mastered caries control subsequent to
resection of the left mandible and radiation therapy of the head and neck. The
patient received regular professional tooth cleaning and topical fluoride therapy in
conjunction with meticulous self-performed oral hygiene. This is a "red" patient
because some risk factors cannot be changed.

[39] or a combination of fluoride (0.05% NaF) and chlorhex-

idine-gluconate (0.2%) [25]. The combined rinse could
potentially be more effective than rinsing with fluoride
solution alone because of simultaneous suppression of the
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Saliva substitutes
In the past, individuals with dry mouths have had to rely on
frequent moistening with water. Several saliva substitutes
are now available to make the patient feel more comfortable
and to supply calcium, phosphate, and fluoride ions to
counteract demineralization. Saliva substitutes have been
produced in the form of sprays, lozenges, or mouthwashes.

aciduric oral microflora (see also Chapter 7). However,
irrespective of the type of self-performed treatment, it is
important to make the patient aware that meticulous daily
plaque control is crucial to the outcome. If plaque control
is insufficient the patient should also receive regular
professional tooth cleaning, including topical application of
fluoride, as detailed earlier in this chapter.

Dietary advice for patients with dry mouth
Diet analyses and advice are always important for patients
with dry mouths because these patients are very likely to
change their diet. Some foods are simply so dry that they are
unusable by this group. Moreover, the diet sheet will often
show that the patient takes frequent sips or drinks to lubri-
cate the mouth. Plain water or milk should be used for this.

Sprays or mouthwashes to give viscosity
In Europe there are currently about 10 commercially
available preparations, such as Luborant, Saliva Orthana,
Glandosane, Saliveze, Xerostom, Salisynt, and Proxident.
They all try to mimic the inorganic composition of saliva by
containing calcium, phosphate, magnesium, and potassium.
To provide viscosity, either carboxymethyl cellulose or pig
gastric mucosa-derived mucins are added to the product.

Conservative measures to relieve the symptoms

The following measures are helpful to relieve the discom-
fort that accompanies a severely dry mouth:

• sipping water frequently all day long;

• restricting the intake of substances that exacerbate
dryness, such as cigarettes, caffeine-containing drinks,
and alcohol;

• avoiding astringent products, such as alcohol-containing
or strong mint-flavored mouthwashes, strongly flavored
toothpastes;

• coating the lips with lip salve or Vaseline;

• humidifying the sleeping area.

Salivary stimulants
Salivary stimulants will only be helpful when there is some
glandular activity conserved [8]. The following agents have
been used:

• Chewing a sugar-free gum. Chewing can promote salivary
flow; however, the caries-preventive effect of chewing
sugar-free gum is relatively low and variable [32, 33].

• Saliva-stimulating tablets (e.g., SST Sinclair, Salivin,

Dentiplus). When sucked these increase the secretion of
saliva through physiological stimulation of the taste buds.
The tablets contain sorbitol, xylitol, citric acid, citric acid
salts, malic acid, and a phosphate buffer so that they do
not damage teeth.

• Proprietary lozenges (e.g., Salivix, Provalis) containing
malic acid, gum arabic, calcium lactate, sodium phos-
phate, lycasin and sorbitol. The manufacturers claim the
lozenge stimulates salivary flow and does not deminer-
alize enamel, despite a pH of 4.0, because of the calcium
lactate buffer present.

• The systemic use of pilocarpine hydrochloride has proved
successful in stimulating saliva. The drug works by repro-

ducing the effects of widespread stimulation of the
parasympathetic nervous system and can have unpleasant
side effects.

Products containing antimicrobial proteins
Dentifrices, mouthrinses, and gels are on the market in
several countries containing antimicrobial proteins such as
peroxidase, lysozyme, and lactoferrins. The objective is to
compensate for the lack of host-mediated protection derived
from these proteins in those with normal salivary flow.
Examples are the Biotene (Anglian) and BioXtra (Molar)
product ranges. Clinical documentation of their efficacy is
rather limited. Proteins for some products (toothpastes,
mouthrinses, gels, chewing gums) are purified from cows
milk or colostrum because these milk proteins are structur-
ally and catalytically almost identical to those in human
saliva. Clinical experience of these products for severe
xerostomia and cancer treatment has been positive [60].

Viscous or ropy saliva
When saliva is present but is ropy, rinsing or gargling with a
mouthwash made up by mixing half a teaspoonful of baking
power with 1 L of warm water will break up the mucus in
the mouth and throat. This can help patients with mild
mucositis due to radiotherapy.

Unfortunately, there has been no controlled study to date
comparing the acceptability and effectiveness of the various
saliva substitutes, so no particular one can be recommended.

Indeed, none of these agents is ideal, and some patients
still resort to filling a spray bottle with water to be used at
frequent intervals.

Failure
A few words on failure seem appropriate. Failure to obtain
proper caries control may originate in a variety of factors,

including dentists’ knowledge and skills in performing non-
operative interventions as well as patients’ motivation and
diligence in complying with the recommended procedures.
For obvious reasons dentists in some countries do not find
nonoperative caries treatments attractive to perform because
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there is no fee policy (whether state funded, insurance
funded, or private) that rewards such treatments. As regards
the patients, it is the authors’ subjective opinion that failure
is usually the result of sociological rather than biological
factors. In a review of the behavioral aspects of dental plaque
control measures, Schou [50] states that socioeconomy and
social class are strongly related to good oral hygiene behavior
and a number of other health-related behaviors. People
living in poor circumstances are more likely to have poor
health behaviors (e.g., smoking, eating little fresh food, high
intake of sweets), including poor oral hygiene. The dentist
must remember that people have many problems that the
dentist cannot solve. The nonoperative approach described
in this chapter demands patient compliance. This is not
always forthcoming, but, in the final analysis, the teeth
belong to the patient!
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Introduction of oral health-related concerns about hygiene, general
health, and comfort [53]. The inner core contains the three
domains of oral health and disease - comfort, hygiene, and
general health - identified by the older participants in the
interviews as particularly relevant to their daily concerns.
Comfort encompasses appearance, eating, pain, and the
dentition, all of which can be disturbed by caries. Hygiene
has both a social (e.g., smell, appearance) and a personal
(e.g., feeling clean) perspective, while general health is
entwined with and complementary to oral health. Both oral
hygiene and general health have strong associations with
caries [62, 73, 109].

Beyond the central core of the model are the possible
consequences of oral diseases, such as caries. The middle
functional layer contains the potential for structural impair-

ment (e.g., tooth loss; broken or defaced teeth) to restrict or

Late elder caries, like early childhood caries, is difficult to
manage and the consequences are severe. It is particularly
difficult and severe in people who are frail and dependent
on others for care. This chapter will focus on the
management of caries in people who are old, frail, and
dependent on others for many of their usual daily
activities.

A conceptual model of oral health

The model of oral health in Fig. 18.1 considers health and
health-related functioning from the perspective of the body,
the individual, and the society. It illustrates the experiences
of elderly people [57], and was formed around a framework
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Figure 18.1 A model of oral health [55, 57], Reproduced with permission of Elsevier.

although imprecisely, from the size of the populations in the
>85 years age group [104]. Currently, for instance, almost 5%
of the Italian population are older than 85 years, with Japan
at 3.9% and most western countries around 2% of their pop-
ulations in this elderly stage of life (Fig. 18.2).

Most people who are frail live at home until they become
severely dependent and in need of constant care and attention
beyond the capacity of their families. In countries with
more agricultural than industrial communities the needs of
dependent people are provided by their families at home
rather than by state-run facilities. However, as industrializa-
tion and urbanization expand, families are unable to provide
this intensive daily care, and frail people are moved more
frequently to long-term care facilities [90]. In summary,

social policies, socioeconomic status, family dynamics, and
cultural preferences play significant roles in determining how
societies care for frail people [1, 48], and consequently there
are large variations across cultures (Fig. 18.3).

The proportion of the older population with major dis-
abilities has declined in some countries over the last few
decades [107]. In the USA, for example, disability among
older people declined substantially over the last quarter
century owing to improved education and nutrition
along with a decrease in the use of tobacco [61], and similar
findings have been reported from Denmark, Finland, Italy,

limit activities because of discomfort, pain, infection, or
embarrassment. The outer environmental layer consists of
interacting personal (e.g., age, sex, habits, lifestyle) and
social (e.g., income, social supports, living arrangements)
factors in which people live, along with their ability to adapt
and cope, which is the essence of successful aging [83].
Finally, the arrows around and between the layers of the
model indicate the dynamic and fluctuating relationships
within and between the layers. Caries in frail elder people
influences and is influenced by all of the biological,
behavioral, and environmental determinants of health.

Frailty
Frailty is a physical and cognitive state that limits many activ-

ities of daily life, including oral hygiene [35, 55]. It is difficult
to define precisely. One group of researchers associated
frailty with three or more of the following physical condi-
tions: shrinking or sarcopenia; weakness, slowness, low
energy or endurance; and low activity level [13]. Another
group [82] added a cognitive component to their definition,

and in a community-based study of people aged over 65 years
found that about one-third overall and about two-thirds of
the 85-year-olds and older group were frail. Yet, the preva-

lence of frailty around the globe is elusive but can be gleaned,
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Country Number %

Italy 2,821 4 7
%NumberCountry

4,616 3.7Japan
Australia 430 1.5

Belgium 286 2 8
Israel 109 1.4

Germany 2,125 2.5
Singapore 51 09

Canada 872 24
South Korea 174 0.9

UK 1,525 2.4

China 7,960 06Finland 125 2.3

Brazil 979 0.5Switzerland 189 23

South Africa 165 04Denmark 119 2.1

Turkey 267 0.4Netherlands 339 2 0

India 2,706 0 2USA 6,102 2.0

Saudi Arabia 41 0 1New Zealand 83 1 9

Figure 18.2 Numbers (x1000) of people >85 years by percentage of the total population in 2013 [104]. Reproduced with permission of the US Census Bureau.

activities as frailty increases in old age. Frailty can be eased
and even reversed by social supports, financial resources,
good health care, and other assets, or it can be exacerbated by
deficits, such as physical impairments, poverty, or personal
neglect [82]. There is some prospective evidence that den-

tistry can help to delay physical and cognitive decline by
controlling disorders of the mouth, including caries, and
maintaining or restoring dentitions to promote healthy diets,
self-esteem, and overall quality of life [4, 47].

8.7Sweden

] 6.8Canada

6.5France

6Japan

5.7USA

UK

Ireland
Physical characteristics of caries in
elderly mouths
Caries on elderly teeth progresses much like it does on
younger teeth, but rarely does it appear on clean teeth.
However, frequently the lesions and fillings accumulated
over the years leave patients with dental surfaces that are
deeply scarred, structurally damaged, and a haven for
plaque and bacteria that can lead to rampant caries and
destruction of the entire dentition within an alarmingly
short period of time (Fig. 18.4). Pigmentation of carious
lesions ranges from light yellow through orange to black
(see clinical pictures in Chapter 3), but it is usually the soft
feel of the lesion that distinguishes it from an arrested or
erosive lesion [72]. However, lesions are frequently a mix of
active and arrested demineralization in which the potency
of destructive activity is judged by the softness of the surface
rather than by the color of the lesion.

Italy

Spain

Figure 18.3 Percentage of people over 65 years of age in institutional care
by country [48]. Reproduced with permission of the US Census Bureau.

and Netherlands [49]. However, despite this optimism,
Germany places almost one-third of its frail population in
nursing homes, and the number of nursing-home residents
has increased there by 23% since 1999, and by nearly 5%
between 2005 and 2007 [52]. Estimates from England indi-
cate that from 2010 to 2030 there will be at least 100% more
people over 85 years, 80% more people over 65 years with
moderate to severe dementia, and a 90% increase in need of
social care either at home or in a long-term care facility
[42]. Yet, most people prefer to remain at home for as long
as possible no matter how disabled and dependent they
become, which increases the difficulty of identifying those
who need special care [1].

Health problems, such as cardiovascular problems,
Parkinsons disease, multiple sclerosis, and dementia, can pre-
cipitate frailty, but it is arthritic, sleeping, memory, eyesight,
and hearing difficulties that typically complicate most daily

Incidence of caries in frail adults
Caries with frailty is a potentially very destructive and
mutilating disease. Exposure of cementum and dentin with
advancing age and their greater solubility compared with
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Recognizing the risk of caries

Biological explanations dominate the risk of caries in elderly
people. A Swedish study of participants receiving supportive
care at home, for example, revealed that an elevated risk of
caries was associated significantly with ‘low saliva secretion,

high plaque scores and a large number of fillings’ [100].
However, caries and associated risks extend beyond
biological explanations to involve also environmental and
psychosocial cues and signs [3], although these characteris-
tics have received little attention, possibly because of the
large number of participants with specific characteristics
required to test each variable in a multivariate model. We
know very little, for instance, about the influence on caries

of family composition, religion, or advertising commercials
on diets; or of how dentists with different scientific and
humanistic backgrounds use caries-related scripts; or of the
relative benefits of different health-care systems [26].

We will now discuss specific factors that influence the
risk of caries in older people who are frail.

Figure 18.4 Rampant caries in a man consuming multiple anticholinergic
medications and frequent sugar.

enamel leave the roots of teeth especially vulnerable to car-
ies in old age, but otherwise the disease process is probably
the same on coronal and radicular surfaces [25]. It is diffi-
cult to measure the prevalence of active caries in old teeth
because of the confusing mix of criteria used to distinguish
between active, recurrent, and inactive lesions.
Consequently, the prevalence of caries in elderly popula-

tions is probably biased substantially by the scars of previous
caries that are easily misdiagnosed as active lesions.
Nonetheless, caries is ubiquitous in elderly mouths because
of the increasing numbers of dental surfaces at risk to

demineralization with advancing age [25].

A 10-year longitudinal study of 102 people aged over
65 years in Gothenburg, Sweden, found that only five of
them were caries free during the decade, and the extent of
caries was dramatically higher on root surfaces and among
the oldest (>85 years) group [30]. In contrast, a 2-year
longitudinal study of 50 disabled residents of a long-term

care facility in Vancouver, who at baseline had on average
14 teeth each, revealed that only three participants devel-
oped more than two new carious lesions during the study
period [56]. There was a net incidence of 0.9 lesions per
person in year 1 and 3.4 lesions in year 2. However, these
mean numbers can mislead because one participant alone
developed 7 lesions in year 1 and 13 in year 2, whilst another
developed 19 lesions in year 1. When the analysis excluded
the two outlying residents, the net incidence over the 2 years
in the 48 other residents was 1.8 lesions per person.

Apparently, rampant caries in elderly people, as in children,

is restricted to those who are particularly vulnerable. A
year-long investigation comparing elderly demented partic-

ipants with others who were cognitively healthy found
carious lesions - and notably large numbers of coronal
lesions - in half of the group with dementia and in one-
quarter of the others [15]. The investigation suggested that
high increments of caries were associated with the severity
of the dementia, men, poor oral hygiene, use of anticholin-

ergic medications, and a recent history of caries.

Number of teeth

Over the last few decades there has been a huge increase in the
older population with natural teeth. Today, nearly all (-80%)

of the 65-year-olds and over half (53%) of 85-year-olds in the
UK have natural teeth; and the majority of all age groups
younger than 75 years with natural teeth have more than 21

teeth, while 75-year-olds with natural teeth have about eight
teeth each [98, 111]. Similar data from the Canadian Health
Measures Survey in 2007-2009 [38] indicate that most (78%)

of the over 60-year-old group have on average more than 19

teeth, and that over half (58%) of them have 21 or more teeth
[39]. Australian data from a 2004-2006 survey indicate

similar distributions of natural teeth in the older population -
nearly two-thirds (64%) of the over 75-year-old group have
natural teeth, and almost half (45%) of them have at least 21
teeth [95]. Therefore, caries is a problem that will increase in

the foreseeable future as more people enter old age with
natural teeth [25].

Multimorbidity

The World Health Organization [112] states that:

Noncommunicable diseases (NCDs) are the leading global
causes of death, causing more deaths than all other causes

combined, and they strike hardest at the worlds low- and

middle-income populations. These diseases have reached

epidemic proportions, yet they could be significantly
reduced, with millions of lives saved and untold suffering
avoided, through reduction of their risk factors, early detec-
tion and timely treatments.

Caries is an NCD and, while rarely a cause of death, it can

lead to great anxiety and distress in all age groups. Many
concerns have been raised about the challenge posed by
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people with multiple chronic disorders (i.e., multimorbid-

ity), which appears to be the norm for elderly people as
most health-care systems are designed primarily to treat
individual diseases. A survey of 314 medical practices as of
March 2007 in Scotland, for example, discovered that nearly
half (42%) of all patients registered had one or more chronic
disorders, with the mean number of disorders at 2.6 between
the age of 65 and 84 years, and 3.6 when older than 85 years
[5]. It is also thought provoking that clinical guidelines for
most disorders have been created only for single diseases,
and that people with multiple disorders are excluded from
most clinical trials in medicine [105] and dentistry because,
according to one report, their ‘health might affect outcomes
or ability to complete the study [76].

Polypharmacy and dry mouth
Salivary gland hypofunction (SGH) is a physical condition
of salivary glands when stimulated and unstimulated saliva
is decreased and the biochemical composition of saliva
changes. Xerostomia, in contrast, is the subjective or
psychological response of patients to a dry mouth [41].
Sometimes the terms SGH and xerostomia are used inter-
changeably for a dry mouth. Either way, the thick accumu-
lations of plaque accumulating on teeth in a dry mouth
harbor bacteria and yeasts that contribute to aspiration
pneumonia and premature death in people who are frail
and have difficulty swallowing [62, 69, 114].

Advancing age can cause a decrease in the flow of saliva
from the parotid glands, but the change is veryslight compared
with the adverse-effects of diseases, medications, or radio-
therapy on the flow and composition of saliva [34]. A large
array of medications and diseases, notably Sjogren’s syndrome,
cause these salivary disturbances, although the physical change
in the quality or quantity of saliva might not be obvious to the
patient or clinician [33, 89]. Anticholinergics, antidepressants,
antihistamines, antihypertensives, anti-Parkinsonians, anti-
psychotics, diuretics, and tranquilizers are among the most
widely used medications today, and all of them can disturb
the flow and composition of saliva. Ghezzi et al. [34]
estimate that frequent consumption of one medication
from this group equates to about 14 years of change in the
salivary glands due to age in a healthy person. The side
effects of medications, especially on submandibular glands,

are compounded further by the biochemical interactions of
multiple medications [22].

Reports on the distribution of people with SGH or xero-
stomia in the general population are few and vary from
0.9% to 65% depending on the age and health of the popula-

tions surveyed [75]. There is little doubt, however, that a
dry mouth greatly elevates the risk of caries whether from
diseases such as Sjogren’s syndrome, head and neck radio-

therapy, or, more commonly, anticholinergic medications
[78, 103]. The 2008 Canadian Survey of Experiences with
Primary Health Care revealed that over one-quarter (27%)

of older Canadians, and almost two-thirds (62%) of them
with multiple chronic disorders, were taking five or more
medications (i.e., polypharmacy) regularly, and that fewer
than half had their prescriptions reviewed again by a physi-
cian or pharmacist [81]. Medications, it seems, are pre-
scribed and dispensed with very little follow-up on adverse
events, such as dry mouth.

In 1992, over three-quarters (80%) of the 131 most fre-

quently prescribed medications in the USA were associated
in the biomedical literature and in manufacturers’

monographs with SGH [96]. A similar study recently in
Canada found that nearly two-thirds of the most com-

monly prescribed medications in this country had written
warnings about dry mouth in the biomedical literature or
in monographs supplied by the manufacturers of the
drugs. However, dry mouth as a side-effect was identified
10-20-fold more frequently in the biomedical literature
than in the manufacturers’ monographs supplied to physi-
cians and pharmacists. In other words, a dry mouth is often
not listed in the physicians’ pharmacopeia as an adverse
event associated with these medications; as a consequence,
patients probably are not warned about it and could be
quite confused and disturbed when it occurs without know-

ing the cause.

Diet
Diets are deeply entrenched in cultural behaviors, and
sugar is a dominant attribute of many cultures, so it is no
surprise that caries is prevalent in societies where daily
consumption of sweet food and drink is frequent, and even
more prevalent when oral hygiene is poor and exposure to
fluoride low [97]. Sugar also has pain-reducing properties
similar to opiate analgesics, and they can produce a strong
attraction or addiction possibly originating within the
womb from the mother’s diet [20]. Consequently, it is
almost impossible by prescription to change such a deeply
embedded craving for sugar. The problem of sugar is com-
pounded even more by many geriatricians and dieticians
who prescribe foods high in calories, regardless of cario-
genic risks, to combat malnutrition. Malnutrition among
people who are frail is a widespread problem that is
managed typically by prescribing frequent consumptions of
high-caloric sweet foods and drinks between meals and as
meal replacements [66].

Changes occur in taste and smell due to age and dementia,
which may precipitate or enhance a sweet tooth’ in people who
as younger adults had little attraction to sugar [67, 88, 99].
Furthermore, the metallic or salty taste accompanying
Sjogren’s syndrome and radiation therapy increases sensi-
tivity to bitter and sour foods, whilst hyposalivation reduces
sensitivity to sweet foods and increases a craving for sugar.
The selection of food can change suddenly when a spouse
dies, or when income decreases on retirement. It can also
change with depression and disability, and typically the
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by intruding into the biological environment of teeth and
allowing the biofilm to acidify when salivary buffers are
weak or missing. Therefore, it is preferable to avoid dentures
unless they are essential for either appearance or function,

and fortunately many people can function quite comfort-

ably with a shortened dental arch [32, 44].

Previous caries

The role is clear of past caries experience as a predictor of
further caries (Fig. 18.5). Those who had it are very likely to

have more, and a recent carious lesion is probably the best
indicator of elevated risk to new lesions unless active steps
are taken to change the multiple environmental, social, and
personal factors that contribute to this risk [87].

change induces or exacerbates poor oral health. Loss
of multiple teeth usually disturbs chewing, reduces the
stimulation of salivary glands, and favors the selection of
refined carbohydrates rather than tougher meats, fruits,

and vegetables [8, 84, 108]. Nonetheless, most of the differ-

ences in diet are explained more by the demographic,

cultural, and behavioral characteristics of a society rather
than by the teeth of its members [12, 23], and particularly
when people have poor health [37].

Oral hygiene
Many administrators of residential care facilities
acknowledge that their staff cannot recognize oral disor-

ders or assist elderly residents with oral hygiene very
effectively because of the conflicting priorities in the
management of the facilities and the needs of the resi-
dents [58] compounded by a lack of skill in matters
relating to oral health care [77, 91]. Attempts have been
made to educate care aides about mouth care, but the
results, although optimistic in a few situations, have been

disappointing [59, 92], even in jurisdictions where regu-

lations dictate daily oral care and ready access to dental
professionals [46, 60, 110]. The situation for most people
who are frail and in residential care is that they cannot
get effective help with oral hygiene [91, 93] . The accumu-

lated bacteria and yeasts in the mouth place them at high
risk of caries (see Chapter 7) and other serious health
hazards [2, 16, 50].

Socioeconomic status

The oral health component of the Canadian Health
Measures Survey [40] found that twice as many lower
income people compared with people with higher income

have evidence of caries. The cause of this concentration of
caries in disadvantaged communities is probably from an
intermingling of many factors, such as diets of refined car-

bohydrates, inadequate health promotion, poor access to
fluoridated toothpaste and dental services, and difficulties
with oral hygiene [106]. So, as an important determinant of
health generally, socioeconomics has a significant part in

controlling or precipitating caries.

Prostheses

The role of dental prostheses, especially removable partial
dentures, in elevating the risk of caries, and particularly
root caries, seems certain [70, 79]. This was confirmed in a

clinical trial involving older participants from English,

Chinese, or Punjabi communities in Vancouver, British
Columbia, where multiple (three or more) tooth loss
occurred in one-fifth of the participants during the 5-year
trial, particularly (odds ratio: 6.32) in association with use
of removable dentures, and more weakly (odds ratio: <1.5)

in association with caries and periodontal defects at base-

line [36]. Dental prostheses complicate their environment

Impact of caries in frailty

The impact of toothache from caries can be physically,

psychologically, and socially debilitating [57]. Severe pain is

intolerable, but the debilitating impact of pain, even when
less severe, depends on the tolerance of the sufferer, and the
real or perceived visibility of the underlying condition. The
visibility of a carious lesion can also cause a person to

become reclusive because of the stigma associated with
personal neglect even if the lesion is painless [31].

Slowly progressing caries in elderly teeth stimulates
reparative dentin, but it can also lead to a quiet’ necrosis

of the dental pulp and low-grade apical inflammation
[6, 17]. However, pulpal inflammation is not always quiet
or painless in older teeth, and this concern is particularly
troubling when people with a communicative disability,

such as dementia, cannot identify or explain the source or
extent of their pain. This can precipitate violent and other
aggressive behaviors that seem at first glance unrelated to

the dental problem [14, 28] . Referred pain, phantom

Figure 18.5 Recurrent caries at the margin of a crown in a patient with a

history of recurrent root caries.
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dental pain, orofacial neuralgias, burning mouth syn-
drome, and other chronically painful disorders are always
difficult to diagnose and manage, but even more so
in elderly patients who are frail and have evidence of
caries.

The loss of teeth may have more impact on quality of life
in old age than the presence of a carious lesion that has yet
to enter the pulp of an elderly tooth [18]. Carious lesions
undermine tooth structure, which increases the risk of
coronal fracture and tooth loss when the fracture is irrepa-
rable. Tooth loss, in turn, can precipitate a wide range of
physical, psychological, and social disabilities that in many
situations associated with old age remain only vaguely
understood [27, 57], and managed with much uncertainty
[11, 63].

The desire of patients to replace their missing teeth varies
widely. Some can adapt with ease to a shortened dental
arch, whereas others have a strong desire to replace any
missing part of the body if at all possible to achieve a sense
of psychological and functional wholeness [32, 44]. This
challenge can seem insurmountable at times when patients

are frail and cognitively impaired [10]. Fortunately, most
people at any age can adapt and cope quite comfortably
with a shortened dental arch (Fig. 18.6).

Management of caries in frailty
General principles of management

The patients history and the current physical status as a
whole and in the mouth will give an idea of the risk of car-
ies. Consequently, the strategy for managing this risk should
be based on the following principles: (1) prevention and
control are the priorities, while surgical or operative inter-
ventions are used only if needed to improve the dental
environment; (2) surgery when necessary should remove
minimal tooth structure; and (3) cavity preparation and
filling materials are used to preserve teeth and the general
health of the patient.

Nyvad and Fejerskov [72], when planning a management
strategy, recommend an assessment of carious activity
rather than the physical appearance of the teeth. Active
lesions can be treated differently depending upon the
accessibility of the lesion to removal of microbial plaque.
Deep lesions need a filling material to seal the cavity from
accumulations of plaque. Shallow lesions can be kept free of
plaque with a toothbrush, and occasionally enamel over-
hanging the periphery of a lesion can be removed to allow
the toothbrush and saliva easy access to the surface of the
lesion (see Chapter 19).

The strategy for controlling caries on which these princi-
ples rest depends on a champion of daily oral hygiene at
home or in the nursing facility [102]. The professional
qualifications of the champion, whether a dentist, dental
hygienist, or a specially educated assistant, are less impor-

tant than the champions ability to infiltrate the culture of
the institution and communicate as a colleague with admin-
istrators and other members of staff.

Dentists alone cannot manage polypharmacy as a cause
of caries without help from others on an effective interpro-

fessional health-care team. The concept of teamwork
dominates the usual approach to long-term care, and the
effectiveness of teamwork is influenced strongly by the
tolerance, mutual trust, and respect among the members
[74]. The current role of dental personnel on interprofes-

sional teams in long-term care facilities is improving as
other team members learn about the significance of oral
health in the management of frailty. Yet there remains
much to be achieved before dentists and dental hygienists
can reduce substantially the risk of caries in this environ-
ment [55].

Managing dementia
The challenge of managing the dental needs of frail people
is especially difficult when dealing with patients who
have dementia. Several strategies have been proposed to

Figure 18.6 An elderly patient with a clean mouth managed successfully
with a shortened dental arch and tooth restorations in the mandible, and a
complete denture in the maxilla.
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occasional applications of topical fluoride. The fluoridated
toothpaste will not prevent the initiation of caries, but it will
slow down the progression of a lesion, especially when
other risks are elevated [45] (see Chapter 13).

Unfortunately, oral hygiene provided for people who are
dependent on others is rarely effective, in large part because
of many conflicting priorities within the daily routines of
most long-term care facilities [19, 58, 59]. Administrators
of nursing facilities, keenly aware of their legal responsibil-
ities, can usually obtain emergency dental care to relieve
acute pain and infection for residents, yet most of them
seem unable to assure the quality of oral care offered daily
by their staff [60]. This administrative difficulty is com-

pounded all too frequently by poor collaboration between
the administrators and dental professionals or government
inspectors [46]. Furthermore, in communities where dental
services are paid mostly by fee-for-service, dentists and
dental hygienists generally feel little incentive beyond a
noncompelling sense of professional responsibility to attend
patients in nursing facilities [10, 54]. Altogether, these
factors provide a formidable barrier to adequate oral
hygiene and applications of topical fluoride.

Oral care plans
Management strategies for controlling caries in frail and
older people are more likely to be effective in our experi-
ence if based on a clear plan, a commitment to implemen-
tation, and an agreement on responsibilities [80, 102].
A complete assessment of the mouth and teeth is com-
pleted by a member of the dental team as soon as possible
after a dependent person is admitted to a residential
facility [9, 71, 113]. This will record the status of oral
health, connect residents with the dental team as needed
to address problems, and identify the level of assistance
with daily oral hygiene required by each resident.
Subsequently, an individualized oral care plan is formu-

lated from the assessment with input from the dental team,
and made readily accessible to the carers (see Table 18.1
for an example of a daily oral care plan appropriate for the

recognize that one approach does not suit all. Patients with
dementia are as heterogeneous in their needs as any other
group, and their treatments need preparation and organiza-

tion specific to each individual need [14] ). We can suggest
that mild dementia warrants no particular change in care
other than the realization that the patient will need help
with oral care in the future [24]. Moderate dementia needs
a simplified approach to treatment with uncomplicated
regimens and collaboration with other health-care
providers. Finally, advanced dementia needs special
approaches to reduce the patient’s anxiety and stress as
much as possible as the need for palliative rather than
curative care increases.

Fiske et al [28] provide a useful guide to planning
treatment that emphasizes (1) the role of the family, (2)
realism, (3) anticipation of decline, (4) prevention of
disease, (5) reduction of stress, (6) effective communica-

tions, (7) the occasional need for anti-anxiety drugs, and (8)
last but not least, hopeful assurances of comfort. Chalmers
[14] suggested that most aggressive and other disruptive
behaviors can be managed without drugs by recognizing
that aggression in dementia reflects anxiety and fear. She
stressed the importance of communicating with an anxious
patient in a quiet environment using nonthreatening move-

ments, touch, and other nonverbal communications
supported by a clear and gentle voice offering uncompli-
cated directives. All of this frequently requires the assistance
of others on the health-care team, and patience with
compassion above all else.

Environment and oral hygiene

Nyvad and Fejerskov [72] have reported that caries lesion
progression can be arrested at any stage of lesion
development in almost all individuals, provided that clini-
cally plaque free conditions are obtained,’ although they
qualify this optimistic observation with the statement that
‘there is no universal level of oral hygiene to be recom-
mended.’ They recommend also that self-performed plaque
removal be supplemented by fluoridated toothpaste and

Table 18.1 Example of an oral care plan for the patient shown in Fig. 18.6.

1. Please approach Mr Chung gently from the front and ask permission to remove his upper denture and brush his lower teeth. Maintain eye contact during this
request and do not touch his mouth until he grants permission. He usually responds slowly but agreeably to this request.

2. Ask him if he has any discomfort or pain in his mouth, and if he does, please inform a member of the dental team.

3. Wear gloves to remove his upper denture each night and brush all of the surfaces with the brush and cleaning gel provided. Brush the denture over a sink
filled with water to protect the denture if it is dropped.

4. Store his denture in a dry container if he does not want to wear it when sleeping- occasionally he prefers to keep it in his mouth during the night.
5. Allow Mr Chung to sit comfortably in his chair and approach him from the front to maintain eye contact as much as possible. It is easier when brushing his

teeth to stand on his right side, cradling his head with your left arm. However, this approach can confuse and distress him sometimes. Do NOT proceed if he
seems distressed. It might be necessary to postpone the oral hygiene and return when he is more at ease and less distressed.

6. Brush his natural teeth in the lower jaw using the electric toothbrush and fluoridated toothpaste provided. Begin gently by brushing the tongue surfaces of
his teeth before brushing the cheek and lip surfaces.

7. Allow Mr Chung at any time during the cleaning to rest and spit out into a cup if a sink is not nearby.
8. Report to a member of the dental team any bleeding from the gums (gingivitis) or other abnormality in or around his mouth.
9. Mr Chung should be encouraged NOT to eat sugary snacks or sweets more than once between meals, and never after his teeth are brushed before sleeping.
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even more the importance of nutritious meals when frailty
increases [20].

Restorative dentistry
Domiciliary care is often necessary when people who are
frail need dental treatment. The atraumatic restorative tech-
nique (ART) can stabilize teeth for at least 1 year when
patients are homebound or institutionalized [29]. The den-

tists in one small clinical study managed the treatment for
elderly participants with a mouth mirror, periodontal
probe, spoon-excavator, hatchet, spatula, carver, tweezers,
scalers, masks, gloves, cotton rolls and pellets, wedges,
interproximal strips, lubricant and glass-ionomer material’
[40]. Although the majority (89%) of the carious lesions in
this study could not be restored by ART, most (79%) of the
dental restorations were placed and remained intact without
discomfort for at least 11 months. In another two clinical
studies of the ART - one involving patients who had radio-
therapy [43] and the other elderly residents in a long-term
care facility [51] - the restorations survived almost as well
as restorations placed by a more traditional technique (see
Chapter 19 for additional information about the ART).

frail man in Fig. 18.6 with a complete maxillary denture
and lower natural teeth).

The person assigned to the care of each resident must be
instructed to (1) solicit complaints frequently, (2) wear
gloves, (3) clean and store the denture, (4) clean all of the
tooth surfaces with fluoridated toothpaste, (5) limit the
consumption of sugar, and (6) report abnormalities. They
should also be offered guidance on how to assist residents
with oral hygiene in a nonthreatening way, typically by
maintaining eye contact as much as possible, and if
necessary postponing the hygiene and assessment session
when a resident is distressed [14, 28].

Dry mouth

Caring for a frail person with rampant caries and a dry
mouth who takes multiple medications can be very
challenging and requires help usually from others on the
interprofessional health-care team. The primary objective
must be to address the discomfort from the dry mouth. A
range of saliva substitutes is available, but none replaces all
the properties of natural saliva (see ‘Management of salivary
gland hypofunction’ section in Chapter 6). Sometimes
patients get relief from the spray of a small atomizer bottle
filled with water [101], or from the limited flow of saliva
stimulated by chewing gum [94]. However, above all, people
with a dry mouth and their carers must be warned about the
cariogenic danger of frequent ingestions of sugar from any
source, and advised only to use chewing gum and other
stimulants that are sugar free.

Summary

Natural teeth, recent caries, a denture, poor oral hygiene,
and anticholinergic medications are the typical characteris-
tics of an elderly man or woman in most countries today,
and they all portend more caries and associated problems.
Rampant caries is very damaging in any age group, but the
damage can be devastating to people who are frail and
struggling to stabilize their physical and cognitive well-
being. Caries in old age is increasing rather than abating as
most people retain their natural teeth in an environment
complicated of multimorbidity and polypharmacy. There is
very limited awareness of this disease beyond the dental
professions. Physicians, nurses, and dietitians, for example,
encourage frail people to combat malnutrition by con-
suming sweet food and drink frequently through the day
without the oral hygiene needed to control the proliferation
of cariogenic bacteria. The challenge of this disease is
daunting, but it can be managed effectively by a combination
of clinical assessments, daily oral hygiene, sugar control,
fluoride, and minimally invasive surgical and restorative
procedures. However, dentists and dental hygienists can
oversee and implement this management protocol effec-

tively only as part of an interprofessional health-care team
centered on the needs of elderly people who are frail and
dependent.

The mouth, like the rest of the body, cannot be left
unwashed without grave consequences, including an ele-
vated risk from poor oral hygiene of aspiration pneumonia
and premature death. The mouth and teeth matter as much
to people who are elderly and frail as to any other group.

Diet
There remains much uncertainty about how to modify the
diets of older people and about the benefits of modifying
diets to accommodate mouth problems [85]. Certainly,

people with mouth sores or chewing difficulties are unlikely
to forgo soft and highly processed foods for healthier but
tougher to chew unprocessed foods [7], and people gener-

ally are reluctant to even consider changing their diet if they
do not see the benefit of the change [21, 68]. It is necessary,

therefore, to make the mouth comfortable by removing
dental and prosthetic irritants, and to communicate openly
with the patient and other members of the health-care team
about the benefits overall of the change.

Hard fibrous foods, including bread, cheese, and nuts,
can buffer acids in saliva by stimulating salivary flow, but
they are difficult to eat without strong teeth [86].
Consequently, patients with impaired dentitions need
advice on how to select and eat quality food [64]. Cooked
pasta, cheese sauce, and breasts of chicken stuffed with
cheese are good examples of soft foods that increase the
concentrations of calcium in the dental biofilm and
probably protect against caries even when cooked and
accompanied by other components of a meal [65]. The
attraction to sugar decreases after eating, which highlights
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Operative dentistry and caries control

What constitutes the treatment of caries?

Chapters 13-18 have concentrated on the nonoperative
control of caries. The point has been made that any lesion,

cavitated or noncavitated, provided the pulp is not irrepa-
rably damaged, can be controlled and lesion progression
arrested by regular disturbance of the biofilm and appli-
cation of fluoride. This is treatment of caries. Sometimes
restorations are part of this treatment.

Why and when are operative treatments
(restorations) required?

From a cariological perspective, restorations are required
when the patient cannot access the active cavitated lesion
with any cleaning aid. Thus, from a caries control point of
view, restorations facilitate plaque control.

Cavitated occlusal lesions
Several authors have shown that when an occlusal lesion
has turned into a cavity (see Figs 3.37 and 3.39) the dentin is
always involved in the process [37, 170]. Most of these lesions

are visible in dentin on a radiograph (see Figs 3.38 and 3.40)
and they contain microorganisms. They can be considered as
active when the dentin is leathery or soft. The histological
picture, presented in Figs 5.49, 5.50, and 5.59, shows how the
lesions form following the direction of the enamel prisms and
when the weakened tissue breaks away, the resulting hole is
undercut and difficult to clean and may therefore need a
filling. Sometimes all the undermined enamel breaks away
and the hole is accessible for cleaning (see Fig. 3.36). Now, a
filling may not be required to arrest the lesion.

Approximal surfaces
Where a cavitated carious lesion is present on an approximal
surface the adjacent tooth may prevent effective plaque
removal by either a brush or dental floss. Now the lesion is
likely to progress, although progression may vary depend-
ing on individual and local factors [104, 106].Therefore,
approximal surfaces should always be examined carefully in
the clinic for the presence or absence of cavitation.

A radiograph will not show whether a cavity is present,
but several clinical studies conducted since the early 1970s

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
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Table 19.1 Clinical studies relating radiographic appearance to cavitation in permanent teeth.

Percentage of approximal cavitated surfaces found,
increasing radiographic depth scores with number

in parentheses

Number and characteristics of
subject in sample group

Study Study design

RO R1 R2 R3 R4

100%370 approximal surface with
open contacts in 13-year-old
children

Standardized bitewing radiographs
taken, followed by direct visual
assessment of open contacts
(one observer)
Clinical assessment during cavity
preparation recorded by seven
observers
Teeth radiographed before
orthodontic extraction, followed by
direct visual inspection (three
observers)
Clinical tissue changes at time of
operative treatment recorded by
263 observers
Clinical tissue changes recorded
during cavity preparation following
tooth separation (one observer)
Visual inspection following tooth
separation
Direct visual examination following
tooth separation
Cavity recorded on impression
following separation (one observer)
Cavity recorded on impression and
stone die made (two observers)
Direct visual assessment of adjacent
surface following tooth separation
(two observers)

0.8% 20.7% 47%Rugg-Gunn [142]
(283) (58) (17) (12)

0% 14% 20% 52% 100%Bille and Thylstrup [14] Children aged 8-15 years
158 surfaces restored (58)(6) (50) (35) (9)

31% 100%63 teenagers, 598 surfaces in
premolar and molar teeth

1% 11%Mejare et al. [103]
(6)(463) (16) (13)

7% 11% 52% 88%Thylstrup et al. [165] 660 approximal lesions restored
in adults and children

30%
(13) (72) (143) (330) (102)

61% 78%Mejare and Malmgren
[102]

43 children aged 7-18 years
(32)(28)

211 children, aged 5-15 years,
1468 surfaces assessed
168 high-school students;
standardized radiographs taken
Patients aged 6-22 years

0% 0% 10.5% 40.9% 100%Pitts and Rimmer [134]
(100) (19) (22) (4)(1323)

90%De Araujo et al. [26] 13% 26%
(19)(19) (27)
48%7% 6% 15% 100%Seddon [152]
(52) (10)(44) (48) (97)

30% 65%Lunder and von der
Fehr [93]
Akpata et al. [3]

Patients aged 17-18 years
(23) (23)

0% 19% 79% 100%108 molar and premolar teeth
in patients aged 17-48 years;
two adjacent carious surfaces
were chosen and the deeper was
restored
390 approximal surfaces in 53
young adults aged 20-37 years

(16) (31) (43) (18)

35%Direct visual assessment of adjacent
surface following tooth separation
(four observers). Only 16-25 found
to be cavitated
Cavity recorded on impression
following separation (one observer)

3% 5% 8% 78—100%Hintze et al. [69]
{n values not given)

54 approximal surfaces in 32
adult patients aged 19-76 years,
referred for operative treatment

85%Ratledge [139]
54

Free smooth surfaces
A cavity on a free smooth surface, in contrast to occlusal or
approximal cavities, may be easily reached by a toothbrush,

although, when the process is undermining the enamel,
removing of the overhanging enamel margins by grinding
and polishing should be considered to aid cleaning the whole
area (Fig. 19.2a and b). This particular figure makes a very
important point. The patient, by careful use of the toothbrush
and fluoride toothpaste, is arresting the lesions. But how ugly
the teeth are! Fillings may not be needed to arrest caries in
this case, but they will certainly improve the appearance, as is

seen in Fig. 19.2c. This dramatic improvement in appearance,

smile, is one of the particular pleasures of restorative den-

tistry. Patient and dentist are understandably delighted, but
it behooves both to remember that the filling restores
appearance; it is tooth cleaning and fluoride that are

have related the radiographic appearance to the likelihood
of cavitation in permanent teeth. These studies are listed in
Table 19.1. Figure 19.1 shows the radiographic appearances
referred to in Table 19.1. This research assists the dentist in
knowing when a lesion may be cavitated and, therefore,
when operative intervention may be a necessary part of car-
ies control. R4 lesions (inner dentin) should always be
treated operatively. R3 lesions (outer third of dentin) may
or may not be cavitated. At this stage cavitation is more
likely in a caries-active patient [93] and when the adjacent
gingival papilla is inflamed [38, 140]. Separating the teeth
(see Fig. 11.29) will allow gentle use of a probe to confirm
whether a cavity is present [69] . R1 and R2 lesions (enamel
lesions) are unlikely to be cavitated, and it would be quite
wrong to place fillings. These lesions should be treated non-
operatively and reassessed for lesion progression or arrest.



Classical restorative or the minimally invasive concept? 337

controlling caries and preventing its recurrence. The lesions
in Figs 3.47 and 3.48 are not visible when the patient smiles
and, here, fillings are not required for cosmetic reasons.= Sound on bitewing

G.V. Black and the classical restorative concept

Now it is time for a little history and the story of a most remark-

able dentist, a man who is rightly thought of as the father of
modern operative dentistry (Fig. 19.3). That man was an
American called Green Vardiman Black, born of pioneering
farming stock in Illinois in 1836. Regarded by his family as
somewhat lazy and stupid, he left school after only 22 months
of formal education. When he was only 17 he left home to
study medicine under the direction of an older brother.

He met a dentist and gave up the medical training to
study dentistry apprenticed to this dentist in his practice.
After a few weeks he felt he had learnt all he could and when
only 21 years old he set up in dental practice. He enlisted in
the Union army in the Civil War but was invalided out and
set up another practice in Jacksonville, Illinois. Here, his
prodigious dental career took off; he became a founder
member of the Missouri State Dental Association and
joined the faculty of the Dental College, lecturing in
pathology. He was now practitioner, scholar, scientist, and
teacher at work and at home he was father, husband, musi-
cian, library president, and much more.

He studied extensively: languages, mathematics, and
sciences. He was a friend of W.D. Miller, who worked on the

1 = Radiolucency confined to enamel

= Radiolucency in enamel up to
enamel-dentin junction2

= Radiolucency in enamel and outer
half of dentin

= Radiolucency in enamel and reaching
to inner half of dentin4

Figure 19.1 Diagrammatic representation of approximal demineralization as
seen on bitewing radiographs.
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Figure 19.2 (a) Cervical lesions covered by plaque, (b) Same cavities 14 days later after removing overhanging enamel with a diamond finishing bur and
instruction in cleaning. Teeth were brushed twice a day with a toothbrush and toothpaste with fluoride. From a cariological point of view these teeth are now stable,
but to improve their appearance they are to be restored with composite, (c) Completed restorations. The small color difference is due to the teeth being dry and will
disappear after some hours when they are wet with saliva.
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He described plaque and related the white spot lesion to
plaque stagnation, continually stressing toothbrushing to
control caries. Interestingly, he stressed the importance of
the student studying psychology and sociology. As far as the
deciduous dentition was concerned, he emphasized that the
child should not be frightened and showed mothers how to
brush childrens teeth. He lamented he had no suitable filling
material for deciduous teeth and opened lesions to allow
parents to clean. His aim was to arrest lesion progression. All
these gems are to be found in Volume 1, the pathology text,
and if at all possible you should look at this remarkable work
and consider how much this apparently stupid boy achieved!

As far as operative dentistry is concerned, he stressed the
enamel lesion does not require to be cut, but he advocated
cutting the lesion in dentin even before there is a cavity.

Today, we would totally disagree with this, but Black con-
sidered the infection must be cut away to arrest the process,

an opinion that unfortunately still prevails in some dental
schools. He also advocated extension for prevention, which
he described as planning the extension of the filling so that
cavity margins are placed in cleansable areas to prevent the
recurrence of decay. Thus, proximally, the outline prepared
extends well into the embrasures so that chewing food
results in the food spilling over the margin and removing
plaque (so-called self-cleansing) and the patient can clean
the margin. Occlusally, the fissure is completely run out, so
the filling margin finishes on a smooth cleansable area.

At the cervical margin the cavity is extended into the gin-
gival crevice and taken around the tooth so that the outline
finishes in the self-cleansed area.

Extension for prevention has no place in modern
dentistry. It has been much criticized in recent years as
unnecessary tooth destruction, but it must be remembered
that in Blacks time the prevalence and incidence of caries
was much higher and materials were limited to gold,

amalgam, and temporary cements; there were no fissure
sealants and no adhesive materials.

Figure 19.3 Green Vardiman Black, 1836-1915.

chemico-parasitic theory of caries and he also studied bac-
teriology. He wrote a dental anatomy textbook and worked
extensively on the pathology of caries. He devised a dental
engine for cutting teeth, wrote articles on cavity preparation
and worked on amalgam because he was well aware that the
filling material of the day, cohesive gold, was too expensive
for many patients. Logically, he designed and made the
instruments for cavity preparation and placing materials.

Between 1864 and 1915 he published some 1300 scientific
papers and lectures. In 1908 he published his textbook of
Operative Dentistry, in two volumes, the first devoted
entirely to pathology. He was Dean of Northwestern Dental
School between 1897 and 1914 and died in 1915, aged
79 years, on the farm in Illinois.

Although thought of as the father of operative dentistry,
he is so much more than this. He stressed the extreme
importance of pathology [15]:

The idea that dental practice is purely mechanical and not
dependant on knowledge of the pathology of dental caries
should be abandoned forever:

Minimal intervention concept

The approach of minimal intervention dentistry stresses a

preventive, caries control philosophy, just as G.V. Black did
when he stressed, time and time again, that caries of enamel
could be controlled by toothbrushing. Today, the provision
of nonoperative treatments should be based on early
diagnosis of lesions judged as active, followed by energetic
nonoperative care and reassessment, based on the ability to
control caries in both enamel and dentin. The whole aim
is to maintain healthy teeth for life, and thus to minimize
the need for operative intervention. However, when restora-

tions are required, interventions should be as conservative
(minimally invasive) as possible, preserving as much of the
natural tooth as possible [58, 169].

Despite best efforts, cutting a tooth will weaken it and
a restorative cycle is started once the first restoration is
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many of your teachers will have been brought up under
this regime, and it is surprisingly difficult to shed this
misconception.

It may be useful to consider the following questions in
relation to your school and discuss them with your teachers.
You are then in a position to assess the attitudes of those
who teach you and assess how you are responding.

1. How is cariology taught? Is the course purely lecture
based or do those who supervise your clinical work
with patients show you how to put science into
practice?

2. Are you taught to distinguish and chart active and
arrested caries and consider the consequences?

3. Are you routinely expected to assess the risk of your
patients developing caries lesions? If you do this, how
does it modify your treatment plan?

4. Are you expected to show your patients how to institute
effective plaque control? Are toothbrushes and floss
available so that you can provide them with cleaning
aids appropriate to their needs? Do your teachers
encourage this and give you credit for it?

5. Are you encouraged to advise patients on appropriate
use of fluoride?

6. Are diet sheets available on your clinic?
7. Do you ever measure salivary flow on your patients? If

you do, what do you do with the information?
8. Are all your clinical teachers committed to nonopera-

tive treatment? Do you enjoy doing this form of den-

tistryor would you rather be doing operative treatment?
9. Is there a points system in your school to assess the

quantity of work you carry out? If there is, are points
awarded for nonoperative as well as operative treatment?

10. If only operative treatment counts towards these
requirements, does this influence your attitude towards
nonoperative treatment? Do you feel it is a waste of
time?

11. Do you recall your patients over a period of years so
you can assess the success or otherwise of the treatment?

12. How do your patients react when you suggest a filling
is not needed but you can help them arrest an active
carious lesion? Are they pleased? Do you get the
impression they wish you to take responsibility and fill
the tooth? What are they expecting from you?

Figure 19.4 Restoration is not required in this second premolar. The lesions
will not be cavitated and can be arrested by cleaning alone.

placed [40]. Restorations should have a good longevity and
support, and if possible strengthen the remaining tooth
tissue. For these reasons, strong and wear-resistant restor-
ative materials should be selected together with adhesive
techniques to bond to the tooth-restoration complex.

Unfortunately, recent evidence has indicated that, even
when using the most advanced adhesive techniques, bonding
of composite resin fillings to dentin may be rather short-
lived (see [166] for a review). Therefore, every attempt
should be made to avoid premature or unnecessary opera-

tive intervention. Ten years ago the premolar in Figure 19.4
was selected for operative intervention in a State Board
Examination in the USA. Although this has been called
minimal intervention dentistry, because the cavity prepared
is small, the editors of this book would call it wanton tooth
destruction.

What were the factors behind the change of approach?
Since G.V. Black wrote his 1908 textbook, three factors in
particular have facilitated the minimal intervention approach
to operative care: a lower rate of caries progression in some
countries, increased knowledge of factors that govern the
caries process, and the advent of adhesive materials. How
G.V. Black would have relished the advent of adhesive mate-

rials, tooth colored, and not requiring undercuts (amalgam
and cohesive gold) or near-parallel walls (gold inlays) to
retain them. Sealants

Occlusal sealants
Introduction
Sealing of caries-affected pits and fissures was prompted
by the development of adhesive techniques that allowed
difficult-to-clean surfaces to be effectively sealed off from
the metabolic actions of the biofilm. At that time, in the
early 1970s, caries progression rates were still high in most

What is happening in your dental school?
Take a few moments to consider what is happening in your
dental school. Has the minimal intervention concept, with
its emphasis on nonoperative treatment, been embraced?
For many years only operative dentistry has been synony-

mous with caries treatment. Caries was ‘treated’ by filling
holes in teeth. This approach is not valid scientifically, but
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blocking this area with a sealant seems logical. However, it

is important to realize that sealants alone do not reduce the
caries activity and that sealant application is a sign that

plaque control was insufficient. Other sites in the dentition,

where plaque removal is also inadequate, remain prone to

caries because the local cariogenic environment has not

been changed. In an observational study on the success of
sealants performed by general practitioners in Germany,

children judged to have a high caries risk due to existing
fillings or carious defects exhibited high caries rates on

occlusal surfaces in molars despite the use of sealants [67].
In Chapter 13 an alternative to the sealant approach is

described in a Danish study (the Nexo study [18, 19] ) that
chooses a more etiologically based approach of controlling
occlusal caries. They trained children and parents to brush
the erupting molars by bringing the brush in at right angles
to the arch so that it is possible to disturb the dental plaque
despite the tooth not having reached the occlusal plane.

Sealants were only indicated when this nonoperative
approach failed and early lesions were diagnosed. This
program resulted in minimal caries levels of 0.23 DMFS
in 12-year-old children with very low rates of sealants

application [36].
In summary, sealants are mostly indicated when active

noncavitated caries lesions in pits and fissures cannot be
controlled by adequate plaque control, specifically during
the stages of tooth eruption when cleaning is more difficult.
Preventive sealants might occasionally be indicated in high-
risk individuals or groups of individuals with difficult
social circumstances and/or poor compliance. In any case,

application of sealants should always be accompanied by
additional preventive measures to reduce the caries activity.

Incisor

Approximal

Occlusal

Caries free

Figure 19.5 Distribution of 12-year-old Danish children according to caries

severity 1974-1991. Note the caries decline over these years and how
occlusal caries has not declined as much as approximal and incisor caries.

Adapted from [150].

industrialized countries, and a preventive’ approach sealing
all erupting permanent molars resulted in a significant caries-

preventive effect of up to 50% [1, 105]. Today, after the
caries decline, it is questionable whether such ‘preventive’

use of sealants is justified [1, 159]. Thus, although occlusal
surfaces continue to carry the main burden of caries in low-
caries populations [100, 150, 159] (Fig. 19.5) and may com-

prise up to 70% of the total caries experience in children
and adolescents [16], we do not have scientific evidence to

prove how different caries levels may influence the effec-

tiveness of an occlusal sealant. Although pit and fissure
sealants are superior to other commonly applied caries-

controlling measures such as fluoride varnish applications
[68], we do not know if this holds true in low-caries-risk
children. Therefore, until such information is available, and
for reasons of cost-effectiveness [66], it seems sensible to

advocate the use of occlusal sealants mainly for ‘therapeutic’

purposes in active noncavitated lesions that have failed to

respond to caries control by conventional nonoperative
procedures [36, 159]. Purely ‘preventive’ sealants might
occasionally be indicated in high-risk individuals or groups
of individuals with difficult social circumstances and/or

poor compliance. In any case, sealants should always be

accompanied by intensive preventive efforts to control the
overall caries activity of the patient.

One of the reasons for the high caries levels of occlusal
surfaces is that the fissure is difficult to clean, especially
during eruption. Although caries does not normally develop
in the deepest parts of the groove-fossa system (see
Chapter 5, Fig. 5.53), the entrance to the fissure offers favor-

able conditions for plaque accumulation, and hence caries

initiation [18]. To make matters more difficult, permanent
molars may take 1-2 years to erupt. During this time, they
do not reach the occlusal plane, and conventional brushing
results in insufficient plaque removal. For all these reasons,

Materials
Fissure sealants are either resin or glass-ionomer cement-

based materials. The caries-preventive effect relies upon the

establishment of a tight seal to prevent plaque formation.

The differences in the success rates of these two materials

have been debated over the last decade [101]. Resin-based
sealants require strict moisture control to ensure bonding
using the acid etch technique. Glass-ionomer materials, on

the other hand, are mineral based and adhere to the tooth

surface chemically. Their mechanical properties are inferior
to the resin-based sealants, resulting in lower retention

rates, particularly if low-viscosity glass-ionomers are used
[89, 154]. For this reason, resin-based sealants were some-

times considered the materials of choice [1]. However,

high-viscosity glass-ionomers are now the glass-ionomer

of choice because their retention rates have increased
tremendously [20].

Several studies have suggested that glass-ionomer

cements exert a cariostatic effect even after they have disap-

peared macroscopically. This might be based on remnants

of the cement in the fissure, blocking the deeper parts and
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Figure 19.6 Glass-ionomer sealant in an erupting tooth: (a) demineralized enamel in tooth 2.6 of a 7-year-old girl; (b) occlusal surface sealed with Fuji IX GP
Extra 7. Courtesy of Dr S. Leal.

allowing more efficient plaque removal [51], as well as
increased levels of fluoride ion released from the material
into the local environment [45, 128]. Nevertheless, with
respect to caries prevention, systematic reviews [2, 10, 110,
178] concluded there were no consistent differences in
outcomes between the two materials.

Despite this, there is one situation where the use of
glass-ionomer cement is preferable and that is for erupting
teeth where isolation from saliva during sealant placement
is a problem [176] (Fig. 19.6). The risk of caries in occlusal
surfaces of permanent molars is always highest during
eruption [145], especially in high-caries individuals. In
such conditions, a high-viscosity glass-ionomer cement
seems to achieve better retention rates, and retention can
be further improved by applying the material with finger
pressure [11, 53].

the inclusion of air bubbles, which stay in the bottle when it
is allowed to settle for a minute upside down. The material
should be applied with a small brush or small instrument
(Fig. 19.7c), which allows a controlled infiltration and
avoids overfilling the fissure. After light-curing (Fig. 19.7d),
the occlusion should be checked and premature contacts
should be removed (Fig. 19.7e).

Technique for glass-ionomer sealant
After cleaning pits and fissures with cleaning paste and
pointed brush, the surface is conditioned for 10-15 s with a
conditioner, usually a polyacrylic acid. This is followed by
washing the conditioner off the tooth surface and drying it
with a dry cotton wool pellet. Drying with an air spray is not
permitted as it dehydrates the surface and reduces the
chemical bond of glass-ionomer to enamel. Then the mixed
glass-ionomer (hand-mix powder-liquid) or a material
extruded from a capsule is applied to the pits and fissures
and pressed down using an index finger coated with petro-

leum jelly (see Fig. 19.Ilf ). The occlusion is checked in the
normal way using articulation paper and excess material
should be removed with an excavator rather than with
rotary instruments. This is because the sealant has not
reached its final hardness and a drill would abrade too
much sealant material. Occlusion of sealants in erupting
teeth cannot be checked in this way. Hence, a sealant should
only cover the deeper parts of the pits and fissures system.
To protect the water balance in the newly placed glass-
ionomer sealant and to further increase its hardness for a
certain time, the glass-ionomer surface is protected with a
thin layer of petroleum jelly.

Techniques for resin-based sealants
Moisture control is essential to achieve a bond. The use of
rubber dam facilitates this, but its application may not be
possible in the erupting tooth. There is some evidence that
careful isolation with cotton wool rolls, together with skilled
use of the suction tip and air/water spray, gives similar
results to rubber dam in terms of retention [67, 95, 176].
After cleaning the tooth with a pointed bristle brush and
cleaning paste, the surface should be etched with 37%
orthophosphoric acid for 15 s (Fig. 19.7a). Further etching
may not result in better outcomes [35, 175]. The etching
pattern should be checked for a chalky-white appearance
after drying (Fig. 19.7b). Any exposure of the etched sur-
faces to saliva will reduce the retention of the sealant by
forming a coating that cannot be removed by rinsing. In
case of saliva contamination, the tooth should be thor-
oughly rinsed, dried, and re-etched before proceeding.

The bottle with the resin sealant material has to be shaken
before application to mix all the components. This leads to

Outcomes
Well-conducted randomized clinical trials have described a
high caries-preventive effect of sealants in first permanent
molars. However, these trials were performed with strictly
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(a)

Figure 19.7 (a) Etching the occlusal surface with 37% orthophosphoric acid
gel. (b) Etched enamel after rinsing and drying showing chalky white surface
before placing a resin-based sealant, (c) Application of fissure sealant to whole
occlusal surface, (d) Sealant being light-cured, (e) The occlusion is checked
with articulating paper, which will locate areas of occlusal contact with a

colored mark.

studies allow a more realistic picture of the situation when
sealants are introduced as a population-wide preventive

measure. In a German observational study, sealants that
had been placed by general practitioners under the condi-

tions of the National Health System on first permanent
molars were recorded at 12 and 15 years of age. The mean
annual rates of loss of retention and caries (6% each) were
much worse than figures coming from randomized con-

trolled clinical trials [67]. Thus, the prevented fraction

controlled designs, by highly motivated researchers, who
applied sealants under optimal conditions, on patients
likely to keep the essential recall appointments. Thus, the
studies on which the systematic reviews are based show
the very best results that can be achieved (efficacy). Despite
the ideal conditions, the trials show a wide range of caries

reduction (33-71%) [101].
In the real world of general dental practice, the outcomes

(effectiveness) may differ from these ideal situations. Field
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(a) (b)

Figure 19.8 Differences between a sealed and an infiltrated caries lesion. While an approximal sealant, colored yellow, covers the surface (a) caries infiltration
aims to fill the microporosities within the caries lesion (b) [39]. Reproduced with permission of George Warman Publications.

and the cost/benefit ratio of sealants are potentially reduced
in the real world. Likewise, it may be speculated that glass-
ionomer sealants are more successful than resin sealants in
the real world, but we do not have much scientific evidence
to support that assumption.

Approximal sealing and infiltration
Although occlusal caries lesions predominate in children
and adolescents, these surfaces are accessible for cleaning,
fluoride application, and minimally invasive restorations.
On approximal surfaces, however, caries is more difficult
to detect, and preventive and restorative efforts are more
complicated to perform [97]. Even at high levels of caries
control, approximal surfaces remain an important site
where caries lesions develop [7].

Caries progression in approximal surfaces tends to be
rather slow, especially in permanent teeth [106, 149].
Initial caries lesions and fillings constituted 86% of the
total caries experience [7]. These figures should encourage
nonoperative approaches and monitoring with careful
clinical inspection and occasional bitewing radiographs.
However, cleaning of approximal surfaces is demanding,
and the effect of self-performed use of dental floss is
questionable (Chapter 15). Therefore, alternative preven-
tive measures may be needed for proximal surfaces. This
concept has resulted in the development of either sealing
or infiltration techniques for approximal surfaces.
Figure 19.8 illustrates the difference between the two.
When lesions are sealed, a layer of resin is applied to
cover the lesion, following the same principle as used in
sealing occlusal lesions. In infiltration techniques, a
strong acid (hydrochloric acid) is used to etch and remove
part of the surface layer of the lesion to make it permeable
to the infiltrating resin [108]. Now the resin is applied
and penetrates the lesion [129] .

The sealing technique (Fig. 19.9) uses conventional resin-
based sealants for noncavitated lesions. A 2-year clinical

How long should sealants last?
The placement of a sealant should be considered a modifi-
cation of a rough surface into a smooth one, facilitating
plaque removal. The sealant is placed in first instance
because the child and parents have been shown to
be insufficiently capable of controlling caries lesion
development. The placement of sealants and restorations
should to go hand in hand with education on how to
maintain healthy teeth. Good education will yield success
and reduce the need for the sealant to aid plaque control
after a while. In many countries, caries prevalence and
experience has dropped and has been low and stable for
many years.

Sealants degrade over time, and the dental practitioner
should check the sealant regularly for unwanted plaque
stagnation in areas where the material may have fractured.
Based on the perceived caries risk of the particular child,

previously sealed pits and fissures should either be resealed
(high caries risk) or the partly retained sealant be made
plaque stagnation free (low caries risk), using a drill. It is
to be hoped that, over time, plaque control will improve,
and if a sealant lasts for, say 5 years, it should not be
necessary to continually replace it. Hopefully, it will have
served its purpose of tiding the child over a period of poor
plaque control.
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Figure 19.9 Approximal sealing of a D2 lesion on distal surface of tooth 24:
(a) radiograph; (b) application of a rubber ring for separation; (c) removal after
4-5 days, cleaning and inspection of the lesion to insure noncavitation;
(d) rubber dam isolation, etching of proximal surface and application of
sealant or adhesive patch; (e) final polish.

technique was superior to instructing patients to floss
in a population with considerable caries progression. In a
low-caries population, however, regular recalls, professional
fluoride varnish applications, and self-performed flossing
at home lead to the same low caries progression as contra-

lateral approximal sealants [6]. Sealing approximal lesions
is difficult owing to problems in controlling the sealant
material [146]. To aid application, a pre-cured adhesive
patch has been tried [6].

trial compared sealing on one side of the arch with fluoride
varnish application on the other. Results showed no difference
in progression between the two groups [60]. A subsequent
study [96] used a slightly different protocol. Teeth were
separated with orthodontic rubber rings for a few days.
This allowed an accurate diagnosis of the caries lesions and
facilitated sealant application. The contra-lateral control
side was managed with self-performed flossing at home
without additional fluoride applications. The sealing
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Atraumatic restorative treatment

Definition and history

Atraumatic restorative treatment (ART) is a minimal inter-

vention approach to both preventing dental caries and
arresting its progression. It consists of two components:

sealing caries-prone pits and fissures, and restoring cavi-

tated dentin lesions with sealant-restorations [48]. The
placement of an ART sealant involves the application of a
high-viscosity glass-ionomer that is pushed into the pits
and fissures under finger pressure. An ART restoration
involves the removal of soft, decomposed carious tooth
tissue with hand instruments. This is followed by restora-

tion of the cavity with an adhesive dental material that
simultaneously seals any remaining pits and fissures that
remain at risk. The restorative material recommended in
2014 for use with ART is a high-viscosity glass-ionomer,
preferably one that has been tested in clinical studies
and has been found to provide high survival rates. Resin-

modified glass-ionomer has also been used as the
restorative material with ART in a pilot study, showing
high survival results [42].

ART was initially developed in response to the need to
find a method of preserving decayed teeth in people of all
ages in both developing countries and disadvantaged com-

munities where resources such as electricity, piped water,
and finance were scarce. Without this intervention, such
teeth would decay further until they were lost through
extraction. The approach that ultimately became known as
ART was pioneered by JE Frencken in the mid 1980s as part
of a community oral health care program of the Dental
School in Dar es Salaam, Tanzania. To support the newly
established dental school, western donors had given mo-
bile’ cast-iron dental chairs, and drill and suction devices.
To become operational in rural Tanzania this equipment
required an electrical generator, petrol, and a vehicle to
transport it. Unfortunately, it became apparent that the
community oral health-care training in the dental school,
based on the donated mobile’ equipment, was impractical.

So, what should be done? Students needed to be trained
in community dentistry, and there was much dental decay
causing pain and suffering in rural Tanzania. Drastic
changes were needed: thinking outside of the envelope’ was
required.

The first step taken was an investigation into the types
of hand instruments available in clinics in rural Tanzania
and their suitability to further open small tooth cavities
and to widen bigger ones. Cavities prepared with these
instruments and filled initially with zinc phosphate cement
and later with polycarboxylate cement showed promising
results. In a number of restorations the polycarboxylate
cement was visibly abraded away, but the main outcome
was that all people were free of toothache. The enthusiastic
patient response and the apparent success of this restorative

Figure 19.10 Resin infiltration after etching and drying. A foil applicator is in
place to allow accurate placement of the etchant and protect the adjacent
tooth. This is removed after etching, the tooth washed, ethanol applied, and
thoroughly dried. Now a new foil applicator is inserted and the infiltrate
applied. The foil is now removed, the tooth dried with compressed air, and the
infiltrate light-cured.

The caries infiltration approach (Fig. 19.10) uses a
highly hydrophobic resin material and requires absolute
moisture control, using rubber dam and alcohol evapo-

ration. A 3-year study showed 4% of treated lesions pro-
gressed on radiograph compared with 42% of control
lesions [108]. In a 3-year clinical trial comparing infil-
tration with sealing, both techniques were significantly
better than placebo treatment in controlling caries pro-

gression of proximal lesions, but there were no
significant differences between them [98] . The sealing
and infiltration techniques have yet to be evaluated in

general practice.

Indications and reservations
Sealing and infiltration techniques are difficult to perform
and expensive of materials and surgery time. Moreover,
sealed and infiltrated lesions cannot be detected on bite-

wing radiographs, and this makes it difficult to monitor

such lesions in the clinic. For these reasons they would not
be applied as a purely preventive approach, but possibly
used for active approximal noncavitated lesions, which have
a considerable risk of progression. Their use in clinical
practice has to be monitored on a long-term basis and, as in

all sealant programs, must be accompanied by cost-benefit
analyses.

Where caries control measures, including sealants, have
been unable to arrest lesion development and a cavity in

dentin has formed that the patient cannot clean, some form
of restoration is required to facilitate plaque control and
restore the function of the cavitated tooth. A number of
such approaches are now presented starting with the most
minimally invasive one.
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technique were encouraging. The results of the pilot study
were presented at the scientific meeting of the Tanzanian
Dental Association in 1986, and the ART approach was
born.

Based on the encouraging results of the pilot study, a field
study was started in Tanzania where a permanent restor-
ative material, a medium-viscosity glass-ionomer cement,
was used instead of polycarboxylate cement. Unpublished
results indicated a high level of restoration retention and a
low level of occlusal abrasion of the glass-ionomer after
3 years. The breakthrough for ART came during the first
major clinical trial in which the ART approach was com-
pared with the traditional amalgam approach in rural Khon
Kaen, Thailand, in the early 1990s [52, 132]. This study
gained attention from world leaders in oral health and
resulted in the adoption of ART by the World Health
Organization on World Health Day in 1994. Since this time
ART has been scientifically evaluated in various parts of the
world using improved materials and methods. The ratio-
nale for using ART sealants and ART restorations will now
be discussed.

5 years the difference was 3% and 13% respectively [12],
and no significant difference was reported in initially
erupting molar teeth between the two types of sealants after
5 years [9].

Atraumatic restorative treatment restorations
When the lesion has progressed into the dentin and a frank
cavity is present that the patient cannot clean, a restoration
maybe required to facilitate plaque control. The selection of
cases for ART is not different from those selected for con-

ventional restorative treatment. A proper diagnosis, in all
cases, is of paramount importance. The minimum opening
of a sizable dentin lesion in an occlusal surface that is indi-
cated for treatment with ART was estimated to be 1.6 mm
in diameter [117]. Cavities with a very small opening may
pose difficulties. Experience has shown that hand instru-

ments fail to access very small cavitated dentin lesions, par-

ticularly those in the buccal pit of lower permanent molars.
The approach in these circumstances is to open the cavity as
much as possible, remove all debris and the biofilm, and
cover the dentin lesion and pits and fissures with a high-
viscosity glass-ionomer ART sealant. The systematic review
on sealing over carious lesions [61] and that on the fate
of microorganisms left behind when sealants are placed
over carious lesions [122] support this treatment (see
Chapter 20).

Fissure sealing and minimal operative
intervention

Atraumatic restorative treatment sealants
The technique of applying an ART sealant does not differ
much from that of glass-ionomer sealants (see ‘Technique
for glass-ionomer sealant’ section and Fig. 19.11). ART
sealants can be applied in an out-of-surgery environment
because no electricity and running water are required. The
pits and fissures are cleaned by running an explorer
through them, after children have cleaned their teeth with
toothbrush and fluoridated toothpaste. Isolation is ensured
using cotton wool rolls. If a powder-liquid high-viscosity
glass-ionomer is used, ensure that the mixing process is
carried out according to the manufacturer’s instruction.
Excess glass-ionomer is removed with an applier/carver
and/or a medium-size excavator. In out-of-surgery envi-

ronments, it may not be practical to reassess ART sealants
for many years. Although it looks easy to apply an ART
sealant, the practitioner should carefully acquire the
necessary skills.

The ART sealants using high-viscosity glass-ionomers
are usually placed under finger pressure. The fissure pene-
tration depth and marginal leakage of ART glass-ionomer
sealants were not different from those obtained using a
resin-based sealant material [155]; neither were they differ-
ent when the glass-ionomer was inserted with a ball-ended
burnisher compared with finger pressure [11]. If applied
properly and retained for a substantial period, ART sealants
have a long-lasting caries-preventive effect. The failure rates
of ART high-viscosity glass-ionomer and resin sealants
after 2 years were 1.7% and 1.1% respectively [21]. After

Cavity cleaning
The rationale for the use of hand instruments for cavity
cleaning with ART is based on tooth anatomy and the nature
of the caries process. In enamel carious lesions the deminer-

alization follows the direction of the enamel prisms. It is of
particular interest to look at the direction of the enamel
prisms in relation to occlusal and approximal surfaces, since
these differ. In occlusal lesions, the direction of the enamel
prisms results in the carious cavity being narrower at its
opening than in its deeper aspects, giving it a pyramidal-
shape (Fig. 19.12). Further progression of the carious lesion
results in demineralized enamel that is either unsupported
or poorly supported by the underlying dentin (Fig. 19.12).
This enamel can easily be fractured using hand instruments,

creating an opening large enough for excavators to enter and
remove decomposed dentin. Knowledge of this process and
the recognition of the different stages of enamel and dentin
demineralization at the tooth surface are essential in applying
the ART approach properly (Fig. 19.13). There is no need to
remove all unsupported enamel, only that which is required
for access or which is thin and prone to fracture (Fig. 19.14).
A dental hatchet, a gingival margin trimmer, or pyramidal-
shaped instrument designed specifically for this task
(enamel access cutter) can be used (Fig. 19.15). In approxi-
mal lesions, the direction of the prisms does not lead to a
pyramidal-shaped lesion, and access can sometimes be diffi-
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Figure 19.11 ART sealant step by step using a high-viscosity glass-ionomer (Fuji IX, capsulated). (a) Tooth 46 with a pit and fissure system that required a sealant
protection, (b) Remove debris from the pits and fissures with a sharp probe, (c) Condition the occlusal surface and pits and fissures with a cotton wool pellet, dipped
in polyacrylic acid, (d) Wash the occlusal surface and pits and fissures with a wet cotton wool pellet, (e) Dry the occlusal surface and pits and fissures with a dry
cotton wool pellet, (f) Press the glass-ionomer mixture into the pits and fissures with the index finger, (g) Remove finger after 10-15 s. Mixture has been pushed
towards the periphery of the occlusal surface, (h) Check the bite, (i) Remove excess glass-ionomer material with hand instruments, (j) Apply a layer of petroleum
jelly over the ART sealant, (k) Ask the patient not to eat for at least 1 h. Courtesy of Dr S. Leal.
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Figure 19.14 Further opening of a
cavitated dentin lesion using a hatchet,

(a) Look at the enamel buccal to the
lesion; it is demineralized and very
thin, (b) Place the dental hatchet at

the edge of the cavity opening and
press slightly, (c) The enamel has now
fractured. Continue removing enamel
that is demineralized.

Figure 19.12 A small cavity opening with partly demineralized enamel. The
destruction at the enamel-dentin junction is wider than at the cavity opening,
giving the lesion a pyramid shape. Courtesy of Dr E. Verdonschot.

Figure 19.15 Small cavitated dentin lesion in a lower first molar, (a) The
enamel access cutter is used to further open the cavity, (b) The end of this
pyramidal-shaped instrument is placed in the cavity opening and the instru-
ment is turned anticlockwise several times,grinding down the thin enamel that
forms the opening.

Atraumatic aspects

Why was the caries management approach using hand
instruments termed atraumatic restorative treatment7. At
the 6 months evaluation of the Thailand study in 1992 it

became very apparent that the children that had been
treated by ART happily participated, whereas those treated
by the conventional rotary handpiece approach were very
reluctant to do so. Many of these latter children ran away
when they saw the operators, thinking that they needed
to be treated again. On asking children of both groups
how they had remembered the treatment from 6 months
previously, it became clear that there was a high level
of acceptance by those treated using ART and an unwill-
ingness to be treated again by those in the traditional rotary
handpiece group. Hence, the term atraumatic was adopted,

not only because of its low level of pain or discomfort, but
also because of its minimal destruction of tooth tissue.
Later on, after many dentists reported feeling more relaxed
when carrying out ART restorative procedures, ‘reduction
of operator stress’ was added as a third reason for using the
term atraumatic.

Figure 19.13 A cavitated dentin lesion in the occlusal surface of the first
molar. Note the whitish coloring around the lesion opening. This is a sign of
partly demineralized enamel that will easily fracture off after slight pressure
with a dental hatchet (see lines of cleavage, Fig. 19.12). In doing so, the cavity
opening will increase in size and will allow easy access to the excavator for
removal of infected dentin. Also note the cavitated lesion in the buccal surface.

Courtesy of Dr B. Monse.

cult if attempted through the marginal ridge. For the same
reason, it is also difficult to open small cavities in buccal pits
and fissures with hand instruments, as previously discussed.

If too much force needs to be applied to open a cavity further
and a rotary handpiece is not available, it is better to place
an ART sealant. In a conventional dental clinic a rotary
handpiece should be used to open the cavity further if hand
instruments fail to do it. An appropriate amount of demin-

eralized dentin is now removed with an excavator, as
discussed in Chapter 20.
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Table 19.2 Overview of studies that compared dental anxiety and dental pain between the ART and the conventional treatment approach [59].

Reference Comparison Variable measured ConclusionOperator backgroundAge

Schriks and van
Amerongen [148]

Discomfort, heart rate

and modified Venham
index (observations)
Pain. Questions: did you
feel any pain during
treatment?
Pain. Wong-Baker
FACES pain rating scale
Pain. Wong-Baker
FACES pain rating scale

ART vs rotary instruments Dental students and
dentists

6-yr-olds ART caused less
discomfort

Rahimtoola
etal. [138]

ART vs rotary instruments 6-16-yr-olds ART caused less painDentists

ART vs rotary instruments 4—7-yr-olds Pedodontist specialist ART caused less painDe Menezes
Abreu etal. [28]
De Menezes
Abreu etal. [29]

ART vs rotary instruments
vs ultraconservative
treatment

6—7-yr-olds Pedodontist specialist No difference in
levels of pain among
treatments.
Local anesthesia was
more frequent given
in the rotary
instrument group
No difference in
levels of anxiety
between treatments
Both children and
adults treated with
the ART were less
dental-anxious

Topaloglu-Ak
etal. [167]

• ART vs rotary instruments
• ART vs ART with chemo-

mechanical gel
ART vs rotary instruments

6—7-yr-olds Pedodontist specialist Anxiety. Venham
picture test

Mickenautsch
et al. [110]

Children and
adults

Dentists and dental
therapists

Anxiety.
Children's fear survey
schedule.
Corah's dental anxiety
scale
Anxiety. Facial image
scale

6—7-yr-olds Pedodontist specialistART vs rotary instruments
vs ultraconservative
treatment

No difference in
levels of anxiety
among treatments

De Menezes
Abreu etal. [30]

Reproduced with permission of Springer Science+ Business Media.

Dental anxiety and dental pain with atraumatic
restorative treatment
Analysis of clinical trials that have compared patients’
comfort and level of anxiety during ART in comparison
with the conventional approach show no consistent trend
(Table 19.2). Some studies report less pain and anxiety with
ART, and others do show no difference compared with tra-

ditional rotary-driven treatment. Students should note this
table is not here for you to memorize it, but it shows that
much careful evaluation of ART has been published.

by hand instruments were significantly smaller in size than
those prepared through rotary instrumentation [137]. It has
also been reported that surfaces adjacent to cavitated approx-
imal surfaces are usually severely damaged when the cavity is
instrumented with a bur unless the adjacent surface is pro-

tected [94, 116, 135], even to the extent that the iatrogenic
damage was considered a caries risk factor [135]. Iatrogenic
damage to approximal surfaces of neighboring teeth in the
process of treating class II lesions has also been reported
using hand instruments [84]. However, scratches were small
compared with the damage caused by the use of a bur.

It can be concluded that the atraumatic’ of ART implies an
approach that causes little or no pain/discomfort to the
patient even without anesthesia, which removes only useless
tooth tissue and which minimizes damage to adjacent tooth
surfaces when compared with the use of rotary instruments.

Restorative materials used with atraumatic
restorative treatment

The definition of ART includes the use of all adhesive
restorative materials and adhesive systems. However, in
practice, most ART studies have used glass-ionomer
cement, although resin-based materials have also been
used. The type of glass-ionomer currently recommended is
a high-viscosity one (powder to polyalkeonate liquid ratio

Local anesthesia with atraumatic restorative treatment
Local anesthesia is still a normal part of contemporary
practice, particularly when using rotary equipment. It is
now generally accepted that local anesthesia is seldom
required when using hand instruments (ART) to manage
dental caries [72, 171]. This reduces dental anxiety in chil-
dren and may reduce the level of stress in dentists when
treating children.

Tooth tissues saving with atraumatic
restorative treatment
It is obvious that hand instruments, unlike rotary instru-

ments, have a limited ability to remove sound tooth tissue. It
is no surprise, therefore, that single-surface cavities prepared
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>3.4:1.0). Medium-viscosity glass-ionomer (powder to

polyalkeonate liquid ratio between 2.1:1.0 and 3.3:1.0),

available at low prices in many countries, should not be
used, as the survival rates of ART restorations and ART
sealants using this type of glass-ionomer are significantly
lower than those using high-viscosity glass-ionomers [173].
In addition, it is advisable to use a high-viscosity glass-
ionomer that has been tested in clinical studies of long
duration. There are manufacturers that have advertised
their high-viscosity glass-ionomer for use with ART
without having that material put to the clinical tests.
Clinicians should be aware of this situation. A well-cleaned
cavity can result in a poor restoration when a substandard
high-viscosity glass-ionomer is inserted.

A high-viscosity glass-ionomer is marketed in a

powder-liquid form and in capsules. The quality of ART
sealants and ART restorations is compromised when less
than the required amount of powder is used to produce
the mixture [33] . A 50% reduction in the required powder
per drop of liquid reduced the compressive strength of
the mixed high-viscosity glass-ionomers by 50%. This is

unacceptable. Therefore, dentists using hand-mixed
glass-ionomer, should ensure that all powder is incorpo-
rated into the liquid; there is no compromise here. It is
unethical for a professional to be sloppy in mixing glass-
ionomers. However, producing a good mixture regularly
is not always easy. Therefore, it is necessary for the dental
team to be trained in this procedure before placing glass-
ionomers. In the dental practice, encapsulated high-
viscosity glass-ionomers can be used, which, in general,
have better mechanical properties than the hand-mixed
ones [34, 114].

The atraumatic restorative treatment approach
step by step using high-viscosity glass-ionomer

Equipment required
Unlike traditional dental treatment, only basic dental equip-

ment is required for the ART approach. This means that the
approach can be used in many different environments,

although the precise equipment may be dictated by the
working conditions. These can loosely be divided into the
use of ART in a well-equipped dental clinic and ART placed
in outreach situations, such as in schools or homes. The
basic equipment includes an appropriate support for the
patient and for the operator, a source of intraoral lighting,

dental instruments, restorative materials, and other relevant
consumable materials.

Figure 19.16 A set of ART instruments consists of a mouth mirror, an explorer,
a pair of tweezers, an enamel access cutter, a dental hatchet, excavators (small
and medium size), and an applier/carver.

surgeries and are readily available from most dental
instrument suppliers. The essential instruments are a
mouth mirror, a probe, tweezers, a dental hatchet, an
enamel access cutter, excavators, and an applier/carver
(Fig. 19.16). ART instruments are available through com-

panies like Henry Schein, Hu Friedy, and Duflex. Dental
practitioners should buy quality instruments made of
hard steel that keeps the working part of the instruments

sharp for long periods. If the working end of an instru-

ment has become blunt, it needs to be sharpened. In the
dental clinic, the suction device can be used to isolate the
tooth requiring attention. The consumable materials
required include cotton wool rolls, cotton wool pellets,

petroleum jelly, tumbler/cup, wooden wedges, matrix

bands or plastic strip, articulation paper, and the glass-
ionomer cement.

Atraumatic restorative treatment sealant
and restoration protocols
In order to achieve optimal outcomes it is essential that all
the necessary steps be followed. These are presented in

Figs 19.11 and 19.17.

Operators
The reader may have gained an idea that providing ART
sealants and ART restorations is simple and easy to learn.

However, experience of teaching ART courses to groups of
dentists and dental therapists in many countries has shown
this is not the case. There is a profound need for an under-
standing of modern cariology and the dynamics of the caries

process in addition to the chemistry and proper handling of
glass-ionomers in order to operate effectively and appreciate
the advantages of ART. It has also been noticed that many
dentists and dental therapists, independent of age, need to

practice the techniques under supervision. It boosts their
confidence as they learn to treat cavitated dentin lesions they

Dental instruments and consumable materials
The instruments used in the ART approach have been
carefully selected and are based on the steps involved in

placing an ART restoration or ART sealant. No instru-
ment surplus to the essential requirements is used. Almost
all the instruments are those commonly found in dental
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previously considered unrestorable without use of a drill and
a modern surgery. ART courses also contain information on
the nonoperative management of dental caries, evidence-

based results of oral health procedures, and how to manage
failed ART sealants and ART restorations. Therefore, an
ART course can last up to 5 days depending upon the
previous experience of the participants.

Effectiveness of atraumatic restorative treatment
sealants and restorations
This will be considered in Chapter 21. To summarize the
results of many clinical trials, it can be concluded that:

• ART sealants have a high caries-preventive effect.
• ART using high-viscosity glass-ionomer can safely be

used in single-surface cavities in both primary and
permanent posterior teeth.

• ART using high-viscosity glass-ionomer cannot be rou-

tinely used in multiple-surface cavities in primary poste-

rior teeth.

• Insufficient information is available for conclusions
about ART restorations in multiple surfaces in permanent
posterior teeth and anterior teeth in both dentitions.

i

Causes of failure of atraumatic restorative
treatment restorations

ART restorations fail for the same reasons as restorations
produced using other materials. Evaluation criteria aim to
assess the mechanical condition of the restoration over time
as well as the biological condition of the remaining tooth
tissue. The mechanical condition is partly dependent on the
physical properties of the restorative material and partly on
its handling by the operator. There are a number of reasons
why glass-ionomer material can become dislodged:

• insufficient removal of demineralized enamel and
decomposed dentin;

• improper mixing of the glass-ionomer powder-liquid;

• level of humidity and temperature of mixing glass-
ionomer;

• incomplete filling of the cavity with hand-mixed
glass-ionomer;

• saliva and/or blood contamination;

• insufficient or no conditioning of the cleaned tooth
cavity;

• level of cooperation of the child.

Insufficient fracture toughness of the glass-ionomer in
multiple-surface restorations is thought to be the reason for
the high percentage of dislodgement of multiple-surface ART
restorations in primary teeth [86, 87, 163]. The mechanical
properties of high-viscosity glass-ionomers can be increased
further by applying heat during the setting procedure using a
high-intensity LED curing light unit [115]. This increased
fracture toughness in vitro, and clinical trials are planned.

(h)

Figure 19.17 ART restoration of a dentinal lesion, step by step, (a) Notice
the discoloration around the cavity opening, which indicates that the caries
has extended under the enamel. This unsupported enamel is demineralized
and will break off easily under slight pressure (see Chapter 5 and Fig. 19.12).
(b) Opening of cavity further for improved access with the blade of the
hatchet, (c) Caries removal using a small excavator, (d) The conditioner is
applied to the cleaned cavity and pits and fissures with a cotton wool pellet,
(e) Carefully dried cavity before placing the filling, (f) Incremental cavity pits
and fissures are filled with glass-ionomer cement, (g) Firm finger pressure
is applied over the occlusal surface. This is called 'press-finger technique.'

(h) Excess filling material visible at the outer margins of the occlusal sur-
face. (i) ART restoration after the bite has been adjusted. The filling material
is not yet covered with petroleum jelly, (j) Completed restoration. The cavity
is filled and the pits and fissures are sealed. Courtesy of Drs J. Frencken and
C. Holmgren.
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Atraumatic restorative treatment
in the public services
The first report that described the use of the ART
approach in a public service system originated from South
Africa. ART was introduced there because of preventive,
restorative, and economic advantages, patient-friendliness,

and the potential to increase the coverage of dental care
needs in a population. The adoption of ART was associ-
ated with training, research, and follow-up supervision.

Since then, the ART approach has been introduced in
several countries as an appropriate caries management
concept.

The experiences in South Africa, Mexico, Tanzania,

Egypt, the Latin American countries, and Cambodia [22]
show that the proper implementation of ART in the public
oral health services is mainly hampered by two factors: the
availability of ART instruments and the availability of
quality glass ionomers. In this context, it is worth noting
that dentists employed both in public services and in private
practice in Egypt were able to perform ART restorations in
their private practices but less so in public facilities. This
was because of the reduced availability of glass-ionomer
cement and proper hand instruments in the public service
clinics, materials which they could purchase for use in their
own private practice [43].

Strategies for successful incorporation of ART into public
oral health services should, therefore, include:

• organization of training courses in ART for trainer
dentists;

• regular complete ART courses in countries that have
already organized such courses;

• support for course participants through ensuring the
constant supply of quality high-viscosity glass-ionomer
restorative material;

• installation of a system for monitoring treatments
provided in public oral health services;

• organization of meetings for updating dental practi-
tioners about monitored results;

• cooperation between universities and the health minis-

tries in developing the ART oral health projects [143].

Finally, introducing ART as part of the Basic Package of
Oral Care [56] increases the chance for rendering essential
palliative, preventive, and restorative care to many commu-
nities in need.

The operator appears to be a major factor in the survival
of ART restorations. Where studies have evaluated four or
more operators [54, 55, 57, 137, 163], some were found to
perform worse than their colleagues. The operator effect
seems to indicate that the dentists and dental therapists
require skill, diligence, and comprehension in order to per-

form quality ART restorations [62]. For this reason, it is
mandatory to follow an ART training course before applying
ART in the field and clinic.

Atraumatic restorative treatment in the elderly
From its onset, one of the indications for the appropriate use
of the ART approach concerned the elderly, particularly
those living in institutions and those who are homebound.

Unfortunately, very few studies have investigated the poten-
tial of ART in providing dental care to these people. The
first such study was carried out on people in their seventies
who were homebound because of physical, mental, or
emotional problems [71]. The majority of carious lesions
present were so extensive that classical restorative care for
these elderly people was no longer possible. After 1 year,
79% of the ART restorations placed were considered suc-
cessful. ART was well received and the recipients were very
satisfied with the care provided at home. A second study
was performed on root-surface carious lesions amongst, on
average, 63-year-olds who had undergone radiotherapy.
After 2 years there was no significant difference in survival
rates between ART restorations and those produced through
the traditional approach, using high-viscosity glass-
ionomer: 66.2% versus 65.2% respectively [73]. Further
work investigated the survival of ART restorations in root
surfaces among institutionalized elderly with an average age
of 78.6 years in comparison with that of traditional
treatment using a resin-modified glass-ionomer. The
1-year survival rate for traditional restorations was 91.7%
and it was 87% for ART restorations [88] .

The potential use of ART to manage elderly patients in
hospitals, institutions, or their own homes has been insuffi-
ciently researched. Considering the worldwide increase
of elderly people with natural dentitions in the coming
decades, studies covering the impact of the ART approach,

as part of a package of (medical) oral care for use among the
elderly, should receive serious attention (see Chapter 18).

Atraumatic restorative treatment and people
with a disability
A systematic review on the effectiveness of treatments
provided to people with a disability concluded that investi-
gation into the potential of ART should be carried out [113].
One of the aims of using ART is to reduce the number of
people with disabilities that have to undergo simple restor-
ative treatment under general anesthesia. For example, peo-
ple with a severe form of autism cannot accept the noise of
the drill and ART has turned out to be a good alternative.

Atraumatic restorative treatment
and dental education
The principles of ART perfectly fit the concept of minimum
intervention dentistry. It is obvious that populations stand
to benefit from ART if the approach is being taught at dental
schools, as is done in Brazil [118], the USA [79], and many
other countries. A number of textbooks on ART [48, 77] and
chapters on ART in textbooks on minimal intervention den-
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tistry [49], preventive and community dentistry [70], cariol-
ogy [50], and pediatric dentistry [47] have been published.

Concluding remarks on atraumatic
restorative treatment

Since its conception some 25 years ago, ART has traveled the
world. It has become part of the dental curriculum in coun-

tries as far apart as China, Vietnam, Indonesia, Turkey, Egypt,
South Africa, Tanzania, Netherlands, France, UK, USA,
Mexico, Ecuador, Venezuela, and Brazil to name a few. The
Federation Dentaire Internationale accepted ART as one of
the treatment methods within the concept of minimal inter-

vention dentistry at their annual meeting in Vienna in 2002
[44]. ART has gained in popularity among general dental
practitioners in developed nations. General dental practi-
tioners in the USA [151] and the UK [17] use ART to treat
children restoratively. In the Netherlands, ART is used to treat
children and anxious people. Thus, ART is no longer confined
to environments where electricityand piped water are unavail-
able but has become a contemporary caries management
approach that can be applied in any dental care clinic.

The most obvious advantages of amalgam are its long-
lasting dental record, low cost, and ease of use, whereas
its most important disadvantages are its lack of adhesive
technique and its appearance. In many countries resin com-

posites are the materials of choice for direct restorations. As
will be seen in Chapter 21, the longevity of modern resin
composite restorations is comparable to amalgam restora-
tions, although this result may depend on the caries challenge
and the size of the restoration. Amalgam restorations may
last longer in caries-active patients such as children receiving
fillings due to primary caries [13, 156]. However, large
amalgam restorations may show more failure due to fracture
than large composite restorations do [127]. In low caries-
risk patients, composite resin had a better performance in
the long term [127]. Patient factors, such as caries activity,
probably play a more important role in the longevity of pos-

terior restorations than the materials selected do [27].
Glass-ionomer is often recommended as a suitable

material for the restoration of carious cavities because of its
fluoride release [120]. Some clinical studies have shown a
cariostatic effect of glass-ionomer restorations on the
neighboring surfaces of primary teeth [32, 136, 168]. Others
have shown a decreased development of recurrent caries
alongside cervical glass-ionomer restorations, especially
in high caries-risk people where saliva flow is reduced
[31, 99]. Overall, retention in both enamel and dentin of
cervical restorations placed with a type II restorative glass-
ionomer cement was superior to resin-based materials,
according to a systematic review [131]. For root caries
lesions that need to be treated operatively, a glass-ionomer
is considered the first option.

In the deciduous dentition, single-surface glass-ionomer
restorations, especially when placed with the ART technique,

have been proven to be a successful treatment [25]. The added
advantages in using ART are a local anesthetic is not required
and the technique causes less anxiety than traditional con-

cepts do. For restoring large-sized cavities, glass-ionomer
lacks the mechanical properties to achieve a durable resto-
ration. For such cavities, resin composite, placed with a total
etch technique, should be used. Therefore, in the permanent
dentition, the use of encapsulated high-viscosity glass-
ionomer should be restricted to single-surface cavities in car-
ies-active patients and for the restoration of cervical (root)
lesions. Glass-ionomer cement is also the material of choice
for temporary restorations, such as in the stepwise excavation
technique (see ‘Stepwise excavations studies section in
Chapter 20). Choosing a glass-ionomer cement that is a dif-

ferent color to the tooth will help the dentist distinguish the
dental material from the tooth when removing the filling.

For other larger defects, composite resin restorations,
placed with a total etch technique, have the best prognosis.
Developments in composite resin technology have
yielded new materials, such as nanocomposites or low-
shrinkage materials. Initial results claim superiority, but

Conventional minimal intervention methods

Materials available

In the conventional surgery setting the available materials
for direct restorations are amalgam, composite resin, and
glass-ionomer cement. Indirect restorations for caries
treatment can be considered obsolete owing to the unfavor-
able cost-benefit balance related to the high risk of failure
in caries-active patients and the substantial amount of
tooth substance loss necessary for the indirect technique.

When larger defects have to be restored in caries-active
patients, a direct restoration should be placed together with
an intensive nonoperative caries control program. When
the balance of the mouth is reestablished and caries activity
has been controlled, an indirect restoration can be consid-

ered. It will have the advantage of more control in restoring
anatomy, occlusion, and proximal contacts. This restoration
can last a lifetime in a caries-inactive patient.

Amalgam, composite resin, and glass-ionomer
restorations

Amalgam restorations have been placed successfully for
years but are now in demise owing to the increased use of
resin composites. The continued use of amalgam is chal-
lenged for environmental reasons [75]. However, composite
resins, and resin-modified glass-ionomers, may have a neg-

ative influence on general health due to exposure to resins,

particularly due to the release of monomers at the surface
and when improperly cured. These discussions are beyond
the scope of this textbook but, on a population level,
amalgam, composite resin, and glass-ionomer cements can
all be considered safe when properly placed.
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this has not been shown in clinical studies [147]. It has been
suggested that a layer of glass-ionomer might be placed
beneath composite resin - the so-called sandwich tech-
nique. However, total etch restorations have a better lon-

gevity, mainly due to fewer fractures, than sandwich
restorations [126].

Relevant technical aspects of minimally
invasive management

Preservation of tooth structure
Where a cavitated carious lesion is to be restored opera-
tively, it is sufficient to remove an appropriate amount of
demineralized tissue (see Chapter 20) and make the prepa-

ration accessible for the filling procedures. For occlusal
(Fig. 19.18) and free smooth surface defects, visual access is

easily achieved leading to minimal-sized preparations.
Where a cavitated lesion is surrounded by demineralized
enamel, this can be included in the preparation or left in

place on the assumption that a good caries control regime
can arrest lesion progression. On occlusal surfaces, the
demineralized enamel can be sealed - called a sealant resto-
ration [153].

The decision as to where the preparation outline should
be located is influenced by the risk of demineralized enamel
becoming cavitated, aesthetic considerations, and the need
for a bevel at the restoration outline. Bevels on composite
restorations can improve appearance, making it easier to
merge the filling into the tooth. Although laboratory
research favors bevels to improve cavity seal [123], clinical
studies have not shown better outcomes for beveled restora-

tions [78, 177].
In approximal lesions on posterior and anterior teeth,

minimally prepared, box-type preparations are the best
operative procedure. They provide good visibility for the
removal of completely demineralized carious tissue and for
the adequate insertion of the restorative material. Tunnel
preparations have been recommended for the treatment of
approximal carious lesions in order to be minimally inva-
sive. This approach leaves the proximal surface and
marginal ridge intact as much as possible. However, to
reach the cavitated carious lesion, usually situated below the
contact point, the opening in the occlusal surface needs to
be widened so much that a thin marginal ridge often
remains that fractures easily. In addition, there is consider-
able risk of damaging the adjacent tooth and it is not easy
technically to seal the cavity. The longevity of these restora-

tions was not good either [141, 160, 161]. For all these rea-
sons, tunnel preparations are not advised. The rise and fall
of this restoration is a salient lesson. It was devised for the
best of reasons, to save tooth structure. However, careful
clinical evaluation showed these restorations failed and the
design is now rarely used [174]. The take-home message is:

by all means think and innovate, but clinically evaluate and
report as well.

Figure 19.18 (a) Cavitated lesions visible in the occlusal surface, (b) The
preparation after excavation; note distinct differences in lesion extension bet-
ween the active lesion in the central fossa compared with the slowly progress-

ing microcavitated lesion in the mesial fossa. The lesion on the mesial surface
was not included in the preparation because it was arrested.

Figure 19.19 Examples of damaged enamel surface in molar adjacent to

preparation in premolar. Due to a low caries activity, this damage did not sub-

sequently result in cavity formation.

Protection of the surface of an adjacent tooth
When lesions are located on an approximal tooth surface,
the cavity is just cervical to the contact point. For this
reason, when the cavity is prepared, there is a risk of dam-

aging the adjacent tooth (Fig. 19.19). When treating a high
caries-risk patient, this adjacent tooth surface may well
have a noncavitated lesion. If these lesions, with weakened
enamel surfaces, are touched by rotary instruments, this
will promote and enhance the caries progression of the
adjacent tooth, resulting in new cavitated lesions. This
might have happened with the distal surface of the first
molar in Fig. 19.4. From the literature it is known that
damage to the neighboring tooth is very common [90, 94] ,
and strenuous efforts must be made to avoid this. It has also
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been shown that there is a 2.5 times increased risk for
subsequent restoration on the adjacent tooth surface the
moment a proximal surface is restored [135]. However,
once again, the individual caries risk of the patient may be
even more salient than the iatrogenic damage with respect
to what happens next. Again, we stress that the nonopera-

tive caries control measures are the most important part of
the treatment.

In order to protect adjacent tooth surfaces, two measures
are available:

• The use of a protective band placed around the adjacent
tooth (Fig. 19.20).

• The use of sonic special preparation tips (KAVO) that
have a nonworking side directed towards the adjacent

tooth and a working side that is able to remove thin
layers of enamel as well as making a bevel along the
proximal outline (Fig. 19.21). In vitro research showed
that damage to adjacent teeth is reduced with the use of
Sonicsys tips, while marginal adaptation is good [124].

When the adjacent tooth surface contains a restoration,
the filling may be damaged. When restoration surfaces are
touched, the anatomy of the restoration should be polished
and adjusted before the matrix is placed. This may reduce
the damage and might lead to a better anatomy of the
proximal surface (Fig. 19.22).

Figure 19.22 (a) Cavity preparation in the second premolar has scored the
mesial surface of the amalgam in the first molar, (b) The scored surface has
now been polished and the anatomy of the proximal surface established
before placing the new restoration.However, the mesial surface may now be
too flat to acquire an appropriate approximal contact point to avoid food
impaction.

Figure 19.20 A band is placed around the second premolar to protect its
approximal surface, while the carious lesion on the distal surface of the second
premolar is opened with a diamond bur.
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Figure 19.21 Phases in a preparation technique for protecting the adjacent tooth surface, (a) A wedge is placed and initial opening of the lesion is made using
the bur. (b) Gingival beveling after using the the Sonysis device (Kavo). (c) The Sonysis tip in use.This instrument only cuts on one side. The side next to the adjacent
tooth is smooth and can do no damage.
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with the tooth and be easy to clean. Nowhere is this more
difficult to achieve than at the cervical margin, the very
area where plaque will stagnate and caries can occur. A
particularly critical area is the cervical margin of the
approximal restoration. If a void is left, this will result in
an uncleansable gap exceeding the critical width of 250 pm
[81, 164] . In the case of a caries-active patient, this is likely
to result in recurrent caries. Therefore, the dentist should
put every effort into achieving a void-free outline. It has
been suggested that syringeable composites and inserting
the tip of the compule deep into the cavity may help to
achieve this. Also, the use of a first layer of flowable
composite has been described using the so-called ‘snow-

plough’ technique (Fig. 19.24). In this technique the flow-

able composite is not cured until a layer of hybrid
composite is added [125]. It should be noted, however,
that there is little experimental proof as to which tech-
nique is best for achieving a void-free cavity margin. It is
likely that the skills and dedication of the operator play an
important role.

Establishing a contact point
Achieving a good contact point is very important because
food will be forced between the teeth where there is an open
contact and tends to lodge in the embrasure. This is annoying
for the patient and promotes recurrent caries. It was relatively
easy to establish a good contact point when handling
amalgam. Provided a matrix was placed and burnished
against the adjacent tooth, condensation of the amalgam
resulted in a tight contact. When composite resin became
available, the consistency of the material meant that now it
was not possible to establish the contact by simply pushing
the material against the matrix band, and other techniques
were required. Nowadays,special separation rings (Fig. 19.23)
are available that actively separate adjacent teeth, resulting in
a tighter and properly placed contact point [91, 92].

Seal and cleansability of the margins
Restorations are placed to aid plaque control. It is thus
obvious that the restoration should merge imperceptibly

Figure 19.23 Examples of different types of separation rings. In each, the principle is the same. The spring-loaded ring forces the teeth apart. The thin metal matrix
is carefully burnished to the adjacent tooth, the cervical margin of the band is firmly wedged to ensure a tight fit, and the restoration placed. When the ring is
removed, the separated teeth move together and a tight contact results.
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Figure 19.24 The 'snow-plough' technique:
(a) inserting the flowable composite after
applying a sectional matrix; (b) flowable
composite in place; (c) inserting the hybrid
composite; (d) restoration after curing;
(e) finished restoration.

Clinical examples
• Occlusal sealant-restoration (Fig. 19.25). The rationale

behind this restoration is that the carious cavity is restored
with composite resin, and contrary to the extension for pre-
vention concept’ of G.Y. Black, the residual fissure system is
sealed to maintain tooth structure and to aid plaque con-

trol. The procedure is called preventive resin restoration

[153]. The same approach is used when the cavity is treated
using ART and high-viscosity glass-ionomer (Fig. 19.26).

• Approximal box restoration (Fig. 19.27).
• Cervical composite restoration (Fig. 19.28).
• Restoration of root caries with glass-ionomer cement

(Fig. 19.29).
• The larger lesion (Fig. 19.30).
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Figure 19.25 Occlusal sealant restoration, (a) Cavitated lesions in molars in a 12-year-old girl (1997). Rubber dam applied, (b) Preparations after opening the lesions
with a diamond bur. Opening of the distal fossa in the molars might not have been needed because the lesions were inactive, (c) Lesions after excavation, (d) Restored
lesions - a three-step etch-and-rinse adhesive was used together with a hybrid composite.A white sealant was placed on the rest of the occlusal surfaces. The sealants
might not have been needed, since there was no active caries, (d) The restorations after 15 years; the patient is now 28 years old. Note that the sealants have partly
been abraded away, (e) A clinical picture from the buccal aspect, shows darkly stained arrested lesions, the scars of previous periods of active caries.
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Figure 19.26 ART occlusal sealant restoration, (a) Cavity cleaned according to ART in tooth deciduous molar of a 4-year-old girl, (b) Not only the cavity is restored,
but also the adjacent pits and fissures have been sealed using Ketac Molar Easymix'\ providing extra protection. Courtesy of Dr S. Leal.
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Figure 19.27 Approximal box restoration, (a) Deep cavitated caries lesion distally in the first upper premolar extending dose to the pulp; see radiograph in (kii).
(b) Dentin lesion after opening and removal of enamel with a diamond bur. (c) After removing soft dentin at the enamel-dentin junction using a round bur and
water coolant. A 2 mm zone is created along the enamel-dentin junction to provide sound dentin for bonding. The central soft caries has not yet been removed,

(d) The cavity after careful removal of most of the soft dentin, leaving a layer centrally covering the pulp, aiming at indirect pulp capping. In this case the central
carious dentin was not protected by a liner, (e) Matrix, wedge, and separation ring applied.The etchant is in place, (f) The first layer of flowable composite is inserted
but not cured, (g) The first layer of hybrid composite is inserted and both layers are cured together, (h) The first two layers have been cured, (i) The restoration after
removal of the matrix, (j) The restoration after finishing, (k) Three radiographs: (ki) 3 years before treatment, (kii) just before treatment, and (kiii) after treatment.
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Figure 19.27 (Continued)

Figure 19.28 Cervical composite restoration, (a) Clinical examination of 32-year-old male shows cervical lesions covered by biofilm, in spite of 1 year of nonop-
erative treatment focusing on improved cleaning with fluoride toothpaste. It was decided to place restorations to aid cleaning, (b) Cavity preparation with minimal
loss of dental hard tissues, (c) Restoration with three-step total etch technique and direct composite resin.



Figure 19.29 Restoration of root caries with glass ionomer cement: (a) caries lesion in upper canine, poor plaque control; (b) after excavation; (c) after injection
of the cement, a special matrix is placed and surplus is removed; (d) after 5 min waiting, the matrix is removed; (e) finishing using a fine-grit diamond bur; (f) appli-
cation of the protective varnish; (g) finished restoration; (h) restoration after 3 years.
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Figure 19.30 The larger lesion, (a) Amalgam restoration with clinically defec-

tive margins ocdusally and distally before treatment, (b) After amalgam removal,
(c) After excavation with a round bur and water coolant. Note wooden wedges
in place preventing bleeding of the interdental gingivae, (d) This shows a typical
problem when a wide box is present and an attempt is made to place a separa-

tion ring. The ring forces the matrix out of position, (e) and (f) The solution is to

place the distal sectional matrix first without a separation ring while leaving the
separation ring and sectional matrix mesially. (g) Etching the cavity, (h) Filling the
mesial box and shaping the buccal and palatal walls of the distal box. (i) After
curing this, the separation ring can easily be placed, (j) The finished restoration.

• failure as judged by the patient, such as poor
appearance.

It is very important that the dentist decides why the restora-
tion has failed, because this is essential if the correct treatment
is to be carried out. The reason for failure must be discussed
with the patient. For instance, if the problem is recurrent
caries then the patients role is salient. If, on the other hand,

the problem is technical, how will the dentist avoid making
exactly the same mistake in the new restoration?

Replacement or repair of failed restorations

Replacement of existing restorations is the core business of
most general dental practices in many developed countries
[58] . The reasons for judged failure of restorations are
discussed in Chapter 21 and can be summarized thus:

• biological failure such as recurrent caries;

• technical failure diagnosed by the dentist, such as a frac-
tured restoration, fractured tooth around the filling, a
deficient contact point, a poorly adapted restoration;
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Should a failed restoration be totally replaced or repaired?
There is much to recommend repair as the minimally invasive
option. It is known that when a restoration is removed it is all
too easy to overcut and remove sound tooth structure [41].
This is particularly likely when adhesive restorations are to be
removed. Amalgam is nonadhesive; a plug in a hole and with
care the restoration can be pushed away from the margin hav-

ing removed the middle part of the filling. This must not be
done with an adhesive restoration because there is a potential
for fracturing the tooth that the restoration is bonded to.

The restoration must be carefully dissected out, and this
requires skill. In addition, when restorations are repaired
there is less danger of pulpal damage, and the parts of the
restoration that are satisfactory are preserved so that new
technical failures are not introduced. It is reasonable to
suggest that, if a considerable part of the existing restora-
tion is clinically acceptable, a repair should be the first
choice rather than complete replacement (Figs 19.31, 19.32,
19.33, 19.34, and 19.35). Repaired restorations are likely to
survive as long as those completely replaced [58].

Figure 19.32 Marginal breakdown of composite restorations. Therapy? No
cavity preparation required, just local cleaning, etching, adhesive application,
and composite completion.

Figure 19.31 Lingual crack caused by polymerization shrinkage of composite.
Therapy? None, as long as the patient does not have complaints.

I
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Figure 19.33 (a) The distobuccal cusp is fractured, (b) A bevel is placed in the
enamel and the cusp replaced with composite, (c) The completed and polished
restoration.



Figure 19.34 (a) The enamel has fractured on the lingual side of the proximal box. (b) The defect is cleaned, etched, bonded, and filled, (c) The completed repair.

Figure 19.35 Tooth 14 has a 12-year-old mesial-occlusal-distal composite restoration. On the radiograph a cervical recurrent carious lesion is present, (a) Note the
small fracture of the marginal ridge of the composite restoration in tooth 15 mesially. (b) A distal box is prepared and the mesial contour of 15 is reshaped, (c) Placement
of sectional matrix, wooden wedge, and separation ring results in tight approximal contact, (d) A syringeable hybrid composite was used to complete the restoration.
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the unpleasant experience of tooth extraction. Frightening
the child can have serious consequences for subsequent
care. Anterior teeth do not have a space-maintaining
function, but they are valuable for the development of the
orofacial function, speech development, and biting food.

Kindergarten children experience the social importance of
a pleasant smile instead of a toothless grin.

Minimal intervention and the deciduous
dentition
A remarkable caries decline been achieved in the permanent
dentition in children and adolescents in industrialized
countries. Dental care for children in many countries is a
well-funded priority, but others, such as the UK or Germany,

accept a lamentable situation in the deciduous teeth of their
young, vulnerable kindergarten population. Dentists admit
that children are stressful to treat and that they do not have
time for them [133, 158]. Early childhood caries (ECC) and
treatment under general anesthetic increase [80]. Dentists

may not restore deciduous teeth, and the care index (a ratio

of restored to unrestored deciduous teeth) has dropped
from minimal levels to close to nothing [119]. Some resto-
rations in children with many lesions either fail or do not

make a clinical difference, resulting in toothache and
abscess being a common phenomenon in children [112]. It
is not surprising that a reduction in the quality of life for
children due to dental problems has been recorded [24, 83]
and that associations between caries problems and middle-
ear and respiratory infections have been reported [4].

Experts in some countries engage in fierce debates as to
what approaches should be undertaken to improve the
situation [82]. The following sections will discuss what is

special about children and deciduous teeth. While there is

agreement on the importance of caries control measures,

especially the importance of parental brushing with fluoride
toothpaste (see Chapter 15), there is argument as to the
optimum restorative practice. We attempt to unravel the
various arguments.

Function and longevity of deciduous teeth:
do they matter?

Deciduous teeth are temporary, only being in the mouth for
6-9 years (Table 19.3). During this time the dentist should
ensure a problem-free survival. Of course, they can easily
be extracted, but premature loss of the second deciduous
molar often results in a mesial drift of the first permanent
molar, secondary crowding in the permanent dentition,

and subsequent expensive orthodontic treatment [23]. Just
as important as these considerations are the trauma to the
child and the parents of possible toothache followed by

Table 19.3 Eruption times and lifespan of deciduous teeth.

Anatomical considerations
The enamel and dentin are thinner than in permanent teeth
(Fig. 19.36). The teeth are smaller, with broader contacts,
and the pulp chambers are proportionately larger relative to
the size of the crown. These dimensions mean it takes less
time for the lesion to reach the pulp in deciduous teeth than
in permanent teeth.

Thus, noninvasive or minimally invasive approaches
potentially face greater problems than in the permanent
dentition. The chances of arresting a lesion have to be
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Figure 19.36 Anatomical differences between a deciduous (left) and a
permanent (right) molar. Dentin (a) and enamel (b) thickness is less in decid-

uous teeth partly due to voluminous pulp horns in deciduous teeth.

Lifespan (years)Eruption time (years)

Deciduous Permanent

7 6.5Central incisor
Lateral incisor
Canine
First molar/premolar
Second molar/premolar

0.5
7.250.75 8
7.5/10.5a1.5 9/12a

Figure 19.37 The radiograph shows an interradicular radiolucency (arrow)
indicating irreversible inflammation of the pulp and subsequent necrosis. Pulpal
treatment or extraction is required. The radiograph does not reveal inflamma-

tion but indicates that conservative treatment alone will not suffice in this case.

91 10
92 11

aUpper/lower arch.
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balanced against the risk of progression and subsequent
necrosis of the pulp, pain, perhaps an abscess, and then
often an extraction. Restorative treatment, on the other
hand, must consider the state of the pulp. Is there irrevers-

ible pulpitis? This clinical diagnosis relies heavily on history,

and this is not easy to obtain from the very young child.
Radiographs are an important aid to detect carious lesions
early or diagnose pulp necrosis with apical/interradicular
infection (Fig. 19.37), but radiographs cannot assess the
inflammatory situation of the pulp with deep carious
lesions.

responsibility to the parents in an intensive and open
motivational talk followed by concrete training in brush-
ing their child’s teeth. The other option of multiple extrac-
tions and/or metal crowns can be successful for the
deciduous dentition, but it will fail dramatically if caries
control has not been instituted by the time the permanent
teeth erupt. When the parents take their responsibility,
plaque can be removed within 2 min, gingivitis recedes
within 10 days, and the formerly active, demineralized
lesions are converted to shiny, arrested lesions within a
few months (Fig. 19.38b).

The advantage of deciduous teeth is that the thin
enamel easily breaks away in the natural process of the
disease, which often results in an automatic arrest due to
self-cleaning. Slicing uses this biological approach for
proximal lesions in deciduous molars. The slicing helps to
inactivate the lesion by making it accessible for tooth-

brushing at home. This approach is a classical example of
nonoperative caries control, called by some nonrestor-

ative cavity treatment (NRCT) [63] (Fig. 19.39). The
marginal ridge has to be removed, but the contact point
area is not opened to hold the tooth in position and pre-

vent a further mesial shift and space loss. The parents and,
if applicable, the child have to perform regular brushing
perpendicular to the dental arch to ensure sufficient
plaque removal and topical fluoride application via fluori-
dated toothpaste. At the dental office, additional fluoride
application might be helpful, but daily brushing of the
open cavity at home is essential for the success of this
technique. The obvious advantages are the minimal coop-

eration needed from the child, which results in better
compliance by the children [144].

This approach is well suited for sizable cavities, but what
about small-sized cavities, and could this treatment be per-

formed in an out-of-surgery environment? Making use of
the success of ART in (young) children, a protocol was
tested that consisted of restoring small-sized cavities with

Minimal intervention approaches
Pain is of great importance and has to be managed first.
Teeth with symptoms of irreversible pulpitis do not settle
after caries removal but require removal of the pulp or
extraction of the tooth. Pain-free, cavitated lesions that are
not cleansable will progress because an aciduric biofilm
favors the progression of caries [162] and finally results in
pain and complete breakdown of the tooth. Thus, a
management of the caries process is needed. This can be
achieved by different management strategies, including:

• inactivation of lesions without caries removal;
• sealing techniques with no caries removal;
• partial caries removal and restoration;

• complete caries removal and restoration (not minimally
invasive).

Inactivation of lesions without caries removal
This biologically based concept of caries control (see also
Chapters 13 and 17) is applicable in both deciduous and
permanent teeth. The method has been employed most
impressively in ECC patients where extensive active car-

ies lesions on smooth surfaces of anterior teeth become
inactivated (Fig. 19.38a and b). A solely restorative
approach is bound to fail in such cases. Thus, the only
option to control caries lesion development is to shift the

Figure 19.38 (a) ECC (early childhood caries) is a severe problem with heavy plaque, gingivitis, and active white spot and cavitated lesions, (b) Another case has
been inactivated by the introduction of toothbrushing with fluoridated toothpaste.
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What is NRCT?

1. Informed consent

2. Making the cavity accessible for plaque removal

3. Treating carious dentin with anti-cariogenic agents and/or
applying a protective layer

4. Effective dental health education

5. Monitoring the caries process

(a)

r

Figure 19.39 NRCT. (a) The NRCT method, direction of
cleaning, and the brush, (b) After slicing. The marginal ridges
have been partly removed on the second molar mesial and com-
pletely removed on the first molar mesial/distal, allowing
respectively access to the secondary caries lesion (second
molar) and the primary caries lesions (first molar). Note the loss
of contact has been limited (V-shaped sliced surfaces). Now the
parents need to learn how to brush, (c) Half a year after slicing.
The same case 6 months later, brushing is not perfect, plaque is
still present, but the lesions are arrested. Courtesy of Rene
Gruythuysen.

- .

ART, widening medium-sized cavities with a hatchet, and
cleaning the medium- and large-sized cavities with tooth-
brush and fluoridated toothpaste daily. After 3.5 years, the
tooth survival rate of this ultraconservative treatment pro-

tocol was equally high as that of cavitated teeth treated
using the traditional protocol with amalgam and those
treated with the ART protocol [111] (Fig. 19.40).

The open cavity cleaning is based on regular brushing by
the parents and/or children under supervision. Supervised
by teachers, initial 3-4-year-old children were able to arrest
45% of dentin caries lesion in anterior teeth as a result of
daily toothbrushing with fluoridated toothpaste and school-
based dental education over a period of 3 years [85]. An
intensive education of the parents about the nature of the
caries process and their role in disrupting it is essential.
Unfortunately, randomized clinical trials for the outcome of
slicing are not published at the moment.

Figure 19.40 Ultraconservative treatment protocol. Small-sized cavities
are treated according to the ART approach, medium-sized cavities are
enlarged using a hatchet, and medium- and large-sized cavities are cleaned
with toothbrush and toothpaste daily. The picture shows the situation
1 year after treatment. Note that the ART restorations perform well and
that the caries process in the open cavities has been arrested. Courtesy of
Dr S. Leal.
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(b)

Figure 19.41 The Hall crown, (a) Before cementation;no caries removal and no occlusal or proximal reduction, (b) The crown directly after cementation. Inevitably
the bite is 'high.' (c) Six weeks later.The bite has nearly reestablished. Courtesy of Nicolla Innes.

especially approximally. Although metal crowns might not
be considered a minimally invasive technique at first sight,
when they are placed without prior caries removal or prep-
aration, they are easy to apply, and this restorative treatment
is well accepted by patients. The technique is called the Hall
crown (Fig. 19.41) and proved to be successful in the only
randomized clinical trial carried out in general dental prac-

tice so far [76]. In contrast to this, standard restorative care
using glass-ionomer cement in control teeth exhibited
higher failure rates after 5 years. (It should be noted that
conventional fillings in deciduous teeth can be very success-
ful when dentists use compomers instead of glass-ionomer

cement. The longevity of restorations in deciduous teeth
will be discussed fully in Chapter 21.)

Thus, prefabricated metal crowns, as used in the Hall
technique, can disrupt the carious process by shutting down
the substrate supply, although the children will leave the
dental practice with an open bite that resolves in time [172].

Another rediscovered minimally invasive approach is the
impregnation with silver ions in the form of silver diamine
fluoride [59, 130]. We use the term ‘rediscovered’ here
because this was originally suggested by G.V. Black, who
used silver nitrate for its antimicrobial properties. The
dentin will turn black, which limits the uses in anterior
teeth, and the evidence for its effectiveness over time is still
weak [59]. Moreover, there are concerns about the toxicity
of the products. The silver impregnation has been launched
to support slicing even with suboptimal oral hygiene
regimes, but the clinical effects over and above slicing alone
are not known [130].

Sealing techniques with no caries removal
Fissure sealing over active white spot caries lesions has been
practiced for many years. However, in children, good coop-

eration for successful adhesive techniques is sometimes
difficult and it leaves the remaining enamel unprotected,
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Unfortunately, no clinical trials are published that compare
metal crowns with minimally invasive approaches such as
slicing to allow cleaning. Although metal crowns are very
successful for the limited life of deciduous teeth, they do
not reduce caries activity. This may result in continuous
problems for the permanent dentition.

eral anesthesia. Approximal lesions can be opened by slic-
ing to facilitate this arrest ( NRCT). However, this can only
be achieved if the child accepts rotary instruments. A more
child-friendly approach might be the widening of cavities
with hand instruments (hatchet), but this approach can
only be performed if the enamel is thin and unsupported.
Deeper, enclosed lesions in deciduous molar can be sealed
with metal crowns with the minimally invasive Hall tech-
nique provided there is no irreversible pulpal inflamma-
tion. Partial caries removal and well-sealed restorations also
prevent caries progression. The choice of treatment very
much depends on the background caries activity of the
patient, the skills of the dentist, the country, culture, and
prevailing health-care system, including the financial incen-
tives, in which the dental practitioner is operating.

Sometimes cases are treated under general anesthetic
(GA), but the long-term outcome is very mixed. Pulpotomies
and metal crowns placed under GA are successful for the
restored teeth [5, 121], while fillings exhibit higher failure
rates. However, the results of restorative treatment under
GA are frustrating [46]. New lesions develop, fillings fail,
and further treatment is required. This is not at all sur-
prising because these treatments are often performed on
severe cases with low compliance. A high caries activity
persists, and this will finally result in the loss of teeth, decid-
uous and permanent teeth. Metal crowns placed under
GA can only ensure normal exfoliation of the affected teeth.
It will not protect other or future teeth. In some countries,
such as Germany, patient compliance and improvement
in oral homecare are legally compulsory prior to invasive
measures such as professional periodontal treatment.
Dentists are advised to stress nonoperative, caries control
treatments prior to massive restorative treatment, especially
under GA.

What is not acceptable is supervised neglect of carious
cavities in deciduous teeth. It is not acceptable to do nothing
and just hope for a pain-free exfoliation. This is sometimes
disguised as a nonoperative or minimally invasive treatment.
While this statement is true in communities where children
and parents have access to oral care facilities, it might be
difficult to adhere to in less fortunate communities. Based
on World Health Organization data, over 80% of cavities in
deciduous teeth of 5-year-olds in high-income countries
were not treated and that percentage was 95% for peers in
low-income countries [8]. What happened to these cavi-
tated teeth over time in communities with a low level of oral
care organisation? When followed for a period of 3.5 years
in (on average) 8-year-old children, only 7% of cavitated
caries lesions in deciduous teeth were restored. Of the 93%
of cavitated teeth that were not restored, 81.5% exfoliated
without any symptom, leaving four out of five cavitated
teeth causing toothache, abscess, or a fistula [74]. Many of
these cavitated teeth with symptoms might have exfoliated
symptom free if parents and children in this community

Partial caries removal and restoration
The aim is to remove sufficient carious tissue to enable an
effective marginal seal for a restoration that will inhibit
further progression of residual caries (see Chapter 20).
Sometimes this is followed by a reentry after several months
to allow further excavation prior to definitive restoration.
This stepwise excavation has been shown to reduce the risk
of pulpal exposure and encourage the formation of tubular
sclerosis and tertiary dentin. On reentry, the lesions appear
harder, darker, and drier. Whether reentry is required when
the seal is tight, is questioned (see the ‘Do we need to reenter?’

section in Chapter 20). Interestingly, partial caries removal
without reentry may be particularly successful in the primary
dentition. In a study of 60 children with poor cooperation,

96% of primary molars with deep lesions receiving this
treatment survived for at least 3 years without pain, swelling,
or radiographic signs of periapical pathology [64].

Complete caries removal and restoration
Removing all demineralized and infected carious tissue
and restoring the tooth to function was the standard
approach for many years, but this can be demanding of
the child and the dentist, involving local anesthesia, use
of high-speed handpieces, and good moisture control. All
the mentioned disadvantages are absent when the dental
practitioner resorts to using the ART approach. The many
studies describing the survival of ART restorations in
primary teeth hardly mention sepsis as a cause of failure
[59] . If removal of all completely demineralized caries
tissue exposes the pulp, a pulpotomy is required. However,
together with a subsequent metal crown, this maximally
invasive procedure gives predictable results with accept-
able success rates (80%) [157], while multiple-surface
fillings fail at a high rate.

Choice of treatment

All noninvasive or minimally invasive approaches work in
the deciduous dentition. However, it is essential to realize
that children cannot perform the required improvements in
oral hygiene on their own. The parents have to consciously
take this responsibility. On the other hand, the acceptance
of noninvasive and minimally invasive approaches is
helpful in children to accustom them to dental procedures
and achieve a reduction in caries activity, which is the most
important factor for future oral health. In particular, in
the shallow or superficial lesions found in ECC, these
approaches can obviate the need for treatment under gen-
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had resorted to regular plaque removal from open cavities

and diet control. It is essential to realize that all approaches,

minimally invasive or maximally invasive, will fail in the
end when caries cannot be controlled, and the key to this
reduction is active cooperation by parents in home care
and/or teachers in school-health programs.
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Introduction
When Black wrote his textbook of Operative Dentistry in
1908 he based it on his observations and understanding of
the disease processes at that time. One conclusion was [11]:

The complete divorcement of dental practice from studies
of the pathology of dental caries, that existed in the past, is
an anomaly in science that should not continue. It has the
apparent tendency to make dentists mechanics only.

Over the past century something has gone strangely wrong,
probably because in many dental schools the science of
cariology and the technicalities of operative dentistry have
been taught and researched separately from each other.
Generations of students have passed through operative
technique courses and phantom-head exercises restoring
natural caries-free teeth or, even worse, plastic counterfeits.
This use of plastic may be essential if natural teeth are not
available, but it is less than ideal because it encourages a

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
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• Dentin lesions beneath demineralized, but uncavitated,

enamel are a result of the biofilm metabolism on the
tooth surface. The surface is accessible to cleaning, and
this is why these lesions can be arrested. They never jus-
tify operative intervention.

• Similarly, the root surface lesion can be arrested at any
stage, although cementum and dentin are invaded by
microorganisms very early in the process. Arrested den-
tinal lesions, whether in the crown or root, are ‘infected’

without this resulting in further lesion progression.
• Dentin is a vital tissue containing odontoblast processes,

and dentin and pulp must be considered together.

• Dentin mounts a cellular-driven defence to the pH
fluctuations in the biofilm, resulting in tubular and
peritubular mineralization and tertiary dentin at the pulp-
dentin border.

• In slowly progressing lesions, these odontoblastic
reactions gradually occlude’ the tubules and seal off the
pathways between the oral environment and the pulp.

• Inflammatory reactions in the pulp may occur even when
demineralization is confined to enamel.

• In rapidly progressing dentin lesions, the odontoblasts
may be destroyed and this results in open tubular path-
ways in the dentin.

• When the bacterial invasion penetrates the tertiary
dentin there will eventually be a severely inflamed pulp
followed by necrosis.

template, mechanical approach to a subject that should be
taught biologically.

When caries-free natural or plastic teeth are used, the
eventual appearance of caries lesions in patients is a consid-

erable inconvenience, ruining stereotyped preconceptions
of outline forms, appropriate depths, widths, and angles
taught in classical phantom-head courses. Indeed, the stu-

dents’ transition to the clinic can be very traumatic. They
must not now produce the stereotyped outline demanded in
a phantom head. For instance, a flat floor would never be
produced following caries removal, and even to attempt this
could result in exposure. Appropriate caries removal dic-
tates the shape of the cavity, hence this chapter will assemble
the biological evidence behind caries removal. An under-
standing of the pathology of dental caries (presented in
Chapter 5) should underpin clinical management.

In 1967 Massler elegantly distilled current scientific
knowledge on this subject. He stressed [46]:

it is somewhat disturbing to the biologically orientated
clinical teacher to witness the overly focused attention of
some dentists upon the operative and restorative phases of
dentistry, the drilling and filling of teeth, to the neglect of
the disease process which causes the lesion (cariology) and
the preoperative treatment of the wounded tooth-bone.

These words are the reincarnation of G.V. Black’s plea,
written some 60 years earlier than Massler.

Another 25 years later these thoughts were clinically
implemented as shown in Fig. 13.6. Within 3 weeks it was
possible after one session to teach such patients with open,

painful cavities to brush and clean the cavities to the extent
that pain relief was obtained. Note the change in color of
the dentin obtained just by cleaning the cavity - no removal
of carious dentin had been performed. This concept was
then systematized in an attempt to arrest root surface
lesions [51] - see Fig. 13.4. The outcome was the same.
Thus, it was concluded that by merely brushing the biofilm
partly away it was possible to convert active, ongoing caries

lesions into arrested lesions - and eliminate the pain reac-
tion. In other words, the statements from Black and Massler
were correct.

In this chapter we are going to bring these concepts even
further in an attempt to apply a biological approach to
restorative treatment in the future.

Pulpitis and its clinical diagnosis

Clinical symptoms relate poorly to pulp pathology, which is

a problem to the clinician who needs to know whether the
pulp is likely to survive. A clinical diagnosis of reversible or
irreversible pulpitis is used to predict whether the pulp is

likely to survive. In reversible pulpitis the pain evoked by a
hot, cold, or sweet stimulus is of short duration, disappear-

ing when the stimulus is removed. The clinician hopes to
preserve a healthy vital pulp. In irreversible pulpitis the pain
persists for minutes or hours after removal of the stimulus.
The pulp is likely so damaged that it must be removed.

Why are pulpo-dentinal reactions important
to the choice of operative management?

It is the pulpo-dentinal complex, with a certain inflammatory
reaction, that the clinician interferes with when instituting
operative treatment. Should a classical operative approach
that focuses on removing all ‘infected’ dentin prior to resto-

ration be the treatment of choice? For more than a century
dentists have been taught that ‘all’ infected, softened dentin
should be removed - the cavity even washed with antimicro-
bials - to eliminate microorganisms. But is this possible, is it

necessary, or might it actually be contraindicated because it

could irreparably damage the pulp? Why is it possible to

The pulpo-dentinal complex and caries

In the following we summarize essential points from
Chapter 5 about caries progression in dentin and the reac-
tion of the pulpo-dentinal complex.

• Lesions, whether in enamel or dentin, surface intact or
cavitated, can be arrested by plaque control alone
provided the lesion can be accessed for cleaning.
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arrest cavitated root-surface caries lesions without removing
the dentin invaded by numerous bacteria? In order to answer
these questions we have to examine the literature in order to
seek evidence for the various views.

From the present understanding of the pathophysiology
of the caries process as outlined in Chapters 3, 5, 9, and 10,

logical clinical management should follow; that is, arrest
ongoing carious lesions and evaluate the symptoms from the
pulp before a decision about a possible operative interven-
tion is made. There is evidence to show it is not necessary to
remove all infected soft dentin mechanically in order to
arrest further lesion progression. Indeed, this vigorous exca-

vation may further compromise the survival of the tooth.

is hard to touch; extend the removal of enamel and dentin
to obtain a cavity suitable for insertion of the restorative
material of choice; apply some agent (e.g., calcium hydroxide,
zinc oxide eugenol, or glass-ionomer cement) to protect
the pulpo-dentinal complex from any toxic effects of restor-
ative materials, microorganisms penetrating due to leakage
at the tooth-restoration interface, and thermal fluctuations.

Some dental schools teach that the enamel-dentin
junction should be rendered hard and free of any brown
stain. Other schools teach students to remove everything at
the enamel-dentin junction to the hard substrate and
ignore the brown stain. However, the degree of discolor-
ation alone is a subjective and rather unreliable guide to
gauge the level of dentin infection; a few bacteria remain
whatever restorative approach is adopted and practiced
(there are more microoorganisms living on and within us
than we are composed of in terms of the number of mam-
malian cells in tissues and organs of the body!). Thus, it
seems logical to leave stain as the more conservative
approach [34] unless the line of stain would compromise
the appearance of the completed tooth-colored restoration.

Over the pulpal surface, only dentin that can be gently
removed with an excavator should be eliminated, provided
that the tooth is symptomless and responds as vital to pulp
testing. Vigorous hand excavation over the pulpal surface of
a deep cavity is contraindicated because it is very easy to
expose the pulp. Soft, heavily infected dentin is usually wet
(Fig. 20.3e), but it is impossible to know the depth of the
dentin remaining between the base of the cavity and the
pulp. The experienced clinician makes an educated guess
and the student is in tiger country! Now excavation close to
the pulp represents a risk of pulp exposure. Sometimes, par-
ticularly when an old restoration has been removed, the
demineralized dentin may appear darkly stained, dry, and
friable (Fig. 20.4). This dentin has been shown to be ‘lightly’

infected [34] and it may represent residual caries that a
previous dentist left during cavity preparation. It does not
require vigorous excavation, but excavation is now unlikely
to cause exposure because tertiary dentin will be present.

The subjective clinical assessment of carious dentin led
Fusayama to develop a caries dye (acid red in propylene glycol)
[17-19] to differentiate clinically ‘infected’ from ‘affected’

dentin [18, 26, 36]. He reported that the more superficial zone
of infected dentin was an irreversibly damaged, bacterially
infected layer that would never remineralize. The deepest
affected dentin has been claimed to harden as a result of rem-

ineralization [15] (see Fig. 5.73). Fusayama suggested that the
dye-staining front coincided with the bacterial invasion of
the dentin. However, several studies have reported that the
dye does not discretely discriminate the bacterially infected
from softened affected tissues [2, 13, 33]. Consequently, its
injudicious use may lead to overpreparation.

Others have recommended the chemical removal of car-
ious (infected) dentin [4] based on the philosophy that

The infected dentin concept and its
clinical consequence
It is the biofilm metabolism that drives the caries dissolu-

tion. Hence, the biofilm should be interfered with
(mechanically disturbed/removed) as far as possible to arrest
any lesion. Microorganisms invade along the gap between
the demineralized enamel and the dentin once a cavity is
created (Fig. 20.1), but this does not imply that all of the
infected dentin should, or even can, be removed. The simple
answer is that it is neither necessary nor possible to do this.

As emphasized in Chapter 5 (see the schematic illustra-
tion in Fig. 5.73), softening due to dentin demineralization
precedes the organisms responsible for it [17, 18, 40, 52].
However, microorganisms may invade any open tubule in
dentin exposed to the oral environment without neces-

sarily demineralizing the tissue. Microorganisms will
remain even if all soft dentin is removed. These organisms
remain viable beneath restorations without apparently
causing any detrimental effect. Little evidence has been
produced to support the concept of removing ‘infected
dentin.’ Maybe the appreciation of dental caries as an
infectious disease [31, 54] led the profession to think that
all infected tissues should be eliminated. We came from the
period where microorganisms were immediately associ-
ated with disease and hence should be eliminated. Just
think of the focal infection concepts. What has emerged in
recent years, as we will see as the chapter unfolds, is that
organisms ‘sealed’ in a cavity by a filling are deprived of
nutrients and respond to this stress to the extent that, if
they are now sampled, they no longer represent the acid-

producing, cariogenic bacteria.

Figure 20.2 shows the clinical appearance of a cavitated
occlusal lesion where the patient is not able to clean the biofilm
out of the cavity. A restoration is needed. The figure shows and
describes the clinical appearances as the lesion is opened for
restoration. How much soft, demineralized dentin should be
removed prior to sealing this cavity? For many years the oper-
ative tradition was as follows: remove softened (Fig. 20.3),
infected carious dentin with a bur or excavator until the dentin
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Figure 20.1 (a) Extracted molar with a cavitated occlusal lesion. The dotted line shows the plane of section. The tooth is wet, which is why there is no change in

translucency around the cavity. Compare this appearance with the clinical picture in Fig. 20.2a, where on a dried tooth the translucency is obvious. These two

pictures emphasize the importance of drying teeth during a clinical examination, (b) The cut face after sectioning the extracted tooth. Note the undermined enamel

(arrow). Sites A, B, C, and D are histologically detailed in (c)-(f).The histological pictures show the relationship of the microorganisms (m) to the dentin and enamel-

dentin junction, (c) Site A.The microorganisms penetrate the dentinal tubules superficially in the center of the cavity, (d) Site B. Microbial growth along the enamel-

dentin junction gap, but not into dentin tubules, (e, f) Sites C and D. The microbial accumulation and size of the gap decrease towards the periphery of the open

cavity. Arrows show a pattern of demineralized rod structure. Modified from [6j. Reproduced with permission of George Warman Publications.

contain partly degraded collagen. Again, the question is

does this part of the dentin need to be removed? It would be
unfortunate if dentists started to apply this on any dentin
lesion (e.g., root-surface lesions) that are accessible to arrest

by plaque control alone. Not only would this be unnecessary

sodium hypochlorite, which is a nonspecific proteolytic
agent, can remove partly demineralized dentin. This con-

cept has been further developed, and a gel is presently mar-
keted that can be applied in the carious cavity and left for a
while to dissolve the dentin matrix components, which



Caries 'removal' and the pulpo-dentinal complex 379

(b)(a)(a)

(0(d)

.»‘W.»/»- %*» iy

r
4

(f>(e)(f)(e)

Figure 20.3 The current clinical practice of mechanical excavation combines
a peripheral dentin excavation, carried out using a round bur (a, b), with elim-
ination of the centrally infected tissue using an excavator (c, d). The probe is
used to assess clinical consistency; and here, dentin that is hard to touch has
not yet been obtained (e). Note that the deeper and soft carious dentin is a
fragmented tissue (f). An excavation close to the pulp represents a risk,
because cracks along the fragments may lead to pulp exposure. Clinically
recorded by Bjorndal in 2006.

Figure 20.2 The cavitated coronal lesion with accumulations of microorganisms,
and with a change in enamel translucency around the cavity (a) demon-

strating that enamel demineralization at this stage develops along enamel-
dentin junction and creates a retrograde pattern of enamel demineralization
(b, c). The clinical removal of overhanging and undermined enamel is here
guided by the retrograde pattern of enamel demineralization (d). The opening
of the closed ecosystem along the enamel-dentin junction reveals a brown
discolored demineralized dentin related to the exposed central and oldest part
of the lesion, whereas the peripheral and outermost area has a more light
yellow discoloration. A probe penetrates with easy fragment loss of the tissue,
which is very soft and oozing moisture (d-e). Note the gap is visible in the clinic
between the enamel and the dentin due to extensive dentin demineralization
(e, f). Clinically recorded by Bjorndal in 2006.

lesions. Caries activity was assessed in a number of
ways, including clinical observation, lesion depth
measurement, radiographic lesion depth measurement,
and microbiological sampling. Observation periods varied
from 2 weeks to 5 years. The disparity of methodologies
militates against a systematic review of the studies, but
some uniform themes emerge. Sealed lesions appeared to
arrest both clinically and radiographically. Investigations of
the fate of the sealed bacteria showed a decrease in micro-

organisms with time or their complete elimination.
However, lesions progressed where sealants were lost and
in unsealed, control teeth.

One study [58] is an interesting outlier. This work was a
retrospective examination of sealed teeth where radio-
graphs showed radiolucency in dentin beneath a sealant
that was clinically intact. This methodology precluded
microbiological sampling before the sealant was placed,
which is unfortunate because there can be no comparison

with the knowledge about how to arrest such lesions [51],
but it would result in an increased need for restorations.

Since there is still argument about the need to attempt to
remove infected dentin, it now seems logical to look at the
evidence on the consequences of leaving infected dentin.

Studies placing fissure sealants over
carious dentin
Many years ago the consequences of simply sealing over
carious dentin were investigated. Studies reported between
1975 and 1992 [20, 23, 24, 28, 29, 47-49, 58]. All but one
were prospective, and in many there were unsealed, control,
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teeth, were reported [32]. The varied experimental proto-

cols can be summarized as follows. In the majority of
studies only deep lesions were included (Fig. 20.6). All
studies state that there was no irreversible pulpitis pre-
treatment, but one included teeth with slight pretreatment
pain [10]. Cavity walls were made hard, before incomplete
caries removal was carried out over the pulp. This avoided
exposure but left soft, wet dentin on the part of the dentin
covering the pulp (i.e., the pulpal floor). The amount of
demineralized dentin removed at the initial excavation
varied from access to caries only, to removing the bulk of
it. Most had no control where excavation continued to
hard dentin. Calcium hydroxide has usually been placed
over remaining dentin prior to restoration, but glass-iono-

mer cement and composite resin have also been applied
directly to soft, infected dentin. The time to reentry for
further excavation varied from 25 days to 2 years. At the
reentry appointment a number of criteria were used to
indicate caries activity, including clinical assessment of
dentin hardness, wetness and color, radiographic appear-
ance, and microbiology, with samples being taken before
and after sealing.

With such varying methodologies, a systematic review of
the results is not possible, but some themes emerge. The
clinical success of incomplete caries removal appeared high.
Exposure was usually avoided using the stepwise technique,
and symptoms rarely arose between excavations. Pain was
relieved shortly after the first excavation procedure. Where
control lesions were excavated to hard dentin, these were
often exposed.

On reentry, several studies [7-9, 30, 35, 39, 42, 59]
reported the dentin was altered, being drier, harder, and
darker (Fig. 20.5). Microbiological monitoring indicated
substantial reductions in cultivable flora. In a few teeth no
microorganisms could be cultivated, but in most some
microorganisms were present. A likely explanation for this
was that the nutrients available for the growth of these
bacteria after a restoration is placed were very different
from those available above and within the cavity. The major
source of nutrients after restoration to support bacterial
persistence and growth are the proteins, including glyco-
proteins, passing through the dentinal tubules from the
dental pulp. Several studies [7, 42, 55] suggest the culti-
vable flora is altered on reentry to a dess cariogenic flora
dominated by Streptococcus oralis and Actinomyces naes-
lundii, two species able to liberate and utilize the sugars
from glycoproteins present in the tubules. This shift in
microbial composition is in full accordance with the con-
cept of the ecological plaque hypotheses presented in
Chapter 7.

A randomized clinical trial [38] carried out on decid-

uous teeth is of particular interest. Complete caries
removal was carried out in the control group guided by a
caries dye; the remaining dentin would be minimally

Figure 20.4 An old restoration has been removed and stained; soft, friable,
dry dentin is present beneath. This does not require vigorous excavation,
although exposure is unlikely because reactionary (tertiary) dentin will be
present. The cervical margin must be made hard prior to placing a new
restoration to ensure a good bond and seal.

of microbial counts before and after sealing. Nevertheless,
when these teeth were entered for microbiological sam-

pling, dentin was often soft and wet and microorganisms
were found in 50% of teeth. So it seems that the sealing pro-

cedures had not been properly conducted.

Stepwise excavation studies

In stepwise excavation, first described by Bodecker in
1938 [12], only part of the soft, dentin caries is removed
at the first visit. The cavity is temporarily restored and
reopened after a period of weeks. Further excavation is
now carried out prior to a definitive restoration. The
objective of the exercise is to arrest lesion progression and
allow the formation of tertiary dentin before final excava-

tion, making pulpal exposure less likely. Thus, it is a bio-

logically based principle to enhance the tissues own
capability of stimulating repair processes. This procedure
has been investigated scientifically for more than 30 years.
These studies have involved baseline investigations of
carious dentin and then a reanalysis after a period of
sealing it in the tooth. This work is important evidence of
the consequences of sealing infected dentin into teeth
(Fig. 20.5a-d).

Between 1961 and 2001 more than 20 studies of step-

wise excavation, involving both deciduous and permanent
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Figure 20.5 Deep caries lesion in a lower premolar during sequences of caries excavation (a-d). Undermined enamel along the enamel-dentin junction can be
noted as a white zone around the cavity (a). During removal of the undermined enamel a clear pattern of demineralized enamel (b) is noted along the enamel-

dentin junction. In the first excavation procedure the superficial and central part of demineralized dentin is removed, including the peripheral parts of the lesion.

The exposed soft dentin is light brown (c). Following temporary filling and a treatment interval of 6 months, and before final excavation, the central exposed dentin
is dark brown (d). From [5]. Reproduced with permission of the Danish Dental Journal.

and restoration. Results showed the amount of bacteria
detected after complete caries removal was higher than the
bacterial load remaining after partial caries removal and
restoration. These studies clearly indicate the numbers of
bacteria reduce following placement of a restoration

that minimizes exposure to the oral environment. This is

irrespective of the amount of demineralized, infected
dentin removed.

infected. The experimental group had minimal caries

removal, and thus heavily infected dentin would have been
sealed in the teeth. Despite these differences, microbiology
carried out on reentry 3-6 months later showed the dentin
to be similarly and minimally infected in both groups.

A comparable clinical trial in permanent teeth [43] com-
pared microbiological samples following complete caries

removal with samples following incomplete caries removal
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Figure 20.6 A deep lesion treated with stepwise excavation in a lower second molar (a). Note remnants of the roots of the first molar indicating a very rapid
caries progression. The second molar was permanently restored with a composite inlay. After 1 year, pulp vitality was confirmed, and a new radiograph showed
no apical radiolucency (b). A 4-year recall confirmed the vitality of the pulp as well as the absence of apical radiolucency (c). However, complete arrest of caries
activity has not been achieved; a new proximal lesion has progressed in the third molar. Modified from [5]. Reproduced with permission of the Danish Dental
Journal.

Randomized controlled clinical trials
on stepwise excavation outcome

Randomized controlled clinical trials are required to assess
any deleterious consequences of incomplete caries removal.
These trials should have well-defined inclusion criteria and
a sufficient (large) number of patients should be enrolled.
Ideally, patients should be allocated into control or experi-
mental groups at random using a concealed allocation
procedure such as computer-generated numbers. The
follow-up should be conducted by an examiner who is not
aware of the patients group to eliminate bias.

Only four trials [10, 37, 41, 53] were included in a recent
systematic review [57]. Two of these [41, 53] included
deciduous teeth. The lesions were deep and without symp-

toms of irreversible pulpitis. For all studies, complete caries
removal was carried out in the control group, whereas only
partial caries removal was carried out in the experimental
group, usually avoiding exposure. The time interval bet-
ween the first and second excavations varied between 4 and
24 weeks, but this has not been done in a systematic manner.
Thus, we can say nothing about the clinical relevance of this
time dimension.

Table 20.1 gives results with respect to exposures. In each
study there were significant differences in exposures bet-
ween complete and partial caries removal. At the first visit
between 22% and 53% of pulps were exposed by complete
caries removal. In stepwise groups there were only expo-
sures of the pulps at the first visit in one of four studies and
only in very few of the teeth. On reentry, further caries
removal resulted in some exposures in all studies. It should
be noted that teeth with carious exposures require root
canal treatment. In the study by Bjorndal et ol. [10], where
patients with some degree of pretreatment pain were
enrolled, there was a higher risk of pulp exposure at 1 year
follow-up and a lower degree of pulp survival among cases

Table 20.1 Exposure rates in randomized clinical trials of stepwise
excavation.

Control Stepwise

Stage 1 Reentry

Magnussonand 29/55 53% 0/55 0% 8/55 14.5%
Sundell [41]
Leksell eta! [37] 28/70 40% 0/64 0% 10/57 17.5%
Orhan et at. [53] 12/55 22% 0/45 0% 4/49
Bjorndal eta! [10] 43/149 28.9% 4/143 2.8% 21/139 15%

8.2%

Numbers and percentages of exposures, relative to total number of teeth, in
four clinical studies. It is apparent that the stepwise approach is saving
significantly more teeth from exposure, and hence root canal treatment, than
excavating in one session only.

with pretreatment pain. Taken together, the trials show that
the stepwise approach reduces the need for root canal
treatment, but does not obviate it.

Do we need to reenter?

The final excavation allows the dentist to be sure that there
is no exposure and removes the remaining softened dentin.
The logic here is that the dissolution process may continue,
albeit slowly, in this infected tissue. So the final excavation -

it is claimed - is needed to ensure the survival of the
restoration.

However, perhaps there is no need to reenter, and indeed
this is the basis of the indirect pulp capping technique
[15, 25, 56], although most of the demineralized tissue is
removed in this procedure (Fig. 20.7) [22] . In stepwise
excavation, on the other hand, soft, wet dentin is left in place.
Is it now necessary to reenter? After all, ‘sealing’ a cavity
should significantly slow down or even stop the caries pro-

cess. The persistence of microorganisms may be irrelevant.
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Figure 20.7 Indirect pulp capping, (a) Deep carious second lower deciduous molar before indirect pulp treatment, (b) Same tooth on bitewing, (c) After excavation
of the dentin-enamel junction.The biomass is still present in the center of the cavity, (d) Removing biomass with a rotating prophy brush and fluoride toothpaste
only, (e) After removing the biomass. Next the cavity was dried, a resin-modified glass-ionomer liner (Vitrebond/3 M Espe) was applied, and the cavity was restored
with a compomer (Dyract/Dentsply Caulk), (f) Clinical result after 2 years and 4 months, (g) Radiographic result after 2 years and 4 months. Courtesy of Rene
Gruythuysen and BSL, Springer Media, Houten,The Netherlands.
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dentin on radiograph. This was a split-mouth study, which
means control and experimental teeth were in the same
patient. There was complete caries removal in control teeth,

which were restored with amalgam. The experimental teeth
were managed by beveling the enamel at the entrance to the
lesion, but no demineralized dentin was removed; the
enamel-dentin junction was not even made caries free.
These teeth were restored with sealed composite restora-
tions and teeth were followed annually for 10 years. Some
50% of patients were still attending review after this time. In
these patients, lesion progression was arrested and there
were no more clinical failures in the sealed group than in

the control, completely excavated, teeth restored with
amalgam. There is no way of knowing what happened in

the remaining half of the sample.

The second study was equally unconventional and car-
ried out in deciduous teeth [27]. In the control group, con-

ventional caries removal was followed by the practitioners’

usual treatment (in most cases a glass-ionomer cement res-

toration). In the experimental group, there was no caries

removal and no tooth preparation. A stainless steel crown
(‘Hall crown’; see Fig. 19.41) was cemented with glass-iono-
mer cement. This was also a split-mouth study There are
now 5-year results [27] showing more major failure (defined
as irreversible pulpitis, loss of vitality, abscess, tooth unre-
storable) in the control group (17%) compared with 3% in

the Hall crown group. The poor performance of the control
group is likely to be due to the practioners’ use of glass-
ionomer cement restorations. Such restorations have shown
poor survival clinically [14]. What is more remarkable is the
excellent performance of the Hall crowns where infected
dentin was sealed in the teeth.

Perhaps they are just opportunistic squatters adapted to the
new environment in which they find themselves.

The microbiological studies discussed above show the
dentin is now minimally infected. Outcomes for pulp
survival are poor following pulp capping or pulpotomy in
teeth with carious exposures [1, 3, 10]. Thus, it is tempting
to suggest reentry is not required and might even be detri-
mental, particularly in children’s dentitions! The need to
subject a child to a second operative procedure in a decid-
uous tooth that will exfoliate seems unacceptable in view of
the evidence. There is a need for better and more systematic
research on this topic, particularly the long-term follow-up
of pulp vitality and restoration longevity. However, these
studies should be on permanent teeth and logically must
also be carried out in vivo, as no in situ or laboratory model
can simulate the relevant pulp-dentin response.

The choice of treatment in the control group in further
studies of stepwise excavation deserves comment. Table 20.1
shows a high prevalence of exposures when complete caries

removal is chosen as the control. Bearing in mind the poor
prognosis for the preservation of a vital pulp in these teeth, is

it now ethical to plan studies including a complete caries

removal group? Maltz et al [45] considered this and designed
a study comparing partial caries removal with the stepwise
approach; there was no complete caries removal group.

This randomized clinical trial [44, 45] on permanent teeth
with deep lesions compared partial caries removal - where
teeth were permanently restored with glass-ionomer cement
and then composite - with a stepwise approach. In the step-
wise group, after initial caries removal, temporary restora-
tions (calcium hydroxide and then zinc oxide and eugenol)
were placed prior to reentry. One-year follow-up showed a
high success rate (98% partial caries removal; 91% stepwise
group) for both groups. However, the 3-year follow-up
showed a significant difference between the groups favoring
the partial caries removal and permanent restoration group
(91% success compared with 69% of the stepwise group).

The failures were due to several patients in the stepwise
group not attending for the final excavation and the tempo-
rary cavity seal was lost in these cases. There are important
clinical implications here. Partial caries removal and
permanent restoration caused very few adverse events from
leaving soft, demineralized dentin on the pulpal wall.
However, if the operator chooses a stepwise approach it

seems unwise to place a temporary restoration that may be
lost should the patient not return for subsequent excavation.

Further consideration of deciduous teeth

The caries process is the same whether teeth are deciduous
or permanent. However, deciduous teeth are temporary,

only in the mouth 6-9 years, their owners are small and
immature, and they rely on parents for care. Frightening the
child can have serious consequences for subsequent care,

and pain in children is particularly worrying for parents
as well.

Up to this point caries removal in deciduous teeth has
been discussed in relation to what should be removed
before restoring the tooth. There is, however, another possi-

bility, and that is to open the teeth for cleaning and not

place a restoration. This approach is called nonrestorative

cavity treatment [21] (see ‘Inactivation of lesions without
caries removal’ section in Chapter 19 and Fig. 19.39).

This has many advantages from a cariological point of
view. The grinding of the teeth facilitates brushing to dis-

turb the biofilm, and with regular disturbance and fluoride
toothpaste the lesions will arrest. The technique is gentle,

not requiring local anesthesia; it does not frighten the child.

What happens if we do not remove caries
at all but seal it in the tooth permanently?

Two randomized controlled trials have used this unconven-

tional approach. They are completely different and must be
considered separately. The first [50] was carried out on
permanent teeth with occlusal lesions halfway through
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However, of particular importance is that it puts the respon-

sibility for caries control where it has to be: with the parent.
It is not a case of ‘let me fill your tooth to solve the problem’;
it is ‘here is how you can solve this problem.’ It could even be
said that filling the tooth is less advantageous as it rewards
the very behavior that caused the problem in the first place.

This approach is funded in the dental services in
Holland, but it must be emphasized that the whole package,
as described in Chapter 19, is required. It is not allowed
just to sliced the teeth and not instruct the parent in the
proper brushing. Unfortunately, some pediatric dentists
are very unhappy with the concept, which they think is
abrogating responsibility to the point of being unethical.
Arguments rage but will only be settled with appropriately
designed clinical trials. We can only contend that, from a
cariological perspective, the approach makes biological
and sociological sense.

both clinical competence and a thorough knowledge about
pathology and pathophysiology of the caries lesion.
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Introduction
number of restorations placed has declined in the indus-

trialized part of the world, despite the fact that the
number of teeth present has increased. However,
millions of restorations are still inserted and replaced
every year in deciduous and permanent teeth, placing an
enormous burden on the resources of the national
health-care systems.

Surveys on the reasons for the placement and
replacement of restorations have been conducted in
various countries. The data indicate that initial restorations,

From a cariological point of view the most important
reason for placing restorations is to aid plaque control,
and plaque control may be difficult or impossible if a
caries lesion has progressed to the stage of a cavitated
lesion (see Chapters 19 and 20 for further discussion of
the role of operative treatment in caries control).
Restorations are also undertaken for other reasons, such
as trauma, wear, erosion, and aesthetic demands. Over
the last decades, dental health has improved, and the

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
O 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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deterioration process for a given type of restorative material,
and each of these characteristics is discussed separately.

Tables 21.1 and 21.2 describe a new and updated modifi-
cation of the USPHS system, which may be applied for
detailed as well as overall clinical assessment of the majority
of dental restorations. The modification is based on pre-

sent knowledge of demands on restorations and knowledge
of actual clinical manifestations of caries in relation to resto-
rations, also designated secondary or recurrent caries. The
use of the assessment system is exemplified in Figs 21.1,

21.2, 21.3, and 21.4. The examples emphasize the impor-
tance of considering alternatives to replacement of restora-

tions, such as repair of localized defects, finishing of
restorations with superficial staining, smoothing and sealing
restorations with marginal discrepancies and staining, and
the mere monitoring of defects to examine their progression
and sequelae. These simple measures may significantly
increase the longevity of restorations and save tooth sub-
stance, which is inevitably lost when restorations are replaced
[7, 47, 52, 60]. Furthermore, the examples point out the
patients right to participate in decisions where several dif-
ferent treatments are considered professionally justifiable.

due to primary caries, account for 75-85% of all restor-

ative caries treatment in primary and permanent teeth in

children and adolescents [23, 27, 28, 56, 65, 67]. However,
replacement of existing restorations accounts for 60-70%
of the restorative interventions carried out in clinical
practice on adults in Scandinavia, UK, and USA [24, 27,

28, 54, 55, 65, 67, 79].
Evidence also suggests that the so-called permanent

restorations are not permanent in the true sense of the term.

Restorations have a limited lifetime, and once a permanent
tooth is restored the filling is likely to be replaced several
times in the patients lifetime in a restorative cycle that
eventually may lead to destruction of the tooth - cthe death
spiral’ [8, 19].

Clinical assessment of restorations

It has been demonstrated that the treatment decisions
concerning placement, repair, and replacement of resto-
rations made by clinicians are subject to a great deal of
variation [2, 20, 29-32, 58]. In clinical dental practice,

decisions are often made subjectively with a lack of stan-
dardization, as there are no or few valid criteria to decide
whether a restoration requires retreatment such as repair
or replacement. It is difficult to distinguish between
objective and subjective factors in the decision-making
process, and it is possible that the subjective influence
has a greater impact on longevity of restorations than the
clinical properties and biocompatibility of the restorative

materials. For example, the clinician may have the opinion
that mercury in dental amalgam may be harmful to the
patient and, therefore, advocate replacement of well-
functioning amalgam restorations even in patients who
attend with no complaints; another example is where
the same marginal discoloration may be interpreted as
caries adjacent to a composite resin restoration, but not

next to a glass-ionomer restoration due to different
expectations of the cariostatic potential of the restorative

materials.
The criteria used for the evaluation of restoration failure

vary widely among dentists and may not be explicit [36, 41].
It is often difficult, therefore, to determine whether a restora-
tion was replaced because it actually failed or because a clini-
cian subjectively deemed it to have failed. For example, one
clinician may decide to replace an old corroded and ‘ditched’

amalgam whereas another may repair or polish it [30, 32].
The first standardized method for evaluating the clinical

performance of restorations was developed in the 1960s by a
Dane, Gunnar Ryge, through the United States Public Health
Service (USPHS) [11, 12]. The USPHS system, still widely
used today with modifications, bases the evaluation of resto-
rations on three clinical judgments: clinically ideal, clinically
acceptable, and clinically unacceptable. These judgments
are applied to characteristics generally associated with the

Assessment of restoration longevity

The longevity of restorations may be registered in prospective
or retrospective longitudinal studies, or it may be assessed
in cross-sectional surveys, based on retrospective data from
dental records, provided records are available to document
the complete treatment performed over many years.

The classical longitudinal, randomized controlled trial
(RCT) comes close to the ideal test conditions and meets
the demands for evidence-based dentistry [10, 66].

The RCT study design has the following characteristics:

• randomized allocation to test and control groups;

• ‘blinding’ of patient as well as therapist if possible;

• limited number of restorations of each material or
method;

• selection of suitable patients and treatments;

• treatments and controls performed by one or few calibrated
and skilled clinicians;

• optimal clinical conditions;

• standardized control intervals;

• detailed assessments of the quality of the restorations
according to well-defined criteria.

In general, the results show what can be obtained with
the tested materials and methods under optimal condi-
tions. In other words, they provide us with the ‘gold stan-

dard’ with which we can compare our everyday results.

This is essential for the continuing development of mate-
rials and methods. However, it is unrealistic to expect RCT
investigations to exceed 10 years, although the require-

ment for restoration longevity in the permanent dentition
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Table 21.1 Clinical assessment of restorations.3

ExplanationAssessment Intervention

Optimal The restoration protects the tooth and the
surrounding tissues and meets aesthetic demands
The restoration exhibits one or more features that
deviate from ideal functional and aesthetic
conditions, but it protects the tooth and the
surrounding tissues
Aesthetics are obviously compromised or the
restoration does not protect the tooth and/or the
surrounding tissues. Damage is likely to occur

None

Acceptable None or
Observe or
Implement preventive measures or
Repair sooner or later
Observe or
Implement preventive measures or
Repair sooner or later or
Replace sooner or later
Repair immediately or
Replace immediately

Not acceptable

Not acceptable The restoration does not protect the tooth and/or
the surrounding tissues. Damage is occurring

^Modified from [11, 12].

Table 21.2 Criteria for clinical assessment of restorations.3

Category Assessment Criteria

Secondary/recurrent caries Optimal
Acceptable

No evidence of caries contiguous with the margin of the restoration or beyond the restoration
Evidence of superficial and/or inactive caries, no operative treatment necessary
Preventive measure may be indicated
Evidence of deep and/or active caries with cavitation
Preventive measures or operative treatment indicated
The restoration matches the color, shade, and translucency of adjacent tooth tissues
Slight mismatch in color, shade, or translucency
Obvious mismatch outside the normal range of tooth color, shades, or translucency
No discoloration at the junction of the tooth tissues and the restoration
Slight superficial or localized marginal staining
Obvious deep or extended marginal staining
No evidence of discrepancies or crevice at the junction of the tooth tissue and the restoration
Minor or localized marginal discrepancies or crevice
Obvious deep or extended marginal discrepancies or crevice and/or mobile or missing restoration
No evidence of surface cracks or fracture of restoration. No evidence of dentinal cracks
Superficial cracks or minor fractures of restoration or tooth tissues
Major fracture of restoration or tooth tissues. Restoration is missing completely or partially, or contact
is faulty, or occlusion is affected
Restoration restores missing tooth tissues, function, and aesthetics
Morphology compromises plaque removal or aesthetic demands; occlusal or proximal contact is faulty
Morphology prevents plaque removal, allows food impaction, overeruption, or tooth drifting, or does
not meet aesthetic demands
No dentinal hypersensitivity or pulp pain
Transient hypersensitivity or pulp pain of minor intensity
Frequent or sustained hypersensitivity or moderate/intense pulp pain

Not acceptable

Color match/surface discoloration
(tooth-colored restorations)

Optimal
Acceptable
Not acceptable
Optimal
Acceptable
Not acceptable
Optimal
Acceptable
Not acceptable
Optimal
Acceptable
Not acceptable

Marginal discoloration

Marginal integrity

Fracture of restoration or tooth

Morphology/wear of restoration Optimal
Acceptable
Not acceptable

Pulpal complications Optimal
Acceptable
Not acceptable

^Modified from [11, 12].

may be many times longer to obtain lifelong durability. The
reliability of the results may also be contested because the
results are based on a few dentists5 handling of materials
and methods as well as the characteristics of a selected
group of patients, and may be challenged by patient drop-

outs. When restorative treatment in the primary dentition
is studied, another inevitable problem is the high percentage
of observations lost at follow-up because of exfoliation of

teeth. This makes the presentation and comparison of
absolute failure rates questionable. Furthermore, control
groups are not always included in longitudinal studies, and
the clinical performance of the restorations, therefore,
cannot be directly compared with that of another material
used for a similar purpose. The results of such studies tend
to be overoptimistic - especially if manufacturers have
directly supported the research.
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Figure 21.1 Detailed assessment of ocduso-distal, class II amalgam restoration in the lower second molar. The 28-year-old male patient complains about
occasional pain from the region. Fracture and loss of distal part of restoration. Probably minor fracture of disto-lingual cusp, too. Plaque covered active
caries in the cavity. Gingivitis in adjacent gingiva. Overall assessment and intervention. Damage is occurring in the tooth and the surrounding tissues. The
restoration is not acceptable. Replace restoration immediately.

Figure 21.2 Detailed assessment of ocduso-distal, class II amalgam restoration in the first upper premolar: (a) clinical photograph; (b) plaster model. Minor
fracture of buccal part of marginal ridge. No evidence of plaque or caries in the cavity. No evidence of gingivitis in adjacent papilla. No complaints of pain or food
impaction. Overall assessment and intervention. There is no damage of tooth or surrounding tissues. The restoration is acceptable. No intervention needed.

Figure 21.3 Detailed assessment of 2-year-old, distal, class III composite resin restoration in the upper lateral (a). Fracture of disto-incisal corner of the tooth
beneath otherwise optimal restoration. Overall assessment and intervention.The restoration is not acceptable. Repair or replace restoration sooner or later. However,
the 46-year-old female patient did not want the restoration to be repaired! She attended 4 years later with the same unrepaired but now worn restoration, which she
still did not want to be repaired! (b) Illustration that restoration of the incisal tooth fracture would require reduction of the incisal edge of the lower canine to protect

the class IV restoration against fracture and/or loss during occlusion/articulation.

Figure 21.4 Detailed assessment of 12-year-old, mesial, class III composite resin restoration in the upper canine. Obvious deep and extended marginal staining
along the periphery of the restoration. No evidence of secondary or recurrent caries. Overall assessment and intervention. The restoration is objectively acceptable.

However, the patient may find the restoration not acceptable and in that case it has to be replaced sooner or later.

• no calibration of clinicians to minimize discrepancy in
decision-making;

• routine daily clinical treatment conditions;

• individual follow-ups;

• simple assessments of restorations, focusing on the need
of repair or replacement.

The lack of randomization and uniform, fixed criteria for
decisions to place and replace restorations complicate the

Contrary to the RCT studies, the practice-based
longitudinal and cross-sectional studies normally have
the following characteristics:

• large number of restorations performed without random-
ization or blinding;

• inclusion of all patients in need of treatment;

• large number of clinicians with varying clinical experience
and skills;
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studies and the interpretation of the results. Nevertheless,
if the clinicians, the patients, and the treatments are repre-

sentative for the actual population and the dental health
service, the results from practice-based longitudinal and
cross-sectional studies are of great value because they reflect
current dental practice, including the considerable variation
in dentists’ clinical decision-making. In fact, they show
what can be expected in daily routine clinical use, although
it is likely that the age data in cross-sectional surveys is lack-

ing for 30-40% of the restorations, which probably includes
the oldest of the failed restorations [10, 66].

When considering the disparities in the two study designs
and their consequences for the results, it is understandable
that measurements of restoration longevity are usually
shorter in practice-based studies than in RCT studies. It is
important, therefore, to realize that reliable comparisons of
the absolute failure rates of different types of restorations pre-

suppose the same study design, although the relative failure
rates may be rather independent of the type of study.
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Figure 21.5 Annual number of amalgam restorations, tooth-colored restora-

tions, endodontic treatments, and extractions performed in adults in general
dental practice in Denmark from 1980 to 2011. Data from [13).

countries not to use amalgam in children below 6 years
(Germany), not to use amalgam in children and adolescents
(Finland, Norway, and Sweden), and to limit the use of
amalgam to specific posterior restorations in permanent
teeth, where an amalgam restoration is supposed to have
a significant increased longevity compared with a tooth-
coloured restoration (Denmark). Dentists and authorities
have focused directly and indirectly on the primary denti-
tion, because children may potentially be more vulnerable to
toxic exposure and because the demands on the clinical
properties of the materials and the longevity of the fillings
are less here than in the permanent dentition [6, 17].
Although the maximal lifespan for a restoration in a primary
tooth is around 8 years, the restorations are usually needed
to serve for only 5-6 years with a median of 2.5 years [69].

Alterations in dental restorative treatment patterns
affect the measurements of longevity, especially in cross-

sectional studies. As only the age of the failed and replaced
fillings are recorded, the estimated longevity of improved
and newly introduced materials, such as the whole range of
tooth-colored materials, will be encumbered with uncer-
tainty and probably be too short. On the other hand, data
on restorative materials or techniques on the decline, such
as amalgam, will be relatively too long.

The amalgam debate and its
consequences for restoration longevity
Until the 1990s amalgam was the worldwide, all-round
material of choice for posterior restorations in primary
and permanent teeth. However, changes have occurred for
several reasons. The development of alternative tooth-

colored restorative materials and the controversy over the
potential side effects of amalgam have had an influence
on the selection of restorative materials. The dramatic
reduction in caries over the last decades, along with the
increased affluence and welfare systems in the industrialized
world, has called for treatment with materials other than
amalgam. With a reduced need for operative treatment of
caries, the costs for the individual restorations may be
relatively less important for the patient and for public dental
health-care services as well. Over the past decades, the
environmental and health authorities in Scandinavia and a
number of other countries have, furthermore, placed
increasing pressure on dentists to reduce the use of dental
amalgam. The intention is to protect the environment, and
hence the population, from the heavy-metal mercury, and
perhaps it is also a response to the ongoing debate on the
possible injurious effects of amalgam. This has been a debate
that has continued in the media in defiance of the fact that
health authorities on a worldwide basis confirm that the
overwhelming weight of scientific evidence supports the
safety and efficacy of dental amalgam [57, 75].

The result has been a marked phasing out in the use of
dental amalgam in developed countries, particularly for fill-
ings in primary teeth, but also for fillings in permanent
teeth, as illustrated in Fig. 21.5. From 1992, the altered
treatment patterns have been followed up by recommenda-
tions and even requirements from health authorities in some

Longevity of restorations
in the primary dentition
In the few cross-sectional surveys that include primary
teeth the median longevity of failed and replaced
amalgam fillings is only 2-3 years, and this period is
even shorter for tooth-colored fillings [23, 27, 28, 56, 65, 67] .
These measurements, however, may be misleadingly
short because the majority of restorations inserted in primary
teeth will be well functioning until the time for exfoliation
and because data on the 20-30% failed restorations are
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the design described above for practice-based longitudinal
and cross-sectional studies. An additional study, where the
clinicians freely selected which restorative material to use,

completed the project. The studies include more than 4000
restorations in amalgam, conventional glass-ionomer,
resin-modified glass-ionomer, and compomer made in the
primary teeth of around 2500 children and adolescents by
32 PDHS-clinicians in everyday practice. The requirements
for additional treatment of the restored primary teeth before
exfoliation, as well as the need for operative caries treatment
of some 2300 adjacent unrestored surfaces in primary and
permanent teeth in contact with the restorations, have been
assessed.

In accordance with other studies, high frequencies of
bulk fractures and loss of retention of class II and even
class I conventional glass-ionomer restorations were
recorded in the first study in the project [35, 69]. The better
fracture toughness and wear resistance of resin-modified
glass-ionomer and polyacid-modified composite resin,

so-called compomer, compared with conventional glass-
ionomer were reflected in the findings from the studies of
Qvist and coworkers [70-72] and Hickel et al. [35]. The
frequencies of retreatments of primary teeth filled with
the newer tooth-colored resin-modified glass-ionomer
and compomer materials were around 20% for class II res-
torations, almost the same as for teeth restored with
amalgam, but only half that of conventional glass-iono-
mer restored teeth. Endodontic complication was a major
reason for failures of restorations in all restorative mate-
rials. This appeared to be a consequence of the inclusion of
pulp-capped and pulpotomized teeth in the project. The
other major reasons for failure were fracture of the resto-
ration, loss of retention, and degradation and wear. It
should be noted that primary and secondary or recurrent
caries seldom resulted in replacement of restorations, and

truncated, owing to the shedding of the teeth [39]. The
surveys further indicate that the most frequent reasons
for retreatment of restored primary teeth are primary
caries in unrestored parts of the teeth and secondary or
recurrent caries in relation to the fillings, although
many restorations also fail because of bulk fracture and
loss of retention.

Longitudinal studies of posterior restorations in primary
teeth have been reviewed by Hickel et al [35]. The review

includes 57 studies with an observation period of at least
2 years, published from 1971 to 2003. The range and median
values obtained for annual failure rates for class I/II restora-
tions in different restorative materials and for stainless steel
crowns are given in Fig. 21.6 together with the number of
studies incorporated in the calculations. The great disparity
in the results for restorations in a given type of material (i.e.,

the large ranges) is caused by variations in the detailed study
design, inclusion criteria, observation period, statement of
results, and so on. The disparity and the skewed distribution
of the results compromise the reliability of comparisons
among different materials and different studies. A way to
overcome this problem is to focus on the median failure rates
from all studies on a treatment, and by so doing it becomes
obvious that posterior restorations in amalgam, composite
resin, compomer, and resin-modified glass-ionomer have the
lowest annual failure rates, and thus an increased longevity
compared with conventional glass-ionomer restorations and
stainless steel crowns.

Over the last decade, a multicenter project has been carried
out in Denmark aiming to provide a realistic basis for
estimation of the consequences for the Danish Public Dental
Health Service (PDHS) of using amalgam and alternative
restorative materials for restorations in the primary dentition
[69-73]. It comprises three longitudinal, prospective, and
randomized studies, with a design that otherwise resembled
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Figure 21.6 Median values and ranges for annual failure rates obtained in longitudinal studies of class I/ll restorations in posterior primary teeth using different

types of restorative materials.The number of studies n is given for each material.Data source: Hickel et al. [35].
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this finding is in contrast to the results from cross-
sectional surveys [23, 27, 28, 56, 65, 67]. The reasons may
be the generally low caries activity in the population
studied, along with the numerous class II restorations in
the Danish project, as class II restorations in primary teeth
seldom fail due to primary or secondary caries, but often
due to fracture of restoration or tooth.

The type of restoration influenced the frequencies of
retreatments, with far the highest occurrence for class II
restorations. This is important, as approximately 80% of all
restorations in the primary dentition are class II restora-

tions, while onlyl5% are class I and 5% class III and V res-

torations [69, 70]. The median survival times for class II
restorations in resin-modified glass-ionomer and com-

pomer were similar to that of amalgam and exceeded
6-6.5 years, while 50% of the corresponding conventional
glass-ionomer restorations failed during the first 3 years
(Fig. 21.7). However, the individual clinicians obtained
their best results (i.e. their highest survival rates) with dif-
ferent types of restorative materials (Fig. 21.8). Detailed
analyses further showed that newer versions of the same
conventional glass-ionomer and compomer did not
increase the longevity of the restorations in spite of prom-

ising laboratory findings [63, 73, 81]. So, it may take some
years after the launching of a new material until clinical
results have proved if it was an improvement or deteriora-

tion compared with earlier versions of the same material.
Another important aspect of different restorative mate-

rials is their effect on caries development on adjacent
proximal surfaces. In this project it was shown that

the fluoride-containing and fluoride-releasing conven-
tional glass-ionomers, resin-modified glass-ionomers, and
compomers reduced the development of primary caries
on adjacent proximal surfaces and curtailed the progres-
sion of existing caries lesions compared with amalgam
(Fig. 21.9) [69, 73].
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Figure 21.8 Bar graph showing 3-year survival rates (mean, standard error)
for class II restorations in primary teeth made in amalgam, conventional
glass-ionomer (Gl), resin-modified glass-ionomer (RMGI), and compomer by
eight dentists with at least 15 restorations in each type of material. The
figure also illustrates that Gl resulted in the lowest 3-year survival rate for all
eight dentists, while one dentist received the highest 3-year survival rate with
amalgam, four with RMGI, and five with compomer, and two dentists got
equally superior results with RMGI and compomer [69-71].
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Figure 21.9 Cumulative survival distribution of 1341 unrestored approximal
surfaces adjacent to class II restorations in primary teeth performed in
amalgam (AM), conventional glass-ionomer (Gl), resin-modified glass-
ionomer (RMGI), and compomer (COM). The curves are drawn as long as at
least 10 surfaces remained unrestored and under observation. The points at
which the curves cross the horizontal quartile lines are indicated with arrows
on the abscissa. It appears that the median or 50% longevity for surfaces in
contact with AM restorations was around 3.5 years, compared with 4.5 years
and 5.5 years for surfaces in contact with COM and RMGI respectively.The Gl
curve followed the RMGI curve, but the surfaces could only be followed for
4.5 years owing to short longevity of Gl restorations. The difference is highly
significant ( /7 = 0.008). The vertical bars represent standard errors of the
survival rates [73].

0
0 1 2 3 4 5 6 7 8

Years

Figure 21.7 Cumulative survival distribution of 2025 class II restorations
in primary teeth performed in amalgam (AM), conventional glass-ionomer
(Gl), resin-modified glass-ionomer (RMGI), and compomer (COM). The
curves are drawn as long as at least 10 restorations remained in function.
The points at which the curves cross the horizontal quartile lines are indi-
cated by arrows on the abscissa. It appears that the median or 50% lon-

gevity for Gl restorations was around 3 years, while more than 75% of the
AM, RMGI, and COM restorations would still be in function at that time,
provided that the teeth have not been exfoliated before then. The difference
is highly significant [ p = 0.000). The vertical bars represent standard errors
of the survival rates [72].
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restorations in permanent teeth had failed compared to
50 years for composite resin restorations and 11 years for
glass-ionomer restorations. Although these calculations
appear fairly unrealistic, they indicate the significance of
differences in annual failure rates, and give a measure of
comparison between materials.

On the basis of the failure rates shown in Fig. 21.10 it

may be concluded that indirect composite restorations
are not superior to direct composite restorations, and
that computer-aided design/machining (CAD/CAM)

and laboratory-manufactured ceramic inlays/onlays
have a longevity that approaches that for cast gold and
metal-ceramic restorations. Furthermore, it is evident
that conventional glass-ionomer is not appropriate for
either class I/ II or tunnel restorations in permanent teeth
because of early failures due to wear and bulk fracture of
the stress-bearing class I/ II restorations and fracture of
the marginal ridge and recurrent caries of the tunnel
restorations.

During the last decades, numerous cross-sectional sur-
veys on restorative treatment behaviors in the permanent
dentition have been carried out [24, 27, 28, 54, 55, 65, 67, 79].
In accordance with longitudinal studies, the surveys clearly
point out that resin restorations have a shorter longevity
than amalgam restorations in general practice, irrespec-

tive of the type of the restoration and the type of failure
(Figs 21.11 and 21.12). Flowever, there has been a gradual
increase in the longevity of especially class I and II resin res-
torations, for which the median age of replaced restorations

has doubled from around 3 years in a Danish survey from
1990 [67] to around 6 years in a recent Norwegian survey
( Fig. 21.11) [54]. The increment reflects the development of
particular resin materials for stress-bearing restorations
with better wear resistance and higher fracture toughness

In 2003, the Danish Health Authorities effectuated a
ban against the use of amalgam for restorations in pri-
mary teeth. This legislation had been pending for a long
time. The results from the project were important docu-
mentation in this context. The complete series of studies
demonstrated that tooth-colored fluoride-containing
and -releasing materials are realistic alternatives to

amalgam with the same or even enhanced longevity of
the restorations and a cariostatic influence on adjacent
proximal surfaces, which reduce the need for operative
treatments.

Longevity of restorations
in the permanent dentition

Another survey, by Manhart et al [46], reviewed a large
number of longitudinal studies of posterior restorations in

permanent teeth performed since 1990 with an observation
period of at least 2 years. The longevity of class I/II direct
and indirect restorations is illustrated in Fig. 21.10 by the
range and median values of the annual failure rates for dif-
ferent types of restorations. The results from different
studies on the same restorative material diverge as much as
the corresponding results from studies in primary teeth
(Fig. 21.6). However, it is notable that the relative longevity
of restorations in various materials resembles that for the
same types of restorations in primary teeth, although the
longevity generally is increased in the permanent dentition.

So, the median annual failure rates for posterior restora-
tions in permanent versus primary teeth were 1.5% versus
3.3% for amalgam, 2.0% versus 3.7% for direct composite
resin, and 8.8% versus 11.2% for conventional glass-iono-
mer (Figs 21.6 and 21.10). With these failure rates, it will, in
theory, be around 67 years until all posterior amalgam
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Figure 21.10 Median values and ranges for annual failure rates obtained in longitudinal studies of class I/ll restorations in posterior permanent teeth using
different types of restorative materials. The number of studies n is given for each material. Data source: Manhart et al. [46].
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along with new bonding agents, which have enhanced the
marginal adaptation of the restorations. Still, however,
secondary or recurrent caries and fracture of restorations
are major reasons for replacement of direct as well as
indirect posterior resin restorations, while occlusal and
interproximal wear has diminished significantly. The
clinical diagnosis secondary or recurrent caries was the
most common reason for replacement of amalgam and
even glass-ionomer restorations in all cavity types in the
Norwegian survey [55].

Most practice-based cross-sectional surveys have
recorded the age of restorations at the time they were
replaced, whereas few studies have recorded the age of
restorations in situ; that is, the age of restorations that
have not failed [38]. It appears that the age distributions
are similar for failed and acceptable restorations in situ,

supporting the relevance of using median age of failed
restorations as a criterion for restoration performance in

practice-based studies, even though patient treatment
records often do not extend back to the date of restora-
tion placement. There is no doubt, however, that analyses
of cumulative survival distributions based on data from
long-term longitudinal studies remain the optimal
method of calculating longevity of groups of dental resto-
rations [39, 59].

Longevity of fissure sealants
Knowledge of caries progression rates has led to consider-

able modification of restorative intervention thresholds and
further management of the caries disease. Today, minimal
invasive dentistry’ is widely used aiming to arrest caries
progression and postpone the first placement of a traditional
restoration [76]. One option is sealing of the occlusal pit
and fissures with a resin-based material or glass-ionomer
cement. The results of glass-ionomer sealant studies have so
far been divergent, and it is not clear if the fluoride release
from such sealants has any additional beneficial effects in
caries prevention [1, 44]. Resin-based sealants are today
mostly used on indication; that is, in order to either prevent
development of carious lesions or therapeutically arresting
the progression of initial carious lesions with no cavitation
[5, 34, 78]. Another few studies have aimed to investigate the
possibility of sealing dentinal carious lesions in occlusal sur-
faces [3]. The results indicate that all carious lesions may
be arrested provided that the sealant is tight [4, 33, 49, 74].
The longevity of sealants is therefore of great importance. In
the permanent dentition a recent meta-analysis including 98
clinical reports and 12 field trial reports calculated the 2-3-
year retention rates for light-polymerizing resin-based seal-
ants with and without fluoride release to 75-80%, while the
similar figures for glass-ionomer sealants were 10-15% [44].

6o 2 4 8 10 12
i i l i i j

Class I

Class II

Class III

Class IV

Class V
T T T

0 2 4 6 8 10 12

Years

IAmalgam Composite

Figure 21.11 Bar graph showing median recorded age of failed amalgam
and composite resin restorations in adults in relation to type of restoration.
Data source: Mjor etal. [54].
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Figure 21.12 Bar graph showing median recorded age of failed amalgam and composite resin restorations in adults in relation to type of failure.
Data source: Mjor etal. [55].
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The 4-year cumulative survival rates were around 90% for
the restorations, but just 60% for the sealants. However,
repairs and replacements accounted for half of the retreat-
ments during the first 4 years, and less than 20% of the
sealed lesions were replaced with a restoration because of
caries progression. The results, therefore, support the view
that a sealing may postpone the first placement of a tradi-
tional restoration for several years.

In the primary dentition the retention rate may be slightly
decreased [5]. Previous studies have further shown that chil-
dren of a high baseline caries-risk status showed lower reten-
tion rates and higher occlusal caries prevalence following
sealant loss compared with those of moderate- and low-risk
status [61], that demineralized and cavitated surfaces may
decrease sealant longevity because microleakage occurs more
frequently around sealed carious lesions than sealed sound
surfaces [34], and that the more posterior the teeth were
placed, the higher was the rate of retreatments [64].

Figure 21.13 illustrates the inferior longevity of resin-

based sealants compared with resin-based restorations
from an ongoing, randomized, clinical and radiographic
study of sealing versus restoring manifest occlusal enamel
and dentin caries lesions in children and adolescents. All
521 lesions included in the study were in need of operative
treatment according to current treatment guidelines [74].

Longevity of atraumatic restorative
treatment restorations

Another minimally invasive treatment modality is atrau-
matic restorative treatment (ART) (see Chapter 19). ART is

a one-session approach where cavity opening and removal
of soft demineralized carious tissue is done with hand
instruments, usually without anesthesia. The cavity is sealed
by manual application of an adhesive, usually a high-viscosity
conventional glass-ionomer, and this same material is used
to simultaneously seal any remaining pits and fissures. The
method was developed some 25 years ago for preserving
decayed teeth in people of all ages in both developing coun-

tries and disadvantaged countries, where resources such as
electricity, piped water, and finance are scarce. Nowadays,

ART restorations are also widely used in clinics, especially
for caries treatment of primary teeth and anxious people
[26]. Clinical examples of 3- and 4-year-old ART restora-

tions in primary teeth are shown in Fig. 21.14.
ART restorations fail for the same reasons as restorations

produced using other techniques and materials. Just as with
conventional glass-ionomer restorations, most ART restora-
tions fail because of mechanical failures, particularly fractures
and lack of retention. The highest frequency is for multiple-

surfaced restorations, and there is a high operator effect.
Alternative materials with higher fracture resistance, such as
resin-modified glass-ionomer, compomer, and composite
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Figure 21.13 Cumulative survival distribution of 153 resin restorations and
368 resin sealants placed in teeth with manifest occlusal enamel and dentin car-
ies lesions in children and adolescents. The 4-year survival rates were around
90% for the restorations, but just 60% for the sealants [ p= 0.000).The vertical
bars represent standard errors of the survival rates [74].

Figure 21.14 Examples of ART restorations: (a) 3-year-old occlusal restoration in the upper second primary molar and (b) 4-year-old occlusal-distal restoration in
the lower second primary molar. Courtesy of Dr J. Frencken.
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resin have therefore also been tried for ART restorations in a
few recent studies, but so far the results are inconclusive [25].
It is important to note that recurrent caries is a relatively rare
cause of failure of single-surface ART restorations in primary
and permanent teeth. This was initially surprising to those
who feared the hand excavation would result in incomplete
caries removal. However, an excavator removes demineral-
ized dentin efficiently, and incomplete caries removal is
moreover of little consequence provided the restoration gives
a good seal (see Chapter 20).

Most often ART restorations have been assessed using
special ART criteria developed to ensure easy but reliable
restoration assessment in the field, but also modified
USPHS criteria and Federation Dentaire Internationale
(FDI) criteria have been used. The choice of criteria may
have a tremendous effect on the outcomes, as shown in a
recent study, where a difference of around 20% in failures of
single-surface restorations in permanent teeth was observed
over a 10-year period using ART and USPHS criteria, with
the USPHS criteria leading to the highest success rate [82].
The fact that retreatment of ART restorations is not always
possible during the follow-up period complicates compari-
sons of failure frequencies and survival rates of ART resto-

rations with that of traditional restorations. There is also a
risk that the results are affected by bias [37]. Nevertheless, it
is remarkable that a systematic review from 2012 indicates
that ART restorations with high-viscosity glass-ionomer
during the first years of function have the same failure rate
as amalgam restorations placed with conventional rotary
instruments in tooth cavities of the same size in primary
as well as permanent teeth [50]. When considering the
longevity of ART restorations, it becomes most relevant to
confine the analyses to ART restorations exclusively. In a
recent meta-analysis including 27 studies from 18 countries
published until 2010, the 2-year mean survival percentages
for single- and multiple-surfaced restorations in primary
teeth were 93% and 62% respectively, and the corresponding
2-year figures for restorations in permanent teeth were 93%
and 41% [15].

Let us consider some points of relevance in these
results. First, notice the analysis included 27 studies from
18 countries. Bearing in mind the ART technique has only
been described for 25 years, this is remarkable. Those
involved throughout the world should be congratulated
for assessing and publishing the success or otherwise of
the technique. Also, notice the survival of ART restora-

tions in single surfaces in primary and permanent teeth is
high, and only the survival of ART restorations in mul-
tiple-surface cavities needs to be improved due to material
and/or operator-related effects. It is hardly surprising
that the skill of the operator is found to be of relevance to
the longevity of the restorations, but this means that these
techniques must be most carefully taught before applying
ART in the field or clinic.

Factors influencing restoration longevity
A number of factors affect the longevity of restorations.
These include the type and size of the restoration, the type
and brand of the restorative material, along with the restor-
ative technique applied and the quality of the restoration at
the time of insertion, together with the dentition, the age of
the patient, oral hygiene, the caries activity, and to what
extent the patient maintains regular recall appointments in
the same dental practice [16, 35, 45, 46] . Moreover, the age
of restorations at replacement is dependent on the criteria
for failure, which vary markedly in general practice. This is
especially the case for secondary or recurrent caries, because
it is clinically difficult to differentiate between discolored
marginal discrepancies and active caries lesions [40, 53, 62].
The reader should note that in Chapter 19 it is suggested
that a cavitated carious lesion, at the margin of the restora-

tion, that cannot be cleaned, is the indication for repairing
or replacing a restoration.

The type of failure influences the longevity in another
way, too (Fig. 21.12). Most failures occur some time after
the restorations have been inserted. They are a result of:

• gradual development of secondary or recurrent caries;

• physical defects, such as discoloration of the restoration;

• degradation, such as marginal breakdown, ‘ditching,’

or chipping’;

• continuous detrimental damage to the pulp due to bacte-

rial leakage.

Other failures occur during the first few years after the
restoration is placed, such as:

• bulk fracture due to inadequate dimensions of the resto-
ration or because the occlusion/articulation has not been
adjusted properly;

• loss of restoration due to lack of retention of the restor-

ative material;
• pulp complications due to preparation damage, chemical

injuries from restorative materials in deep cavities or
even pulp capping, regardless of whether a perforation is
properly treated or overlooked.

In the above-mentioned Danish project, multivariate
survival analyses were used to find the factors that signifi-
cantly affect restoration failures in the primary dentition
[69-71]. Figure 21.15 summarizes the results of the analyses
for the important class II restorations for all types of failures
and for the three most frequent types, which were bulk
fracture, loss of retention, and endodontic complications.
It is evident that numerous factors related to the patient as
well as to the treatment, the materials and methods, and the
clinician are all decisive for the success of restorative treat-
ments. For example, the risk of failure diminished with
increasing age of the child, it was lower for first-time than for
replacement restorations, and lower for restorations placed in
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Figure 21.15 Variables of significance for overall survival of restorations in the primary dentition and for occurrence of the three most frequent types of failure;
i.e. bulk fracture of restoration, loss of retention, and endodontic complications. Based on Qvist and coworkers [69-71].

teeth with sound pulps compared with endodontically treated
teeth. Furthermore, conventional glass-ionomer showed a
higher risk of failure than amalgam and resin-modified
glass- ionomer and compomer, and cavity conditioning
further reduced the failure rates for compomer restora-

tions. The significance of the variation among clinicians
was highlighted in the statistical results of the Danish
project and has also been shown in a few other investigations
on the outcome of dental restorative treatments in primary
as well as permanent teeth [16, 35, 46]. The analyses showed
that clinicians using various materials achieve the highest
survival rate with one particular material, which may differ
from clinician to clinician. Often, the clinicians will not be
aware of such differences. Hopefully, computer-aided evalu-

ations of longevity results will be a valuable tool in the near
future. These may help the individual clinician select optimal
restorative materials and methods for their specific patient
population. They may also help to diminish their specific
restorative shortcomings.
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Figure 21.16 Cumulative cost of restorative treatment using amalgam,

composite resin, or cast gold/ceramic for class II restorations over a 65-year
period. The calculations are based on actual Danish costs (1x for amalgam,
2.5x for composite, and 8x for gold/metal-ceramic restorations) and today's
expectations as to their median longevity: 8 years for composite, 12 years for
amalgam, and 18 years for gold/metal-ceramic class II restorations.

Consequences of restoration longevity
for dental health and cost be about 3.5 times that of amalgam restorations, while sim-

ilar gold/metal-ceramic restorations would cost about 6.5
times more than amalgam restorations.

However, the calculations are unrealistic in the way that
they presuppose new restorations to be performed of the same
size as the restorations they replace. Successive direct and
indirect restorations tend to enlarge the cavity, leading to an
increased risk of subsequent tooth fracture and other types of
failures [8, 43]. Therefore, replacement restorations are likely
to be larger, more complex, and sometimes more expensive
than the initial restorations. Consequently, they often have a
shorter longevity as they can have an injurious effect on the

The cost of restorative therapy, using various materials, dif-

fers not only when the tooth is restored, but also over time
due to differences in longevity [14, 42, 51, 77]. Figure 21.16
illustrates the long-term costs for two- and three-surfaced
posterior restorations made in contemporary composite
resin, amalgam, and gold/metal-ceramic. The costs are
based on updated expectations of the median longevities
and actual Danish cost for restorations in the different
materials. Over a 65-year period - from 15 to 80 years of
age - the cumulative cost of composite restorations would
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Figure 21.17 Illustration of the detrimental long-term consequences for the dental health of the restorative cycle - 'the death spiral.' Over the years, the initially
sound first lower premolar (a) has been restored with a localized (b) and then an extended occlusal amalgam restoration (c), a two-surfaced (d) and a three-surfaced
occluso-proximal amalgam restoration (e), and because of gingival caries (f) or abrasion (g) a facial composite (h) and amalgam restoration (i), a cast gold crown
(j), and eventually a bridge has been made (k) after extraction of the premolar (I).

pulp, occasionally leading to endodontic treatment, involving
further expenses. Restorative treatments may, furthermore,
involve a risk of iatrogenic damage on adjacent tooth surfaces,
which itself will compromise dental health as it often results in
caries development and progression [48, 68].

The possible detrimental long-term consequences for the
dental health of the ‘restorative cycle or ‘the death spiral’ are
illustrated in the first premolar in the lower jaw in Fig. 21.17.

Concluding remarks
Restorations may be needed to replace lost and defective
tissues (see Chapter 20). However, restorations per se will
not ‘treat away’ caries [18]. They have a limited lifetime and
most restorations fail due to clinically diagnosed secondary
or recurrent caries. The longevity, side effects, aesthetics,
and economics of dental restorations are the most important
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parameters for dentists and patients in the choice of restorative

materials [9, 21, 22, 80]. Measurements of the longevity of
restorations reflect all conditions that affect the restoration

from the day of insertion until failure occurs. The longevity of
restorations and the cost of placing/replacing restorations are
two decisive factors determining the long-term expenses of
restorative therapy.

Once a permanent tooth is restored, the filling is likely to
be replaced several times in the patients life, and repeated
replacements of restorations may compromise the survival
of the tooth itself, and thus the dental health of the patient.
It is important, therefore, to ensure that a tooth surface is
not restored until it is obvious that arrestment of the disease
is unlikely. Furthermore, it is important to consider all pos-
sibilities to prolong the durability of restorations through
optimal choice and use of restorative materials, prevention
of recurrent disease, and improved clinical diagnostics of
restoration quality, including minor corrections and repair
to postpone replacements.
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Introduction This chapter will examine in detail these aspects and
reflect on how the widespread neglect of oral diseases and
caries in LMICs can be overcome.

The previously used terminology of ‘developed’ versus
‘developing’ countries is no longer politically accepted due
to a lack of clear criteria for this categorization. Today, the
classification of countries developed by the World Bank
has been widely adopted [91]. It groups countries into
low-, lower-middle-, upper-middle-, and high-income
tiers, based on their gross national income (GNI) per capita
(Table 22.1). Low-income countries (LICs) comprise over
827 million people in the world, while middle-income
countries (MICs) account for 5 billion of the world’s
7 billion people [40].

However, it has been argued that using GNI as the only
criterion to characterize a country is too narrow and
limited. This classification is also not ideal in the context of
the caries burden, because it does not take into account

This chapter looks at prevention and control of caries from
a public health standpoint and focuses on the situation in
low- and middle-income countries (LMICs).

There are three major reasons for having this chapter in
the textbook:

1. Caries and many other (oral) health conditions show a
significantly different disease burden in LMICs - and
the vast majority of populations live in LMIC.

2. General socio-economic conditions, health systems, and
available resources differ greatly between LMIC and
high-income countries (HICs), which may make many
approaches to prevention and control of caries applied in
HICs unrealistic for the majority of LMICs and their
resources.

3. Realistic approaches to prevention and management of
caries are necessary for the settings of LMICs.

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
O 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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has been reduced from 3.1 billion in 1990 to 0.82 billion in
2011, and the number of people living in MICs has increased
from 1.4 billion to 5 billion.

These dramatic societal transitions go hand in hand with
major social and economic changes, as well as different
exposure to health risks and changes in disease burden
resulting from new lifestyles. While many populations
experienced a significant decrease of communicable dis-
eases, such as malaria, tuberculosis, HIV/AIDS, a large
number of countries observed a marked increase in non-

communicable diseases (NCDs), such as cardiovascular
diseases, diabetes, obesity, or cancer [7]. These transitions
also affect oral diseases, particularly caries.

important social determinants of health and oral health and
the resulting disparities within countries. In most HICs
there are deprived and disadvantaged populations with
living and health conditions similar to populations in

LMICs. Conversely, in LMICs there are populations that are
financially capable of purchasing whatever health care they
might require. In fact, caries should be considered as a
disease of inequalities as many studies have demonstrated
(see Chapter 4) [17].

With this in mind, it is obvious that some of the
approaches for prevention and control of caries described
for LMICs may be equally relevant for deprived and disad-
vantaged populations in HICs suffering from inequalities in

health and socio-economic status.
Over the last decades, renewed international focus on

reducing poverty through major initiatives such as the
Millennium Development Goals, coupled with solid socio-

economic development in many countries around the
world, has led to unprecedented improvements in living
conditions for billions of people worldwide (Fig. 22.1).
Thanks to these efforts, the number of people living in LICs

Caries: a public health problem in low-

and middle-income countries

Caries is the most common chronic disease worldwide
(Chapter 4) and is a major public health problem for all
countries [51], but particularly for LMICs, who cannot
afford to spend amounts even remotely comparable to the
US$110 billion spent by the USA on oral health care in 2012

[22]. Costly programs focusing only on oral diseases in

parallel with other programs (vertical programming)

are unrealistic options for LMICs, where resources are
scarce and the impact of untreated caries is particularly
high. The analysis of the underlying broader social determi-
nants of health and associated risk factors that are
characteristic for LMICs gives important insights in

designing appropriate strategies to address the problem.

Table 22.1 World Bank country grouping according to GNI per capita.

GNIper capita (US$, 2013)Country grouping

Low income (LIC)
Lower-middle income (lower-MIC)

Upper-middle income (upper-MIC)
High income (HIC)

<1035
1035-4085

4086-12 615
>12616

20111990

High income
0 82 billion

(15.6%)

High income

1.1 billion
(16.3%)

Low income

0.82 billion
(1 1 7%)

Upper-middle
income

0 74 billion
(14.0%) Low income

3.1 billion
(57 8%)

Lower-middle
income

2.5 billion
(36 3%)

Upper-middle
income

2.5 billion
(35 7%)

Lower-middle
income

0 67 billion
(12.7%)

Figure 22.1 Movement of population income groups 1990-2011 [40]. Reproduced with permission of Elsevier.
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Social determinants and risk factors of caries
in low- and middle-income countries
The narrow concept of risk factors for oral diseases has
been expanded to include social determinants, inspired by
the landmark report of the World Health Organization
(WHO) Commission on Social Determinants and Health
[52] (see Chapter 4). A more comprehensive model has
been proposed that explains the inequalities of the oral
disease burden with intermediate determinants and the
broader structural determinants of health (Fig. 22.2).

All LMICs are undergoing major demographic, economic,

technological, social, and epidemiological transitions with
concomitant changes in risk factor exposure, including higher
consumption of tobacco, alcohol, salt, and sugar. Moreover,
the speed of these changes, coupled with changes in diet and
physical activity due to urbanization and occupation transi-
tions affecting billions, are projected to result in major shifts in
disease burdens [71]. For instance, tobacco use is growing
fastest in LMICs, due to population growth and tobacco
industry targeting. Similarly, there are considerable changes in
the composition of average diets in these countries from diets
high in complex less-cariogenic carbohydrates to diets that are
high in fat, salt, and free sugars - a process labeled as the
sweetening of the worlds diet’ [70]. The lifestyle transitions
that include increasing sugar consumption in the absence of
appropriate fluoride exposure remain an important risk factor.
Moreover, there is consistent evidence about the relationship
between the amount of sugar intake and the development of
caries (irrespective of frequency of intake), with lower caries
levels when free sugar intake is less than 10% of total energy
consumption (calories). There may be further benefits if free
sugar intake were to be reduced to less than 5% [61].

With a broader view of social determinants and risk
factors for caries and oral health, it is obvious that all these
transitions will result in change. While the general health
and oral health of some populations will improve, even
more will be exposed to new determinants and risks, result-
ing in different disease burdens. The resulting challenges
for health systems are growing, as are pressures for policy
makers to address them effectively [26].

Caries burden in low- and middle-income
countries
The WHOs Oral Health Country/Area Profile Programme
(CAPP) is the only authoritative source of international
data on caries, but these data require cautious interpreta-
tion. Data for many countries are limited, neither updated
nor representative and, owing to lack of calibration and
standardization, are not comparable. Moreover, the recom-
mended WHO caries diagnostic criteria have undergone
subtle but significant changes over time. Such changes may
account for substantial differences (up to 30%) in decayed,
missing, filled teeth (DMFT) [50, 58]. Despite these limita-
tions, some trends can be observed. For 12-year-olds, the
lowest DMFT is found in LICs and the highest in upper-
middle-income countries (UMICs), although there is a
large variation between countries within each income cate-

gory (Table 22.2).
The DMFT does not, however, give an indication of the

level of care - although LICs might on average have lower
DMFT, almost all caries remains untreated. As countries
become wealthier the amount of care increases, but even in
some HICs only about half the caries lesions in 12-year-olds
have been restored (Fig. 22.3).

Structural determinants
(Political and economic drivers)

Intermediary determinants
(Circumstances & risk for oral disease)

Material & social
circumstances

Living & working conditions
Food security
Social capital

Behaviour &
biological factors

Age, genetics
Inflammatory processes

Infections

Psychosocial factors
Stress

Perceived control
Social support

Health services
Quality of care

Appropriate access
Evidenced based preventive

orientation

Socio economic &
political context

Macro economic
policies

Socioeconomic
position

Social class Oral health
inequalitiesSocial & welfare policies

Gender &
Social gradient

Political autonomy

Historical/colonial

Globalization

Ethnicity

Occupation

Income

Figure 22.2 New conceptual model for oral health inequalities [90]. Reproduced with permission of John Wiley & Sons.
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Table 22.2 Average caries experience expressed as DMFT in the permanent
dentition of 12-year-olds in LICs, LMICs, UMICs, and HICs (data from 2000

onwards, WHO CAPP).

care, ECC is highly prevalent and the caries experience is

more than twice that of HICs [101]. In the Philippines, for
instance, 6-year-old children suffer from very high levels of
caries (prevalence 97%, mean dmft 8.4). Even more serious

is the fact that 85% of the 6-year-olds have a mean of 3.4
teeth with pulpal involvement, a situation that has been
labeled as a silent public health crisis’ [58].

ECC is frequently considered to be an infectious disease
transmitted from caretaker or siblings. This assumption
has resulted in unrealistic recommendations to prevent
caries, such as advice to reduce levels of infectious mutans

streptococci in parents and siblings and to minimize

transmission to the child. Although it has been shown that
such measures potentially influence bacterial acquisition
in the infant, they are inadequate and unrealistic recom-
mendations (not only for LMICs) because a relationship
with subsequent caries development has not been clarified
[47]. The concept of caries as an infectious disease is

outdated (see Chapter 7), and the WHO and others have
recently reconfirmed their classification of caries as a
chronic NCD [15].

Culturally determined nursing and rearing practices
have a great impact on ECC and may differ from HIC
contexts. For example, infants sharing a bed with their
mother and having prolonged and frequent breastfeeding
on demand at night are common practices in some areas,

whereas the use of nursing bottles is less common in

rural areas throughout South-East Asia and the Western
Pacific [86].

The various cariogenic nursing and rearing practices that
may exist in different cultures must be addressed through
mother and childcare in the primary health-care (PHC)

context. Reducing the risk factors (see Chapter 23), partic-

ularly reducing or removing sugar from nursing bottles
and weaning food, combined with early supervised tooth-

brushing using fluoride toothpaste once the first teeth
have erupted, are important measures to deal with the high
prevalence of ECC in LMICs.

Country income classification NumberDMFT

High income
Upper-middle income
Lower-middle income
Low income

1.61 43
292.19
181.77
80.88

100%

90% -

80% -

70% -

60% -

50% -

40% -

30% - —

20% -

10% -

0%
LICUpper MIC

Figure 22.3 Proportion distribution of DMFT components in the permanent
dentition of 12-year-olds in LICs, LMICs, UMICs, and HICs (data from 2000
onwards, WHO CAPP).

HIC Lower MIC

This also holds true for 34-44-year-olds in MICs such
as in India, Pakistan, and Nigeria, where the care index
(F/DMFT x 100) is less than 3% [20]. The global prevalence
of untreated caries in the permanent dentition has been
estimated at 35% [51]. Such a high prevalence leads to a
high morbidity of pulpal involvement and odontogenic
infection.

In order to complement DMFT data and to capture the
epidemiology of pulpal involvement/odontogenic infection
as a consequence of untreated caries, the PUFA index was
developed (see later in this chapter).

Oral pain as a symptom of advanced caries has a high
prevalence among all age groups and is following the
social gradient of caries with higher prevalence associated
with lower socio-economic status. However, there is only
scattered and anecdotal information available regarding
the prevalence of oral pain and the related impacts on

quality of life, performance at work, or days missed in

school [42, 54, 64].

Early childhood caries in low- and
middle-income countries

Early childhood caries (ECC) is defined as the presence of
one or more decayed, missing (due to caries), or filled tooth
surfaces in the deciduous dentition of a child under the age
of 6 years [2]. In LMICs, owing to the widespread absence
of preventive measures and the lack of access to oral health

Health and oral health systems in low-

and middle-income countries

A common characteristic of health systems in LMICs is that
they function with varying limitations - financial and
human resources, infrastructure, and facilities, as well as
essential medications and supplies [53]. In the context of
universal coverage and efforts to improve accessibility and
use of health services, many LMICs have established - or
are in the process of developing - social health insurance

schemes, which usually provide coverage for essential ser-
vices. Unfortunately, essential oral health-care services are
often not included [76, 78].

Most LMICs have adopted the PHC approach in their
national health-care systems [72]. More than 30 years after
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Table 22.3 Essential activities in PHC [93]. Table 22.4 Possible reasons why oral health care has not been included in PHC.

Education concerning prevailing health problems and the methods of
preventing and controlling them

Promotion of food supply and proper nutrition

Adequate supply of safe water and basic sanitation

Maternal and child health care, including family planning

Immunization against major infectious diseases

Prevention and control of locally endemic diseases

Appropriate treatment of common diseases and injuries

Provision of essential drugs

Oral diseases were not considered a public health problem

Health authorities had no idea how oral health care could contribute to PHC

Poor communication and disconnect between oral health and the broader
medical arena

Lack of concepts and models on how to integrate oral health care services in PHC

because it is commonly delivered in private practice settings
with a focus on treatment and technology [38]. This is even
more relevant in LMICs, where resources for any kind of
health care are limited. It has been estimated that the total
costs of restoring caries cavities of the child population in
Nepal with amalgam restorations would exceed the costs of
the governments essential health-care package for children
comprising immunizations, micronutrient supplementa-
tion, and essential public health interventions [101]. In
view of the average LIC per capita government expenditure
for health of just US$24 [97], it is obvious that a restorative
approach to caries control is not realistic.

Workforce planning for oral health care

Influenced by this restorative approach, health workforce
planning in many LMICs has focused largely on increasing
the number of dentists. Though there is no ideal dentist/
population ratio, it is still widely used as the sole tool for
oral health workforce planning (Box 22.1). However, health
planners and managers are often lacking a broader public
health perspective, resulting in a gross simplification of
what is a complex planning exercise.

There are many regions in the world in desperate need of
more oral health professionals, particularly in sub-Saharan
Africa andSouth-East Asia (see Fig.22.4), but the realchallenge
is not just the mere number of oral health professionals but the
scope of care they provide, the appropriateness for the needs of
the communities they serve, and the associated costs.

The approach of increasing the number of dentists in
countries (e.g., in India, Nepal, Brazil, and Peru) by deregu-
lating dental education and allowing a flourishing market of
private dental education institutions has not contributed to
improved access to oral health care [43]. At best, more
dentists mean better access to oral health-care services for
affluent urban population groups, but much less so for rural
and deprived populations. At worst, the situation of dentist
oversupply in urban areas combined with a lack of people

Reproduced with permission of the World Health Organization.

its introduction, the PHC approach is still at the center of
efforts to provide universal coverage and health care for all.

PHC emphasizes prevention and control of common dis-
eases at the lower levels of the health system rather than
focusing on costly hospital-based care. In a PHC system,

most essential health care is provided in health centers at
the community level of the health-care pyramid (Table 22.3).
This includes a range of health workers with different capac-
ities and expertise. Ideally, PHC teams should provide an
appropriate skill mix to address basic needs of the population.

Barriers to the integration of oral health care
into primary health care

In most LMICs, oral health care is partially or not integrated
in PHC. This may be because in the early days of PHC
development and implementation there were no realistic
concepts as to how oral health care could be included.
Among the many contributing factors for this unfortunate
situation is the traditional orientation of dentistry towards
individual care with its focus on highly technical interven-
tions rather than a community approach (Table 22.4).

This orientation has left a mark on the past and continues
to the present. For the last 150 years the dental profession has
emphasized its own independent identity in the medical field
and guarded a clear separation from other medical specialties.
Dentistry still focuses on the management of caries with a
restorative approach - believing that caries can be controlled
through technical perfection using the appropriate restor-
ative materials [29] (see Chapters 13 and 25). The treatment
philosophy of drilling, filling, and refilling builds on the par-
adigm that the caries process is irreversible and must be
repaired once a caries lesion is detected (see Chapter 9). This
ignores the fact that noncavitated caries lesions, or cavitated
but cleansable lesions, can arrest or even regress through
effective self-care and fluoride application (see Chapter 9).

There is ample evidence for the limited impact of conv
entional dentistry on the incidence, prevalence and distri-
bution of oral disease in populations [63, 75]. The burden of
oral diseases remains high and the conventional model of
oral health care is seemingly ineffective but also too costly,

Syria: During one decade (1985-1998), government policies led to an
increase of dentists from 1975 to 11 506 (dentist/population ratio of less
than 1:1500). Even so, the care index (F/DMFT x 100) only changed slightly
and the caries levels remained unchanged [9].

Philippines:The dentist/population ratio is 1:5000, a ratio that approaches
that of many HICs. However, the latest National Oral Health Survey
revealed that virtually all caries in children remains untreated [58].

Box 22.1 Does the dentist-to-population ratio matter?
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who can afford such care results in overtreatment or den-

tists even forced to emigrate [65].
The focus on dentists as the only providers of oral health

care contributes to the neglect of oral health in LMICs and
ignores innovative concepts for a broader and inter-

professional oral health workforce who would be more
appropriate, realistic, and cost-effective.

In order to provide a more rational approach to oral health
workforce planning, particularly in the context of universal
coverage, the following questions should be asked and dis-
cussed at the national level prior to setting planning targets:

• What type of interventions will be delivered at which
level of the health-care system?

• Who will pay for the services? Will social health insur-

ance cover essential oral care? What resources are avail-
able to finance the services?

• To what extent are patient out-of-pocket payments
acceptable for the poor segments of the population?

• How will nonessential oral health care be defined and
managed?

• Who in the system will provide which health promotion
activities?

The answers to these questions will help to define the
skills and competencies required for different types of
health-care workers at the different levels of the health-care
system. Dentists who have received sophisticated technical
training in dental care are used to a specific clinical
environment. This is rarely available at the lower levels of
PHC. Governments are thus compelled to invest in complex
clinical facilities with all the implications concerning
maintenance and supplies, even though other, more cost-

effective solutions would have been possible. Moreover,
such facilities are often used for private practice after public
service duty hours or, if inadequately maintained, quickly
become nonfunctional. The type of oral health-care
providers required should be defined according to the gov-

ernment’s strategy of care in order to improve oral health
of the population. Experiences in Bangladesh, Indonesia,

Nepal, Tanzania, Vietnam, and other countries have indi-
cated that dentists are not needed in health-care centers at
the lowest level of the health-care pyramid, but have an
important role at the higher (referral) levels of the system,

as well as in managing and training expanded oral health-
care teams [83, 84].

Illegal oral care: symptom of a bigger problem
The problems of access to basic oral health care in LMICs
force large parts of the population to rely on illegal oral
health-care providers. Some of these are socially accepted
and part of the cultural context. They range from tradi-
tional doctors, street ‘dentists,’ or quacks (Fig. 22.5) to pro-

viders who have at least some health training but overstep
their scope of practice [12].

Figure 22.5 Street 'dentists' in India. Reproduced with permission of
Matthew Logelin/Wikimedia Commons.

Although these providers fill a gap in service provision for
poor populations, uncontrolled provision of oral health care
is a serious public health problem, resulting in situations of
low-quality care and risk for patients; for example, infection
by cross-contamination through improperly sterilized
instruments. It is a complex phenomenon going far beyond
the legal context. It should be seen as a symptom of the
failure of existing health delivery structures and societal
deficits, such as low prioritization for formal oral health-care
services, weak professional regulations, and inability to
enforce existing laws. However, ethical challenges for the
profession and society at large remain because these illegal
providers may be the only ones available to provide relief
from oral pain. In the context of global efforts for health
systems, strengthening and improving patient safety and the
problem of illegal oral health care need further research [31].

Public health approaches to address caries
in low- and middle-income countries

Caries is the result of complex, multifactorial biological,
physiological, behavioral, and social processes (see Chapters
2, 4, 5-9, and 13-15). Prevention and control of caries,
therefore, has several entry points, both at the population
and the individual levels. Interventions at the population
and policy levels are highly cost-effective and should be pri-
ority choices in LMICs with limited resources. Focusing on
one approach is less likely to succeed than a combined, mul-
tilevel approach [8].

Policy options to reduce risks to oral health
and promote prevention

Governments have public policy options to influence
exposure to risk factors and influence consumption as well as
use of certain unhealthy products. This is based on the con-
cept that achieving and maintaining good population health
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Table 22.5 Selected policy options for reducing dietary risk factors.contributes to a nations well-being, giving the government
a clear mandate to provide an environment and living con-
ditions conducive to health and to protect populations from
certain risks [77]. The concept of social determinants of
health and the common risk factor approach provide a
sound basis for this expanded government action (see also
Chapters 4 and 23).

There are many examples of successful legislation and
regulations resulting in significant positive health impacts.

Many countries observed sharp decreases in tobacco-
related diseases after implementing advertising restrictions,

smoking bans in public places, and increasing taxes using
policy tools and templates developed by the WHO and
other organizations [1].

The current international recognition of the growing
burden of NCDs, of which 80% will occur in LMICs,

provides opportunities for joint policy action between
different sectors to address key modifiable common risk
factors, such as reduction of sugar, salt, tobacco, and alcohol
consumption. This integrates oral health into the NCD
context [8]. The approach of the last decade to develop
policies and strategies limited only to oral health has been
superseded by a more holistic and integrated approach.
Oral health strategies nowadays must be integrated and
embedded within other contexts, such as broader NCD pol-
icies or planning for mother and child health [99].

Considering the detrimental effect of high sugar
consumption, particularly of sugar-sweetened beverages,
on incidence and prevalence of diabetes, obesity, and other
NCDs on the one hand, and the clear dose-effect relation
between sugar consumption and caries on the other hand, a
joint policy approach to reducing overall sugar consump-
tion in populations has the potential to be highly effective
[18]. Innovative legislation to regulate advertising and
marketing of unhealthy food and products, especially to
children, are among the most promising and cost-effective
approaches for governments [79]. Furthermore, available
cost-effective preventive approaches, such as universal
access to appropriate fluorides for the control of caries,
need to be prioritized and strengthened through appro-

priate national planning.
However, sugar production is an important source of

revenue for several LMICs [6] and a reduction in consumption
might result in lower economic revenue. This could require
adaptation of agricultural systems similar to the approach
taken for tobacco-producing economies [89]. Table 22.5 shows
selected policy options in the context of reducing dietary risk
factors and promoting healthy nutrition.

The settings approach provides another entry point for
the creation of healthier environments. Schools and work-
places are settings that allow for government control and
restriction of unhealthy diets high in sugar, salt, and fat or
for banning of tobacco on and around the premises [66, 92]
(Box 22.2).

Regulating the labeling and advertising of unhealthy foods and sugar-
sweetened beverages, especially to children

Regulating the amount of free and added sugars, fats, and salt in common
food products, and ensure clear labeling

Promoting availability and affordability of healthy foods (especially fruit and
vegetables) and nonsugar-sweetened beverages, especially in all public
places such as schools and workplaces

Supporting measures that promote healthy eating and nutrition (e.g., healthy
school and workplace meals, food provided at workplaces)

Raising taxes and duties for unhealthy foods and beverages and use the
revenue to fund health-promotion activities

The Philippine Department of Education, supported by the German
Development Cooperation (GIZ), the Philippine nongovernmental organiza-
tion Fit for School Inc., and other partners initiated the Essential Health
Care Program (EHCP) in public elementary schools. The program is based on
the Fit for School Approach and integrates evidence-based prevention mea-

sures for the most prevalent childhood diseases: soil-transmitted intestinal
worm infections, hygiene-related diseases such as diarrhea and respiratory
infections, and rampant caries.Toothbrushing as an essential caries-preven-
tive measure is fully integrated into a package of affordable interventions
implemented in the school setting and run by teachers: (1) daily group hand
washing with soap; (2) daily group toothbrushing with fluoride toothpaste;
and (3) biannual deworming according to WHO guidelines.

These interventions are complemented by the construction of group
washing and sanitation facilities, and provision of clean water to schools
without access to it. The EHCP is currently reaching more than 2.5 million
children in the Philippines, Cambodia, Indonesia, and Lao PDR. The
material costs average US$0.50 per child per year, making the program
highly affordable even in resource-poor settings.

Box 22.2 The Fit for School Approach

Evidence-based school health interventions in particular
have a high potential for significant impact on preventable
childhood diseases and have been emphasized as effective
policy option especially for countries with weak health
systems [57, 60].

Fluoride strategies as public health tools
in low- and middle-income countries
The use of fluorides has been widely accepted as the most
cost-effective and only realistic way of reducing the burden
of caries (and is extensively described in Chapter 14). The
WHO promotes automatic fluoridation measures where
fluoride exposure is less dependent on compliance (such as
fluoridation of water, salt, or milk) since they are consid-
ered to be the most effective and equitable strategy for
caries prevention and control [68]. The reality, however, is
that even in HICs anything approaching universal coverage
of such measures is rarely achieved. Rather than generally
promoting automatic fluoridation measures, the complex
conditions in a given setting should be taken into account
for a more differentiated choice of fluoride interventions.

This is particularly relevant in the context of LMICs, where
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Challenges for salt fluoridation relate to practical and
technical problems, the required quality control, and a gen-

erally weak evidence base (see Chapter 14). Only about 4%
of the worlds population have access to fluoridated salt,
mainly in Latin American LMICs.

only limited research has been conducted on the practical-
ities of fluoride interventions.

In order to assist public health decision-makers in select-
ing appropriate fluoride interventions, the Fluoride
Intervention Template (FLINT) (see Table 22.6) has been
developed. It is based on a system of prioritization where
criteria and options for a comparison of interventions and
setting characteristics are provided [100].

Milk fluoridation
The fluoridation of milk, particularly for school programs,
has been proposed as an alternative vehicle. The evidence
for the effectiveness of milk fluoridation remains equiv-
ocal (see Chapter 14). Other challenges include problems
of distribution, the need for cold storage, and the widely
prevalent lactose intolerance, particularly in Asian
countries.

Water fluoridation
Water is often considered an ideal vehicle for fluoridation
and has been stated to be one of the most successful public
health interventions of the 20th century [21]. Yet, from a
global perspective, only about 5% of the worlds population
are provided with artificially fluoridated water, mostly in
HICs. No LICs and only a few MICs have artificial water

fluoridation. Notable exceptions where a large proportion of
the population is reached are Brazil and Malaysia, both coun-

tries that are amongst the wealthiest of MICs. Some of the
challenges for implementation are presented in Table 22.7.

In addition to the practical and technical problems of
water fluoridation, many countries are faced with arguments
against compulsory mass medication depriving the
individual of the right to informed consent and choice. The
cessation of water fluoridation in several European countries
and elsewhere is often based on such ethical considerations.

Professionally applied fluorides
This category includes fluoride gels, varnishes, foam, and
rinses, which have been tested in a number of community
or school-based prevention programs and need to be
applied at regular intervals. However, the high cost of such
professionally administered fluoride agents and the short-
ages of an appropriately skilled oral health workforce in
LMICs are significant barriers for using these caries preven-
tion methods in the private and public oral health-care
services [48]. These approaches are thus largely unrealistic
for population-wide caries prevention in LMICs.

Fluoride toothpaste
Fluoride toothpaste remains the most widespread and
significant form of fluoride used globally (see Chapter 14).
It is a safe population-based preventive measure with proven

Salt fluoridation
Adding fluoride to salt does not present the ethical draw-

backs of water fluoridation, since the consumer has the
option to purchase fluoridated or nonfluoridated salt.

Table 22.6 Criteria and guiding principles for the selection of a fluoride intervention according to the FLINT.

Guiding principlesCriteria

The fluoride intervention must promote equity, thus be accessible to the majority of the population regardless of
geography, social class, gender, or age
The fluoride intervention must have good evidence of effectiveness in preventing caries in all age groups (primary and
permanent dentition)
The fluoride intervention must be cost-effective and affordable for the setting
The fluoride intervention must be financially, organizationally, and technically sustainable for at least 5 years
The fluoride intervention must cause no physical, social, psychological, or emotional harm
The fluoride intervention's effectiveness does not require substantial cooperation or change in population behavior
The human capacity, technology, infrastructure, and financial resources are adequate to implement the fluoride
intervention
The required supportive laws and regulations for the introduction, quality assurance, impact monitoring, and sustainability
of the fluoride intervention must be in place
To ensure quality and safety of the fluoride intervention, standards and measures are required, including human resources
trained to undertake monitoring and control
Epidemiological surveillance of a fluoride intervention using water, salt, or milk is necessary to ensure proper dosage for
maximum protection with minimal side effects; furthermore, the oral health impacts of the intervention should be
monitored
Naturally occurring drinking water levels of fluoride must be mapped prior to introducing a fluoride intervention involving
water, salt, or milk (must not exceed 0.5 ppm)
Activities such as advocacy, facilitation, and education may be necessary for the initiation, implementation, and continued
acceptance of fluoride interventions

Equity

Effectiveness

Efficiency
Sustainability
Safety
Compliance
Feasibility

Legislation

Quality control

Surveillance

High fluoride areas

Communication
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Table 22.7 Possible challenges for implementing water fluoridation. Ensuring a supply of affordable and effective fluoride
toothpaste and promoting its use should be a key health policy
option for LMICs. Affordability can be improved by reducing
or removing taxes and duties for fluoride toothpastes, which
can amount to 25% or more of the retail price [34]. Many
LMICs promote essential preventive products, such as insec-

ticide-treated mosquito nets, vaccines, contraceptives, or oral
rehydration salts through exemption from taxes or through
partial tax reduction. The WHO recommends this approach
for fluoride toothpaste [68]. Options for policy and action for
the promotion of affordable fluoride toothpaste are listed in
Table 22.8. The affordability of toothpaste can also be
improved by promoting the use of only a small amount (pea/
rice/smear) at each brushing. Furthermore, public health rec-

ommendations should be as simple as possible; thus, only one
type of toothpaste (1000-1500 ppm fluoride) is required for
everyone. Supervising children is recommended to ensure
their appropriate use (see Chapter 14).

Requires access to public water supplies. Example: in Vietnam only 4% of the
population have access to fluoridated water since 70% are not connected to
a water supply [19]

In countries where public water supplies do not cover the majority of the
population or are unreliable, water fluoridation can lead to increased
inequalities with parts of the population benefiting and others, usually the
more disadvantaged segments, who do not benefit. Example: Brazil [4]

Technical capacity for maintenance and quality assurance. Example: In Brazil
just over half of samples contained the recommended fluoride levels, despite
regular independent monitoring [74]

Supportive legislation required. Example: In South Africa legislation to

fluoridate water in place since 2001, yet no artificially fluoridated water
scheme exists in the country [44]

efficacy. Moreover, cleaning teeth and gums with a tooth-
brush or chewstick (miswaki) is a widely accepted cultural
norm, which makes the use of fluoridated toothpaste an
easy choice for consumers (see Chapter 15). Exposure to
fluoride toothpaste, however, depends on daily tooth
cleaning, which involves a significant compliance element.

Considerations specific to the promotion of
fluoride toothpaste in low- and middle-income
countries

Affordability of fluoride toothpaste as an
essential commodity
The WHO defines affordable toothpaste as one that is avail-
able at a price that allows people on low income to purchase
if [41]. What does this mean practically for the 1 billion
people who still live on US$1 or less per day? Evidence
shows that the number of workdays needed to pay for one
annual dose of fluoride toothpaste per person at the lowest
price available varies greatly for the 30% of the poorest
population in different countries (Fig. 22.6) [34].

The use of fluoride toothpaste in areas with high
levels of natural fluoride in water

It is estimated that about 3% of the world population relies on
drinking water containing levels of fluoride that are higher
than the recommended 1.5 mg/L, and most of them live in
LMICs [3]. High systemic fluoride intake in these areas should
be managed with appropriate measures such as alternative
drinking water sources or de-fluoridation measures. The
WHO, FDI World Dental Federation, and International
Association for Dental Research clearly recommend that
‘Fluoride toothpaste is safe to use irrespective of low, normal
or high fluoride exposure from other sources [98].

Ensuring the quality of fluoride toothpaste
Fluoride toothpaste should be considered an essential com-

modity for health and an important public health tool, and
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Figure 22.6 Number of days of household expenditure required to pay for one annual dosage of toothpaste at the lowest price by country and population group.
The 30%, 50%, and 70% percentiles of the poorest sector of the population in a country are presented.
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Table 22.8 Options for policy and action related to promotion of AFT. Integrating basic oral health care into primary
health care

The Basic Package of Oral Care

In the late 1990s the WHO commissioned the development
of the Basic Package of Oral Care (BPOC). This conceptual
policy document presented priorities in oral health care
[30]. It was also an attempt to move away from a traditional,
largely restorative approach delivered by dentists, and to
focus instead on the philosophy of PHC. The concept was
not intended as a universal recipe for integrating oral health
care and PHC and thus did not present a strategy for imple-
mentation or other practical details. It was therefore sug-
gested that small-scale demonstration projects should be
established to determine the details of a BPOC and adapt
the model to local resources before embarking on large-
scale implementation [85].

The emphasis of the BPOC was on management of caries
and its consequences, since caries at that time had been esti-
mated to account for the majority of the global oral disease
burden [62]. The starting point and first element of the
BPOC was therefore oral health promotion and self-care
through oral hygiene with affordable fluoride toothpaste
(AFT).

The second element of the BPOC, oral urgent treatment
(OUT), comprises on-demand care, including simple tooth
extraction under local anesthesia, draining of abscesses,
control of acute oral infection with appropriate drug
therapy, first aid for maxillo-facial trauma, and recognition
of oral conditions requiring patient referral for further
care at the district or regional hospital dental clinic.
However, untreated caries and its consequences are the
most common reasons for people to seek oral health care
in LMICs [28, 87].

The third component of the BPOC is atraumatic restor-
ative treatment (ART), in order to provide a restorative
treatment option that does not need a dedicated clinical
environment or sophisticated equipment and that can be
provided in resource-poor settings where running water
and electricity might not be available (see Chapter 19).

Reviewing the Basic Package of Oral Care
More than a decade has passed since the publication of the
BPOC manual. With the focus now on universal coverage
and integration of services, a review of the strengths and
weaknesses of the BPOC is warranted. Unfortunately, there
have been few demonstration projects and even fewer well-
documented evaluations. It is also obvious that individual
elements of the package have been implemented rather than
the complete package (see examples in Table 22.9).

While the evidence for ART restorations has grown and
the dental community is increasingly accepting ART [37],
there is little information as to its large-scale adoption in
the PHC setting with the exception of Mexico [36]. Even
though it might be possible to deliver ART in such settings,

Make an inventory of available fluoride toothpastes in the country, the price
by volume or weight, and the formulation

Test the toothpastes for levels of bioavailable and total fluoride through an
independent laboratory using established standard analytical procedures

Encourage multinational toothpaste manufacturers to implement differential
pricing for poorer countries and reduce the cost of toothpaste through
inexpensive packaging and cheaper ingredients

Encourage generic and local production of affordable and effective fluoride
toothpaste

Lobby for government policies and regional trade policies to reduce or
eliminate taxation of effective fluoride toothpaste

Ensure compliance with ISO 11609 standards for labeling of fluoride
dentifrices (e.g., fluoride type and concentration, production or expiry date,
advice for adult supervision of toothbrushing by young children) as well as
instructions for using a small (rice/pea/smear) amount of paste by children
and directions to avoid or limit rinsing after brushing

Identify the toothpaste brands that have at least 80% of the fluoride in
bioavailable form for the total length of the shelf life (3 years) and select the
cheapest for utilization in the context of community-based toothbrushing
programs

thus be subject to quality control. This requires not only
technical capacity, but also political will and commitment to
establish a supportive policy framework, including effective
national drug and consumer product regulatory authorities.

The quality of fluoride toothpaste relates to the anticaries
effectiveness and to consumer protection and information
through correct labeling. For fluoride toothpaste to be
effective, it must contain an appropriate concentration of
bioavailable fluoride (see detail in Chapter 14). Sodium
monofluorophosphate (MFP) toothpaste formulations
using calcium-based abrasives are cheaper and, therefore,
widely available in LMICs. The P03F

2
_ component is not

stable [67] and, therefore, the levels of bioavailable fluoride
in MFP/calcium-based toothpastes are lower than their
total fluoride content [16, 25]. Other studies have reported
on toothpastes losing bioavailable fluoride with aging and
higher storage temperatures [5, 24, 35].

Unfortunately, the International Standards Organization
(ISO) standard 11609:2010 for toothpaste only refers to the
total fluoride content and does not address the important
issue of fluoride bioavailability [39]. Practically, a tooth-
paste may thus be ISO compliant even if the bioavailable
fluoride content is too low for an anticaries effect.
Furthermore, the labeling practices for fluoride toothpastes
in LMICs often do not conform with the ISO standard, so
that expiry date, production date, and concentration or type
of fluoride are not clearly indicated [16, 82]. The situation
in LMICs is aggravated by a widespread influx of fake or
counterfeit products containing low or no fluoride at all.
The weak or nonexistent quality control systems are not
able to ensure high-quality effective fluoride toothpaste for
consumers in many countries.
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The original description of the BPOC limited itself to the
philosophy of the approach and did not provide tools for
practical implementation. However, such tools together
with other aspects, such as policies and legal framework,

training and capacity building, communication, moni-
toring, and performance management, as well as political
commitment, are of great importance for success [32].
Given that countries’ needs and resources differ,
consideration should also be given to prioritize certain
elements of the BPOC and to promote a stepwise imple-

mentation rather than the implementation of a complete
package [11]. Links with other essential health service
packages, such as the WHO Package of Essential Non-
Communicable Disease interventions should also be
explored [95] in order to foster integration. Finally, in
order to overcome barriers of task delegation and work-
force definition, an updated BPOC should focus on
defining minimum competencies for certain services,
rather than specify which type of health-care worker
should be responsible for any given task.

Strengthening surveillance and research
in low- and middle-income countries

Surveillance of oral diseases in LMICs is weak or nonexistent,
and usually not integrated with routine NCD or other national
disease surveillance [49, 69]. The lack of reliable and
comparable oral health data affects prioritization of oral dis-
eases and advocacy on all levels. Opportunities for integrating
oral health data collection in ongoing international collabora-

tive surveys, such as the Global School-based Student Health
Survey, the Global Youth Tobacco Survey, the WHO STEP
surveys, for NCDs exist but need to be promoted and applied
more rigorously. Furthermore, the lack of applied research
and rigorous evaluation of approaches, projects, and pro-
grams is a major challenge to developing effective and appro-

priate strategies for prevention and control of oral diseases.

Measuring caries matters for advocacy
and planning

In order to position caries as a relevant problem for general
and public health audiences, it is important to present its

impact effectively. Two widely used measurements of dis-

ease burden used for prioritization in health policy and
planning are disability-adjusted-live-years (DALY) and
years-lived-with-disability (YLD). There are concerns that
these measurements may result in an underestimation of
the oral disease burden. The DMFT index, the most
commonly used measurement for caries, is not easily com-
patible with the DALY/YLD framework. Caries is not a
single entity; there are at least three main phases of the car-

ies process: pre-cavity phase, cavity phase, and pulpal
involvement, with each of them having different impacts in

terms of pain, discomfort, functional limitations, and gen-

eral health consequences. As outlined before (see Chapter 4)

Table 22.9 Examples of partial implementation of the BPOC.

Nepal: advocacy for AFT resulted in a drastic increase of available fluoride
toothpaste and a subsequent decrease in caries of 12-13-year-old Nepali
schoolchildren [102, 103]

Cambodia: training of rural nurses to provide OUT and ART, including an
evaluation showing the practical bottlenecks to effective implementation,
such as lack of supplies, need for retraining and supervision, no proper
integration in the health service system [23].

Burkina Faso, Madagascar, Lao, Peru,Tanzania: training of primary health care
works in the provision of OUT - no formal evaluation of programs.

Table 22.10 Possible barriers to implementing the BPOC.

A lack of political will of international health organizations, governments, and
dental associations to promote the BPOC as a model of integrating basic oral
care in PHC

A failure to define how and where different components of the package can be
implemented and integrated within existing health and educational structures

A failure to emphasize the flexibility of the BPOC and the importance to

adapt to local health/oral health priorities

An overemphasis placed on certain components of the BPOC, namely the
curative aspects of the package (ART and OUT) with little action on the
preventive aspects of the BPOC (oral health promotion, AFT)

A reticence of the dental profession to accept oral care provision by ancillary
personnel

A failure to fully appreciate the cost resources required for the different
components of the package, including training and capacity building

A lack of guidance on the development of supportive legal frameworks and
policy contexts

factors such as demand, patient expectations, cost, and
availability of materials play an important role as to whether
it is actually useful.

In many respects the BPOC has not had the impact that
was expected from the outset. Possible reasons for this are

presented in Table 22.10. In the context of developing a new
and improved BPOC it is crucial to evaluate the impact of
implementation examples in different settings.

The future for the Basic Package of Oral Care
In view of the limited impact of the BPOC over the past
decade it could be questioned whether the continued pro-

motion of the package in its current form for LMICs is still
pertinent. The basic tenets of the BPOC are still valid, and
the use of cost-effective packaged interventions for NCDs is

considered to be an essential opportunity for strengthening
health systems [40]. The advantages of packaging health
interventions include cost-effectiveness, simplicity of
implementation, and the ability to be integrated within
other sectors of the health system.

In order to provide a relevant and updated model for
integrating basic oral health care in PHC and social health
insurance benefit packages, it will be necessary to place
more emphasis on the realities of implementation.
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the decayed (D) component of the DMFT does not give
detailed information about the stage of decay. The failure to
differentiate the various stages of caries and their conse-

quences for health and well-being may also contribute to a
underestimating the burden of caries in the DALY/YLD
context. The problems of realistically comparing oral dis-

eases with other health conditions do not help to prioritize
oral health. This places oral health at a disadvantage in
political decision processes [13].

The PUFA index to assess dimensions
of untreated caries
For the last 70 years, caries data have been collected world-

wide using the DMFT/dmft index (see Chapter 4). In order
to assess and quantify the clinical consequences of untreated
dental caries, visible pulpal involvement, ulceration caused
by dislocated tooth fragments, fistula, and abscess have
been included in a new caries index, the PUFA [56]. The
PUFA index is designed to complement other dental caries
indices that have no facility to record the clinical conse-

quences of untreated dental caries (Fig. 22.7 and
Table 22.11).

The PUFA/pufa score per person represents the number
of teeth that meet the PUFA/pufa diagnostic criteria. The
prevalence of PUFA/pufa is calculated as percentage of the
population with a PUFA/pufa score of >1. The PUFA/pufa
experience for a population is computed as the mean figure
of the PUFA/pufa scores per person. PUFA and pufa are
reported separately, and it is recommended that means for
each of the components of the PUFA/pufa are reported.

Caries severity with advanced stages is generally higher
in LMICs, which makes the use of the PUFA index even
more relevant. Presenting caries data using the PUFA index
provides health planners with relevant information comple-

mentary to the DMFT index. It gives additional information
about the levels of untreated caries lesions, their severity,

and possible associated health and quality of life conse-
quences. Decisions about treatment need are inevitably
linked to the resources and capacities of the health system
setting. In most LMICs, the choices for interventions are
limited and extraction of teeth with an open pulp is often
the only realistic or available treatment. PUFA can help to
prioritize treatment by allowing the selection of patients
with high PUFA scores when resources are scarce, but it
specifically does not give indications as to what type of
intervention should be applied.

Since the introduction of the PUFA index, it has been
successfully used in over a dozen surveys, including national
oral health surveys, at times with high PUFA/pufa preva-

lence. Moreover, a high PUFA index could be associated
with a higher risk of low body mass index and reduced
quality of life [14, 46, 80]. Extraction of PUFA teeth resulted
in rapid weight gain in severely underweight children in the
Philippines [59].

Urgent need for health services research
The current evidence base related to approaches to prevent
and control caries in LMICs is very limited. It should go
beyond the evaluation of an interventions efficacy through
basic and applied research. It should also include an evalua-
tion of intervention effectiveness under real-life conditions,
preferably in the country where the intervention is to be
applied (Fig. 22.8) [55, 73].

This requires the development and strengthening of local
research capacities. An essential starting point is the
inclusion of monitoring and evaluation activities in every
program implementation [85]. Finally, and perhaps most
importantly, research needs to be translated into information
for policy, so that evidence-informed policies and practices
can be implemented [27, 45].

Integration, advocacy, and a supportive
policy context

There is growing recognition that isolated oral health pro-
grams using a vertical design are no longer justifiable in
terms of resources required versus outcomes achieved.
Building on the common risk factor approach and the con-

cept of horizontal integration of oral disease prevention and
control in the larger health service context, particularly the
NCD strategies, will be the new dominating approach for
the coming decades [10, 88]. This requires a fundamental
change in dental education and professional practice, com-

plemented by a renewed focus on the needs of the billions of
people not reached by current oral health-care approaches
[33]. The supportive policy foundations for this advocacy
and transformation process are already in place, including:
the WHO Oral Health Action Plan 2007, adopted by all
ministers of health represented in the WHO [94]; the
inclusion of oral health in the Political Declaration of the
UN High-level Summit on Prevention and Control of
NCDs [81]; and the inclusion of oral diseases in the Global
Action Plan for Prevention and Control of NCDs 2013—
2020 as action recommendations for member states [96].

However, the current status of oral health in LMICs and
beyond should be primarily considered as a political neglect
and should thus be addressed with coordinated political
advocacy [13].

Conclusions and recommendations
The enormous burden of dental caries globally and the
impacts on general health, well-being, and productivity are
a major challenge for all health systems, but is even more
daunting for LMICs. The analysis of the current tech-

nology-focused and dentist-centered approach revealed the
neglect of the broader determinants and risk factors of oral
health. There is a lack of integration in PHC, as well as a
simplistic reduction of preventive interventions to effect
behavior change through health education. Increasing only
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Figure 22.7 (a, b) Pulpal involvement (P/p); opening of pulp chamber is visible or coronal tooth structures are destroyed by caries, (c, d) Ulceration (U/u); traumatic
ulceration in the soft tissues (tongue and mucosa) caused by tooth or root fragments, (e, f) Fistula (F/f); a sinus tract releasing pus originating from an abscess and
opening into the oral cavity, (g, h) Abscess (A/a), dento-alveolar abscess.
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Table 22.11 Scoring criteria of the PUFA/pufa index.5

DescriptionLetters

Pulpal involvement is recorded when the opening of the pulp chamber is visible or the coronal tooth structures have been destroyed by the
carious process and only roots or root fragments are left. No probing is performed to diagnose pulpal involvement
Ulceration due to trauma from sharp pieces of tooth is recorded when sharp edges of a dislocated tooth with pulpal involvement or root
fragments have caused traumatic ulceration of the surrounding soft tissues (e.g.( tongue or buccal mucosa)
Fistula is scored when a pus-releasing sinus tract related to a tooth with pulpal involvement is present
Abscess is scored when a pus-containing swelling related to a tooth with pulpal involvement is present

P/p

U/u

F/f
A/a

aUpper case letters: permanent dentition; lower case letters: deciduous dentition.

the number of dentists in LMICs are likely to fail to improve
oral health and will increase inequality. There is, therefore,
a drastic need for reorientation, because more of the same
will continue to fail in addressing the causes.

The available evidence for alternative approaches to pre-

vention and control of caries in LMICs is not perfect, but is
sufficient for translation into action. In summary, this requires:

• developing and adopting strategies to address the social
determinants and common risk factors of caries, notably
sugar consumption, through policies promoting healthy
environments and healthy nutrition;

• implementing cost-effective population-wide prevention
strategies through access to appropriate fluorides, focusing
on measures to increase access to and use of fluoride
toothpaste as an essential health commodity in LMICs;

• addressing the right to risk-free and affordable relief of
oral pain even at the lower levels of PHC systems though
the creation of workforce models and task-shifting that
meet the needs of the entire population, but particularly
those of the lower socio-economic and disadvantaged
groups;

• developing concepts, practical implementation models,
evaluation tools, and related national capacities for cost-

effective ‘best-buy’ interventions to address caries and
other priority oral diseases in LMICs;

• prioritization of schools as health-promoting settings
where skills-based high-impact interventions can be
implemented in a cost-effective way;

• an internationally coordinated oral health research and sur-
veillance agenda with an emphasis on developing, evaluating,
and promoting practical, effective, and affordable means to
prevent and control the burden of caries in LMICs; and

• increased advocacy on all levels to emphasize the burden
and consequences of oral diseases, particularly untreated
dental caries, in order to prioritize interventions for pre-

vention and control of oral diseases in LMICs.

This agenda of change should be based on a consensus of
stakeholders and organizations active in prevention and
control of oral diseases, supported by strong leadership and
a sound evidence base. In this way, advocacy, communica-
tion, scientific support, capacity building, and technical
assistance will go hand in hand in a concerted approach
[13]. After all, the current state of neglect is largely the
result of political neglect; therefore all efforts to improve
prevention and control of caries and oral diseases in LMIC
must start with changing political priorities.

Can the
> intervention

work?

Does the
> intervention

work?

Is the
intervention
plausible?

^
Is it continuing

to work?

Community
demonstrations

Large-scale
implementation

Basic
research

Applied
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Figure 22.8 Relation between efficacy and effectiveness in different settings [55]. Modified from [73].
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Introduction
Kuopio, according to their D

3
MFS counts (decayed, missing,

and filled tooth surfaces). The polarization of the caries
problem appears even more clearly from the Lorenz curves
of Fig. 23.2, where the cumulative percentage of the same
children has been plotted against the cumulative percentage
of their D

3
MFS counts. It can be seen that the worst-off

quarter of the children accounted for 70% and 80% of all
D

3
MF surfaces in Kuopio and Jyvaskyla respectively. For

the interpretation of Lorenz curves, see Chapter 4.

The distribution of caries lesions is uneven among contem-
porary populations. Especially among children and adoles-
cents in high-income countries, the majority often has no
or little experience of cavitated caries and most of the cav-
ities occur among a minority of the population. The shape
of a typical current distribution of caries experience is
shown in Fig. 23.1, which presents the percentages of the
12-year-old residents of two Finnish cities, Jyvaskyla and

Dental Caries: The Disease and Its Clinical Management, Third Edition. Edited by Ole Fejerskov, Bente Nyvad, and Edwina Kidd.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Figure 23.1 Percentage distribution of 12-year-olds according to D
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counts in Kuopio ( /7 =161) and in Jyvaskyla [ n= 154) in 1998.
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Figure 23.3 A graphical look at the high-risk strategy.

Favorable Unfavorable

100
trated graphically in Fig. 23.3. If the high-risk susceptible
individuals can be accurately identified and offered effec-
tive individual caries control, a truncation of the risk distri-
bution should occur. When this approach is applied at the
population level, it is called the high-risk strategy for pre-
vention [49]. At the dental practice level, many professional
organizations and academic institutions recommend the
adoption of a risk assessment strategy for the caries

management, so that the clinicians may individualize their
decisions regarding the use of diagnostic procedures, caries

control regimens, and recall appointments [65].
There are three basic prerequisites for a successful appli-

cation of the high-risk strategy to control dental caries in

the population. First, the occurrence of caries must be low
enough to justify the effort and expense of identifying indi-

viduals who are believed to be at risk of developing an unac-
ceptably high number of caries lesions. Second, accurate,

acceptable, and feasible methods are needed for identifying
the subjects with a high risk. Third, effective and feasible
regimens must be available for controlling caries among the
high-risk individuals. In this chapter an attempt is made to
address the second prerequisite: can we identify with a

sufficient accuracy those individuals who need individual-
ized caries control to avoid developing an unacceptably
high number of caries lesions?
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Figure 23.2 Cumulative percentage distribution of 12-year-olds in Kuopio
and Jyvaskyla in 1998 plotted against the cumulative distribution of their D

3
MF

counts (Lorenz curve). If all children had had the same number of D
3
MF

surfaces, the curves would have coincided with the diagonal.

Suppose the high-caries individuals who have ended up
in the right-hand tail of the distributions in Fig. 23.1

(corresponding to the upper right-hand corner of the
distributions in Fig. 23.2) had been detected in advance;

that is, before their high risk had materialized and turned
them into high-caries individuals. Suppose also that these
individuals had been provided with a potent individually
tailored caries control regimen. If such were the case, these
high-caries individuals might instead have been found
among the majority with little or no decay. This is illus-

The risk of developing caries lesions cannot be
observed directly for an individual patient

For the purposes of this chapter, the risk of developing
caries lesions is defined as the probability that an
individual will develop one or more caries lesions reaching
a given stage of disease progression during a specified
period. We will use the term predictor’ as a collective des-
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ignator covering both true risk factors (i.e., factors for
which a causal association with caries development has
been established) and risk markers or risk indicators
(i.e., factors that are statistically associated with caries
development, but for which the relationship does not
need to be a causal one).

Unfortunately, there is no way to observe directly the
risk for an individual patient. This important point is
perhaps best illustrated by an analogy: even though we
know that smoking is a major cause of lung cancer, it is
impossible for us to say if the smoker who is sitting in front
of us will ever develop lung cancer. The closest we can get
is to use epidemiological information on lung cancer
development among different groups of smokers to
estimate the probability that a certain type of smoker will
develop lung cancer within a specified period. Similarly, we
can use information on caries development among groups
of people for whom the levels of the relevant risk factors are
similar to those of the patient at issue to get an estimate of
the risk that a person with such a set of risk factors will
develop caries. This information can be acquired from
longitudinal epidemiological studies, in which risk assess-
ments are afterwards evaluated against the true course of
events. Such studies always concern the past time, since the
actual development of caries lesions can only be summa-

rized at the end of a follow-up. A clinician’s risk assessment,
in turn, concerns the development of dental decay in the
future. Since conditions such as the occurrence of caries
lesions in the population may change over time, the risk
estimates obtained should be taken only as suggestive prob-

ability statements that may be helpful for distinguishing
between patients who should be provided with intensified
caries control and those who are not likely to benefit from
such effort.

cancer and die from other causes, and lung cancer can
occur even in nonsmokers.

Instead, we use the same measures that are used for
assessing the accuracy of diagnostic tests, such as sensi-
tivity and specificity, to evaluate the predictive accuracy
of a potential predictor. Figure 23.4 shows the outline of a
cohort study for evaluating the accuracy of a prediction of
the development of caries lesions. At the start of the study,
all members of the study group have their baseline caries
status and their level of the potential predictor(s) assessed.
Caries recordings at the end of the follow-up period make
it possible to assess the caries increment during the period
for all members of the study group. We believed some of
the participants to be at high risk, and the results of the
study show that this belief was correct in some cases
(those labeled a) and erroneous in other cases (those
labeled b ). Similarly, we believed some of the participants
to be at low risk, which turned out to be false for some
(those labeled c ) and correct for others (those labeled d ).
Thus, group a in Fig. 23.4 consists of correctly classified
individuals, true positives, for whom the risk was pre-
dicted to be high and whose actual caries increment was
high. Correspondingly, group d represents correctly clas-

sified true negatives. For individuals falling into groups b
and c a misclassification has occurred. For the false posi-

tives in group b a high risk was predicted, but the true
caries increment was low. The false negatives in group c
were predicted to have a low risk, but their actual caries
increment was high.

For facilitating the estimation of the accuracy of the
above classification (the four groups in Fig. 23.4), the number
of subjects in each of the groups a, b, c, and d are organized
in the form of a 2 x 2 table. Table 23.1 shows such a table and
a list of different measures that may be considered for the
estimation of the accuracy. Reports of prediction studies
may include any of these measures. A brief definition of
each of them is therefore now given.

The course of a typical study for evaluating
the accuracy of a prediction
In studies that aim to identify risk factors that compromise
the populations health, the effect is typically expressed by
using measures of association such as differences in mean
values, correlation coefficients, risk differences, risk ratios,
or odds ratios. Significant associations have been found
between the development of new caries lesions and a
number of factors, such as past caries experience, microbial
counts, and salivary parameters. However, even a fairly
strong association does not necessarily imply that a factor
can be used for predicting future onset of caries lesions. The
same holds for other diseases as well. For instance, the
observed strong association between tobacco smoking and
lung cancer justifies efforts to prevent lung cancer by means
of reducing the exposure to tobacco smoke. Yet, information
on smoking status cannot be used to accurately predict
the onset of lung cancer. Quite a few smokers escape lung

Believed Actual caries
incrementrisk

High (a)

Low (b)

Study
cohort

High (c)

Low (d)
Study

* period '

Figure 23.4 Outline of a typical follow-up study for evaluating the predictive
power of a dichotomous predictor of caries risk.
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Table 23.1 A 2 x 2 table for evaluating the accuracy of a dichotomous pre
diction and formulae for selected measures of accuracy.

(FPR) is the proportion of those with a low caries increment

that had actually been deemed at high risk among all the
ones with a low caries increment, and the false-negative rate
(FNR) is the proportion of subjects predicted to be at low
risk among those who actually had a high caries increment.
When using the percentage expressions, the values of 1 in

the formulae of Table 23.1 need to be replaced by 100.

Believed risk Actual caries increment Total

High Low

b a + b
c + d

High
dLow
b+ da+ c

Positive and negative predictive values
The positive predictive value is the proportion of those with
a predicted high risk that also turned out to experience a

high caries increment among all those for whom high risk
was predicted, and the negative predictive value is the
proportion of subjects whose actual caries increment was
low among those predicted to be at low risk. The predictive
values are not a property of the predictor alone. They are
determined by the sensitivity and specificity of the pre-

dictor, but also by the occurrence of the disease in the
population that is going to be screened for the predictor.
Formulae based on Bayes’ theorem [6] can be used for esti-
mating predictive values for settings with different levels of
expected caries increment.

a: true positives (TP); b: false positives (FP); c: false negatives (FN); d: true

negatives (TN).
Se = TPR = al [ a+ c), where Se is sensitivity and TPR is true-positive rate.

Sp =TNR = dl {b+ d), where Sp is specificity and TNR is true-negative rate.

FPR = bl { b+ d) = 1 — Sp, where FPR is the false-positive rate.
FNR = cl (a+ c)= '\- Se , where FNR is the false-negative rate.
PV + = al { a+ b) , where PV+ is the positive predictive value.

PV - = dl (c + d), where PV- is the negative predictive value.

CHR = Proportion of Correctly Classified = ( a+ d)\n , where CHR is the crude
hit rate.
J= 1- (FPR + FNR) =1- [(1-Sp) + (1-Se)] = Se + Sp -1, where J is the
Youden index.
DOR = [ axd) l { cx b) , where DOR is the diagnostic odds ratio.
LR + = Se /(1- Sp), where LR+ is the positive likelihood ratio.

LR -= (1- Se) / Sp, where LR- is the negative likelihood ratio.

Sensitivity, specificity, false-positive rate,

and false-negative rate

Sensitivity is the proportion of those with a high caries
increment that had also been predicted to be at high risk
among all the ones with a high caries increment. Specificity
is the proportion of those with a low caries increment that
had also been predicted to be at low risk among all those
with a low caries increment. Thereby, the sensitivity esti-

mates the probability that a person who has experienced a
high caries increment was also deemed at high risk.
Similarly, the specificity estimates the probability that a

person who has experienced a low caries increment was, in

fact, also deemed at low risk. The sensitivity is often dubbed
the true-positive rate (TPR), and specificity the true-

negative rate (TNR), though both are proportions rather
than true rates. In Table 23.1, these measures have been pre-
sented as proportions with values ranging from 0 to 1, but
they are often expressed as percentages in the literature. It
should be noted that the maximum sensitivity of 1 or 100%
could easily be achieved by using an entirely useless pre-

dictor; for example, one that predicts everybody to be at
high risk. This will, however, result in a specificity of zero.

Conversely, the specificity maybe 1 or 100% if the predictor
indicates that everybody belongs to the low-risk group, but
in such a case the sensitivity will be zero. Consequently, one
should never look at the sensitivity or specificity alone: both
are needed to determine the utility of a predictor. The false-
positive and false-negative rates carry exactly the same
information as sensitivity and specificity, but they express
proportions of misclassified subjects. The false-positive rate

Crude hit rate, the Youden index,

and diagnostic odds ratio
The crude hit rate, Youden index, and diagnostic odds ratio

(Table 23.1) summarize the accuracy of the prediction as a
single numeric value. The crude hit rate, also called the
proportion of correctly classified subjects, is easy to under-
stand, and it has been used frequently in the dental litera-

ture. In low-caries populations, however, overoptimistically
high values of the crude hit rate can be obtained even in

instances where the test has not been able to detect a single
true-positive individual. For those who prefer to explore
the potential of a predictor by looking at a single numeric

value only, the Youden index / is more advisable because it

gives a realistic summary of its performance irrespective of
the level of caries increment. If the prediction is invariably
correct (i.e., the false-positive rate is zero) and at the same
time the false-negative rate is zero, the index takes its
maximum value / =1. If a candidate for a predictor is totally
worthless, which is the case when the true-positive rate and
the false-positive rate are equal, the index takes the value

J =0. The diagnostic odds ratio DOR can take values bet-
ween zero and infinity. High DOR values indicate good pre-

dictive accuracy. If DOR =1, the predictor is worthless.

Values <1 are equivalent to negative Youden index values.
Even though the Youden index and diagnostic odds ratio are
not likely to give a distorted picture of the usefulness of a
predictor, they have the disadvantage of not carrying any
information about the direction of the misclassifications.

For a patient, however, the consequences of being a false
positive are very different from those of being a false negative.
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Positive likelihood ratio and negative
likelihood ratio
The remaining two measures, LR+ and LR-, can take any
nonnegative value. LR+ indicates how many times more
likely a person who is believed to have a high risk is to have
a high caries increment than a low increment. LR- expresses
the same ratio for a person who is believed to have a low
risk. If the predictor is at all useful ( TPR > FPR ), the result-
ing value of LR+ is bigger and the value of LR- smaller than
one. These likelihood ratios have the valuable property that
by using them one can calculate the post-test probability of
having a high increment with taking into consideration the
pre-test probability (see later).

Correspondingly, 97% of the children who had been
deemed at low risk were free from cavitated caries lesions at
the age of 36 months (negative predictive value). It should
be noted that these predictive-value estimates have here
been calculated only for demonstration purposes, since
predictive values can only be generalized to other popula-
tions if the caries experience in those populations is equal to
that observed among the study group.

The crude hit rate (91%) clearly gives an optimistic
picture of the performance of the predictor, which is due to
the fact that plaque and caries lesion(s) were detected in a
minor proportion of the children (18% and 13% respec-
tively). The Youden index value of 0.75 may give rise to less
optimism as this index has a maximum value of 1. The
value of the diagnostic odds ratio (60.83) indicates that the
risk of caries lesions developing was about 60 times greater
in a toddler with plaque on all labial surfaces of the four
incisors at age 19 months than in a toddler where plaque is
less common. The LR+ of 10.38 indicates that a child with
visible plaque on all labial surfaces of the four incisors at age
19 months was 10.38 times more likely to have, than not to
have, caries at the end of the follow-up. Similarly, the LR- of
0.18 indicates that a 19-month-old child who did not have
plaque on all four incisors was 0.18 times more likely to
have, than not to have, caries at the age of 36 months.

A real-life example of using a single,
dichotomous predictor
In the following, we illustrate the concepts outlined above
using data from a study by Alaluusua and Malmivirta [2]. In
their study, the risk for developing caries lesions was con-
sidered high if visible plaque was detected on the labial sur-
faces of all four incisors in 19-month-old toddlers, and low
otherwise (Table 23.2). The toddlers were examined for car-
ies lesions at the age of 36 months.

As can be seen from Table 23.2, 83% of the toddlers who
had caries at the end of the study had been identified cor-
rectly (sensitivity), and among those for whom the risk had
been considered low the assessment was correct for 92%
(specificity). The false positives and negatives were 8% and
17% respectively.

The observed positive predictive value reveals that 63%
of the children for whom the risk had been considered high
actually developed caries lesion(s) during the follow-up.

Interpretation and use of the measures
of prediction accuracy
The problem that prompted this review of measures for pre-

diction accuracy was a simple, clinical question: Can we
predict who will develop caries lesions (within a specified
future time period) and who will not? The first thing to note
is that, even in the absence of any information about our
patients, we still have an idea of how many of our patients
(i.e., what proportion of them) will develop caries. This idea
may come from our personal clinical experience, or an
estimate may have been reported in the literature. As an
example, Holmen et al [24] recently reported that 42.5% of
the 16-year-olds in the county of Halland, Sweden, devel-
oped new caries lesions over the 3-year period from the age
of 16 to the age of 19 years. Therefore, for a Swedish dentist
working in Halland who has read the paper by Holmen et a/.,
the best guess on the risk of new caries lesions over a 3-year
period in a 16-year-old patient would be 42.5%. In the con-
text of prediction, this estimate, which is called the pre-test
probability, represents our best guess on the risk of the
development of caries lesions in the absence of any other
information.

On a similar note, the data presented in Table 23.2 could
be taken to indicate that the pre-test probability of caries
development among 19-month-old toddlers is 13%, since
12 of 91 toddlers developed caries between the ages of 19
and 36 months. We note from Table 23.2 that sensitivity is

Table 23.2 A summary of the results of a study where visible plaque on the
labial surfaces of maxillary incisors at the age of 19 months was used for pre-

dicting the onset of at least one caries lesion by the age of 36 months.

Visible plaque at 19 months Signs of caries at 36 months Total

AbsentPresent

6 b10 -Present
Absent

16
73dV 75

12 79 91

Data from [2].
Se = 10/12 = 0.83 =83%; Sp = 73/79 =0.92 = 92%;
FPR = 6 /79 =0.08 - 8%; FNR = 2/12 = 0.17 = 17% -
PV + =10/16 - 0.63 - 63%; PV-= 73 /75 = 0.97 = 97%;
CHR = 83/91= 0.91= 91%; 7=1- (0.08 -h 0.17) = 0.75;
DOR = (10 x 73) / (2 x 6) = 60.83; LR + = 0.83/0.08 = 10.38;
LR -= 0.17 /0.92 = 0.18.
HP.
HP.
CFN.
'TN.
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83% and specificity is 92% for the presence of plaque as a
predictor of caries development among these toddlers. The
question is to what extent knowledge about plaque presence
can be used to improve our prediction of who will develop
caries and who will not. What we hope to achieve is
information that when plaque is present the probability of
caries development is much greater than 13% (and prefer-

ably close to 100%), and that when plaque is absent the
probability of caries development is much less than 13%
(and preferably close to 0%). We can actually calculate these
two post-test probabilities using the information given in
Table 23.2.

First, we need to convert the pre-test probability to pre-

test odds using the formula odds = p/(l-p), where p
stands for the probability Thus, the pre-test odds are
0.13/(1-0.13) = 0.15. Now, the post-test odds can be calcu-

lated as a product of the pre-test odds and the likelihood
ratios (LR+ and LR-). For a child with plaque, the post-test

odds are 0.15 x 10.38 = 1.56, and for a child without
plaque they are 0.15 x 0.18 = 0.03. The two post-test odds
can be converted to probabilities using the formula
p = odds/(odds + 1). Thus, the post-test probability that a

19-month-old child with plaque will develop caries lesions
before the age of 36 months is 1.56/(1.56 +1) = 0.61 = 61%,

and for a child with no plaque the post-test probability is
0.03/(0.03 +1) = 0.03 = 3%.

An alternative way is to use the sensitivity and specificity
estimates to calculate the numbers in each of the four cells
in the 2 x 2 table, assuming a pre-test probability of caries

development of 13%. A pre-test probability of 13% means that
130 of 1000 toddlers will develop caries, while 870 will not.
The 83% sensitivity means that 83% of the 130 toddlers with
new caries (i.e., 108) will also have plaque present, while the
remainder (i.e., 22) will not. The 92% specificity means that
92% of the 870 toddlers with no new caries (i.e., 800) will not
have plaque present, while the remaining 70 will. We can now
calculate the two desired post-test probabilities as follows.

The post-test probability (risk) that a 19-month-old
toddler with plaque present will develop new caries is
108/ (108 + 70) = 0.61 (61%). Similarly, the post-test proba-
bility that a 19-month-old toddler with no plaque present
will develop new caries is 22/(22 + 800) = 0.03 (3%).

Since the post-test probability for a child with plaque is
much higher (61%) and the post-test probability for child
with no plaque is clearly lower (3%) than the pre-test prob-

ability estimate of 13%, it may be concluded that among
these toddlers the presence of visible plaque on the maxil-
lary incisors was a fairly strong predictor of the subsequent
caries experience.

ordinal (lactobacilli and mutans streptococci counts), or dis-

crete numeric, such as prior caries experience (e.g., the D
3
MFS

count). Moreover, contemporary caries risk assessment sys-

tems may consider up to 25 predictors at the same time [65].
The aforementioned design can be used for a single pre-

dictor at a time. In practice, we often want to evaluate sev-
eral predictors simultaneously, and we therefore need to
condense the information on many predictors into a single
variable, which can then be used as the basis for the predic-

tion of high versus low risk. The condensation techniques
range from combinations of two variables - for instance,

mutans streptococci count and lactobacilli count - to

sophisticated regression-based multivariable methods.
So far, we have considered risk as a dichotomy, in the sense

that we have distinguished between high risk and low risk.
However, risk predictors are usually not natural dichotomies.

For instance, salivary flow rate is a continuous variable, and
microbiological dip-slide tests can take several values. To be
able to generate the four groups of interest for the evaluation
of the prediction (i.e., true and false positives and true and
false negatives), such multilevel predictors need to be artifi-
cially dichotomized. A threshold value is selected above
which the risk is considered high and below which the risk is
believed to be low. The same is true for the outcome; that is,

the true caries increment, which is a count of the number of
new DMF teeth or surfaces. The dichotomization can be
done using different threshold values. Each threshold level
for believed high risk and for observed high true caries

increment leads to a different distribution of the subjects
studied among the four groups of interest (true and false pos-

itives, and true and false negatives). When interpreting the
results of a prediction study it is important to take into
consideration the threshold levels that have been used.

Our second example deals with several predictors. The
subjects were initially 13-year-old children ( n = 384 ) who
participated in a clinical trial comparing an intensified and
a basic caries control regimen among high-risk subjects
[21]. A low-risk comparison group (LRB) was also included.

At baseline, the salivary flow rate, mutans streptococci
score, lactobacilli score, and buffer capacity score were
determined. Caries lesions were graded as Dn (inactive

lesion with no break in the continuity of enamel), DH (active

lesion with no break in the continuity of enamel), D
2

(enamel lesion with loss of tooth substance), and D
3

(lesion
with loss of tooth substance extending into the dentin). The
examiners also estimated how many new fillings each child
would need after 1 year if the level of prevention were to
remain as before the entry to the trial. The risk of devel-
oping caries lesions was considered high if at least one of
the following conditions was met:

Other types of predictors and their combinations
In the preceding example, only a single dichotomous pre-
dictor was used. However, many candidate predictors of car-
ies increments are not dichotomous by nature, but may be

• estimated number of new fillings needed after 1 year >2;

• salivary flow rate <0.7 mL/min and buffer capacity score
equal to 1;
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• two or more dentinal caries lesions;
• one or more dentinal caries lesions on the approximal

surfaces of incisors;

• one dentinal caries lesion and lactobacilli score >3 and
mutans streptococci score >2;

• Lactobacilli score equal to 4 and mutans streptococci
score equal to 3.

Figure 23.5 shows the distribution of the number of new
D3

MFS during the 3-year follow-up among the predicted
high- (HRB) and low-risk children (LRB) [21]. On average,

the high-risk individuals developed substantially more new
D MFS (mean increment: 5.1; standard deviation (SD): 5.0)
than did their low-risk counterparts (mean increment: 2.0;

SD: 2.4). The predicted high-risk group included individ-
uals who had no new lesions, however, and among the
believed low-risk group there were subjects who developed
D MFS up to 12. So, at the individual level, the risk
assessment was far from perfect.

Single predictors with multiple possible
threshold levels
These data can be used to look at the performance of a few of
those predictors of future caries experience that may take
many values. We use the following predictors as educational
examples: baseline DMFS count and salivary lactobacilli,
mutans streptococci, and buffer capacity score. The use of
past caries experience as an indicator of future caries
increment has been justly criticized by the argument that we
should aim at detecting the high-risk susceptible individuals
before there are any signs of past caries experience. The fact
is, however, that past caries experience still remains the most
potent single predictor of future caries increment, and one

could also argue that if some past caries experience were
already visible then it would be a mistake not to use this
information in assessing the risk of new cavities. Let us there-
fore first consider the baseline DMFS count as a predictor.
Figure 23.6 shows the percentage distribution of the children
according to their baseline D

3
MFS counts, which ranged bet-

ween 0 and 25. The shape of the distribution shows that,
apart from perhaps the distinction between zero and at least
one D

3
MFS, there is no natural threshold that could be used

to discriminate between subjects with a high and a low caries
experience. To obtain an overall idea of the predictive poten-

tial of the baseline D MFS, 10 different dichotomies were
therefore formed so that the selected threshold levels were
distributed throughout the range of baseline D

3
MFS. The

results appear in Table 23.3, where each row represents a
2 x 2 table like the one in Table 23.1. The first row of
Table 23.3 shows the results when the risk for new lesions
was considered high if the baseline D

3
MFS score was >1 and

low if the score was zero. Correspondingly, the last row rep-
resents a prediction where the risk was considered high if the
baseline D

3
MFS value exceeded 13, and low if the value was

0-13. Throughout Table 23.3 the true 3-year D
3
MFS

increment was considered high when it exceeded four new
lesions (which occurred in 27% of the children) and low if it
was zero to four surfaces (which occurred in 73% of the chil-
dren). The last column (BHR) gives the percentage of sub-
jects who were predicted to be at high risk (‘test positives ) at
the different dichotomizations of the baseline D

3MFS counts.
This is the percentage of subjects who should be treated as
high-risk susceptible individuals if the given threshold level
were to actually be applied for identifying patients in need of
intensified individual caries control.
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Figure 23.5 The percentage distribution by the number of new D
3
MFS sur-

faces in a 3-year period among subjects for whom the risk of developing caries
lesions was considered high and for whom it was considered low in a cohort of
384 initially 13-year-old children living in Vantaa, Finland. For the criteria of
high and low risk, see text.
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Figure 23.6 The percentage distribution of subjects according to D?MFS
counts at baseline in a cohort of 384 initially 13-year-old children living in
Vantaa, Finland.
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Table 23.3 Prediction of 3-year D
3
MFS increment >5 ( /7 =104) by baseline

D3
MFS score in a cohort of 384 initially 13-year-old children living in Vantaa,

Finland.

27% and that the sensitivity and specificity estimates at base-
line D

3
MFS >4 were 63% and 74% respectively (Table 23.3).

We expect the post-test probability (i.e., the probability that
a child with a high baseline D

3
MFS will have a high future

caries development) to substantially exceed the pre-test
probability of 27%, and preferably it would be close to 100%.

Similarly, we would hope to observe that a child with a low
baseline D

3
MFS would be very unlikely to have a high future

caries development. In fact, we may calculate a post-test
probability of 47% that a child with a baseline D

3
MFS >4 will

develop at least five new D
3
MFS over a 3-year period, and a

post-test probability of 16% that a child with a baseline
D

3
MFS <3 will develop at least five new D

3
MFS. The post-

test probabilities calculated for the baseline D
3
MFS >5 trans-

late into post-test probabilities of 51% and 17% respectively.

These results indicate that the predictive potential of the two
baseline D

3
MFS levels (>4 and >5) as indicators of high

future caries increment is rather modest.

FP FN TN Se (%) Sp (%) J BHR (%)Baseline TP
D3

MFS
count

92 38 0.3
54 0.4
65 0.4
74 0.4
80 0.4
85 0.3
90 0.3
92 0.3
95 0.2

10 100 0.1

7196 175 8 105
130 18 150

98 27
74 38 206
55 47 225
41 58 239
27 65 253
22 71
14 79 266

1 94 279

>1
83 56>2 86

46182 74>3 77
63 36>4 66

2957 55>5
23>6 46 44

38 17>7 39
32 14>8 33 258
24 10>9 25

310>14

TP: true positives; FP: false positives; FN: false negatives; TN: true negatives;
Se: sensitivity; Sp: specificity; J is the Youden index; BHR is percentage
children predicted to be at high risk.

The receiver operating characteristic curve
For many people, diagrams are easier to interpret than ta-
bles with lots of numbers. Receiver operating characteristic
(ROC) curves are an alternative way of summarizing the
predictive potential of a predictor that can take many values.
In ROC curves, the values of sensitivity (true-positive rate)
at different levels of the predictor are plotted against the
values of 1-specificity (the false-positive rate) at the
respective levels. The ROC curve for D

3
MFS in Fig. 23.7

shows the results of Table 23.3 in such a form. The diagonal
from the lower left-hand corner to the upper right-hand
corner represents the curve for a useless predictor (true-

positive rate and false-positive rate are equal at all levels).
The bigger the area under the curve is, the more powerful is
the predictor. For a predictor that results in a perfect
classification at all levels, the area covers the whole box. For
a detailed introduction to the meaning of the area under an
ROC curve, see Hanley and McNeil [18]. In the case of
baseline D

3
MFS (Fig. 23.7), the curve is clearly above the

diagonal, which indicates that D
3
MFS does have some pre-

dictive potential, although it is modest, as our post-test
probability calculations showed. Adding active enamel
lesions (Dla and D

2
) to the baseline D

3
MFS score improves

the prediction, which shows from the ROC curve for base-
line DUMFS (Fig. 23.7). The fact that the area above even
this curve is fairly large reveals that the predictive accuracy
of past caries experience is far from perfect. By looking at
ROC curves one can quickly and easily obtain an overall
picture of the performance of predictors. There is one major
disadvantage, however: information about the percentages
of individuals for whom high risk is suggested (BHR in
Table 23.3) is not available from the curves.

The performance of the five-level salivary lactobacilli
score is summarized in Table 23.4, which is organized sim-

ilarly to Table 23.3. From the point of view of a manageable

The key question is: Which level of baseline D
3
MFS

count provides the best prediction of a high caries
increment in the future? The question is not easy to answer,
since the distribution of the subjects, among the true posi-
tives, false positives, false negatives and true negatives, var-

ies considerably across the different threshold levels. The
same is therefore also true for the percentage of children
predicted to be at high risk (Table 23.3, last column). From
a practical point of view, however, there is little sense in

identifying high-risk groups if they comprise more than
40% of the target population. If the proportion of high-risk
individuals in a population exceeds this level then the
occurrence of caries is not sufficiently low to justify the
effort and expense of identifying the high-risk individuals.
In such a situation the caries control efforts should rather
be targeted to the whole population. This means that, in the
current cohort, threshold counts of baseline D MFS smaller
than >4 are useless, irrespective of the accuracy of the
classification. Moreover, the use of a predictor makes no
sense if the sensitivity value falls below 50%, which implies
that the false-negative rate exceeds the true-positive rate.
This leaves only two rows of Table 23.3 to look at (baseline
D MFS >4 and >5), and it may be concluded that, by aim-

ing to pick up a manageable percentage of high-risk indi-
viduals (29-36%), the use of baseline D

3
MFS count as a

predictor of at least five new D
3
MFS over a 3-year period

gives us a sensitivity in the range of 55-63% and specificity
of 85-80%. This level of predictive accuracy is consistent
with the literature on baseline DMFS/T counts as a pre-
dictor of caries increment [20, 43].

Using the pre-test/post-test probability calculations just
outlined, we can assess the usefulness of these two threshold
counts of baseline D

3
MFS as predictors of high future caries

development. Remember that the pre-test probability was
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Figure 23.7 ROC curves illustrating the relationship of the true- and false-
positive rates at different threshold levels of baseline D
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MFS increment >5.
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Figure 23.8 ROC curves for baseline DlaMFS, salivary lactobacilli (LB), mutans
streptococci (MS), and buffer capacity score (BC) in a cohort of 384 initially
13-year-old children living in Vantaa, Finland.

Table 23.5 Prediction of 3-year D
3
MFS increment >5 [ n = 104) by a logistic

risk function in a cohort of 384 initially 13-year-old children living in Vantaa,
Finland.

Table 23.4 Prediction of 3-year D3
MFS increment >5 (/7 =104) by baseline

lactobacilli score (LB) in a cohort of 384 initially 13-year-old children living in
Vantaa, Finland.

Risk TP FP FN TN Se (%) Sp (%) J BHR (%)
FP FN TN Se (%) Sp (%) J BHR (%)Baseline TP

LB score
percentile

10 102 244 2 36 98
100 210 4 70 96
97 172 7 108 93
95 136 9 144 91
87 106 17 174 84
80 74 24 206 77
67 50 37 230 64
52 25 52 255 50
28 11 76 269 27

13 0.1
25 0.2
39 0.3
51 0.4
62 0.5
74 0.5
82 0.5
91 0.4
96 0.2

90
96 235 8 45
75 153 29 127
63 107 41 173
27 47 77 233

92 16 0.1
45 0.2
62 0.2
83 0.1

86>1 20 81
72 59>2 30 70

>3 61 44 40 60
26 194 50 50

60 40
For abbreviations, see Table 23.3. 70 30

80 20
90 10percentage of individuals predicted to be at high risk, only

the last row (score of 4) is worth looking at. At this level, the
sensitivity is so low that it would make no sense to use the
lactobacilli score for identifying high caries risk susceptible
individuals among the target population. The potential of
the remaining two predictors (i.e., salivary mutans strepto-
cocci and buffer capacity score) is even more modest.
Therefore, the results regarding them are only given as ROC
curves in Fig. 23.8, which also includes the curve for base-

line DlaMFS score for comparison. It can be concluded that
none of the three salivary'parameters were useful predictors
of future caries experience, which is in line with the litera-

ture [12, 43, 69, 79].
Finally, an effort was made to find out whether combining

the information of all the four predictors (Fig. 23.8) (i.e.,
baseline DJaMFS score and salivary lactobacilli, mutans
streptococci, and buffer capacity score) would lead to a

Predictors included in the risk function: baseline DlaMFS count, lactobacilli
score (0-4), mutans streptococci score (0-3), and buffer capacity score (0-3).
For abbreviations, see Table 23.3.

more accurate prediction of the 3-year D MFS increment
than was achieved by regarding each of the predictors sepa-

rately. For this purpose, a logistic regression model was
constructed with all four predictors as independent vari-
ables. As the outcome, the logistic regression analysis pro-
duces for each individual a risk score ranging between zero
and one. By using these risk scores, the study cohort was
divided into nine percentiles (Table 23.5). In risk percentile
10 (the first row of Table 23.5), the 90% of the study' cohort
with the highest risk scores were included in the predicted
high-risk group, and the 10% with the lowest scores in the
predicted low-risk group. In the last row, the situation is
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Figure 23.10 Percentage distribution of subjects according to 3-year D
3
MFS

increment among those with baseline DlaMFS counts of 0-13 and >14 respec-

tively in a cohort of 384 initially 13-year-old children living in Vantaa, Finland.
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Figure 23.9 ROC curve for the logistic risk function (Table 23.5) including all
four predictors (LogReg). The ROC curve for baseline DlaMFS (Figs 23.7 and
23.8) has been repeated for comparison.

especially among the false negatives. In Fig. 23.10, the
percentage distribution of the study subjects according to
the observed number of new D

3
MFS has been given sepa-

rately for the subgroups whose baseline DlaMFS score was
0-13 or >14 (the most promising dichotomization for this
risk predictor). The latter group represents the individuals
who would have been treated as high-risk individuals, if
this particular threshold had been used for assessing high
versus low risk for new cavities. As can be seen from
Fig. 23.10, the false negatives (i.e., those who would errone-
ously have been treated as having low risk) included indi-
viduals who developed up to 13 new D

3
MFS within 3 years.

This means that severe errors can take place if a certain
maximum level of past caries experience is used as a crite-

rion for picking up individuals with a low risk of developing
new lesions. Figure 23.11 shows the distribution of the
3-year caries increments among individuals whose baseline
D

3
MFS score was zero (29% of the cohort). Their mean

3-year D
3
MFS increment was 1.3 (SD: 2.1) with a maximum

value of 12. When DlaMFS = 0 was used as a screening cri-
terion, the mean D

3
MFS increment was 0.6 (SD: 1.3) and

the highest increment was five (Fig. 23.11). In the latter
case, the error rate might have been tolerable. The small
percentage of ctest positives’ (only 9% of the cohort had no

DlaMFS caries experience at baseline), however, calls into

question the practical value of this screening criterion.

reversed. According to the latter threshold, the 10% of sub-
jects with the highest scores were believed to have a high
risk and the 90% with the lowest scores a low risk. As in the
case of baseline D

3
MFS (Table 23.3), the threshold levels

were selected throughout the range of the risk scores to
obtain an overall picture of the performance of the risk
function. The predictive power of the risk function
including all the four predictors was very similar to that of
baseline DJaMFS score alone (Fig. 23.9). It is apparent that
practically all the predictive power of the logistic regression
function comes from the baseline D, MFS score. The
remaining three predictors did not add to the accuracy of
the prediction, even when regarded together. The impor-

tance of past caries experience among the predictors
included in a risk model is in line with previous findings
[43, 65, 79]. Still, as justly stated by Hansel Petersson et al
[19], past caries experience is the consequence of the dis-
ease process, not its cause. If caries is properly controlled,

past caries experience loses its predictive potential.

The coin has two sides
So far, the evaluations of caries prediction have been based
entirely on measures that are derived from the distribution
of the study subjects among the true and false positives, and
true and false negatives. This is consistent with the clinical
decision problem: Should this patient be treated as a high-

risk individual or not? Keeping in mind the threshold for
observed high caries increment used throughout the last
example (>5lesions within 3 years), one could argue that it
is not a big issue to miss a few individuals whose true caries

increment is just a little higher than the threshold level. Let
us therefore take a closer look at the extent of misclassifications,

What level of accuracy would be sufficient
in everyday practice?

A perfect predictor has a sensitivity of 100% and a speci-
ficity of 100%. Consequently, both the positive and nega-
tive predictive values will equal 100%. A perfect accuracy
means that the predicted high-risk group would consist of
true high-risk individuals only and that only true low-risk
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70 A accurate single predictor of future caries increment [1, 4, 14,
25, 31, 37, 45, 50, 72, 77]. The study by Alaluusua etal. [4] is
a typical example of a setting where the past caries experi-
ence has been used for prediction. In that study, the cut-off
point for baseline D

3
MFS was selected so that 29% of the

subjects were included in the predicted high-risk group.
The observed sensitivity was 61% and specificity 82%. These
numbers are clearly below the above benchmark values.

Initial caries counts seem to correlate with subsequent
caries increment more strongly than do FS or D

3
S counts

[31, 57]. Sensitivity increased from 49% to 51% and speci-
ficity from 76% to 78% when initial caries lesions (whose
activity was not known) were added to FS and D

3
S scores in

a study that sought to predict the 5-year DMFS increments
among 11-13-year-old children [57]. Inclusion of initial
caries lesions resulted in a sensitivity of 62% and specificity
of 82% in a study where caries experience in the fissures of
the permanent molars at the age of 7 years was used as a
predictor for the of D

3
FS increment (0 versus >0) between

the ages of 7 and 11 years [71]. When only cavities and fill-
ings were used for prediction, the sensitivity was 31% and
specificity 95%.

Despite major changes in the occurrence of caries during
the past few decades, the correlation between caries in the
primary and permanent dentition has remained fairly strong
and stable [23]. When past caries experience in the primary
dentition has been used as the predictor of the onset of car-

ies lesions in the permanent dentition, the reported predic-
tive accuracies have been in the same range as those in
settings where past caries experience in the permanent den-
tition has been used as the predictor [34, 38, 59, 66, 70].
Slightly more accurate predictions have been obtained by
using statistical models including information on the state
of both primary teeth and first permanent molars [22, 62].

There is a well-documented cross-sectional association
between the individuals coronal and root caries experience
[13, 15, 36, 73]. Moreover, a positive correlation between
baseline root surface caries score and the individual’s later
root-surface caries experience has been observed in a
number of longitudinal studies (for a review, see [48] ).
However, it seems unclear whether past caries experience
alone is a potent predictor of root caries increment.

Finally, when considering the use of past caries experi-
ence in risk assessment, one must take into account the fact
that an already established high DMF score will remain
high independently of possible subsequent changes in car-
ies risk. A person with a high DMF score may have little risk
for further lesions if their oral conditions no longer favor
demineralization. The opposite situation is also possible.
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Figure 23.11 Percentage distribution of subjects with no baseline DMFS
according to D

3
MFS increment in a cohort of 384 initially 13-year-old children

living in Vantaa, Finland.

individuals would be included in the predicted low-risk
group. Unfortunately, no such predictor is available for the
risk of developing caries lesions. Errors must be accepted.
There are no generally accepted rules, however, as to what the
acceptable error rate might be. The pre- and post-test proba-

bility calculations shown above provide the most informed
basis for decisions as to whether or not to rely on a potential
predictor, but such calculations may be uncertain owing to
the need for a valid estimate of the pre-test probability.

It has been suggested that the sum of sensitivity and
specificity should be at least 160% before a predictor can
be considered a candidate for targeting individualized car-
ies control [29] . This is in agreement with an alternative
suggestion [77], according to which a sensitivity and speci-
ficity of 80% would be acceptable for practical use in the
community. Neither of these suggestions takes into account
the fact that the consequences of errors related to poor sensi-
tivity are different from those related to poor specificity. In
other realms of medicine, such as prenatal diagnostics,
utility gains and losses related to true and false positives and
negatives are being used for evaluating the performance of
tests and for setting their threshold values (for an example,
see [16]) . While awaiting similar developments in cariology
we may use the above suggestions [29, 77] as a tentative
benchmark in evaluating the performance of proposed
markers for a high risk of developing caries lesions. Using
this benchmark would immediately dismiss any of the can-

didate predictors discussed in the preceding examples.

What level of accuracy can be achieved?

Signs of past caries experience

The past caries experience summarizes the cumulative
effect of all risk factors, known and unknown, to which an
individual has been exposed, and has usually been the most

Microbiological tests

Use of microbiological tests is based on the principle that
subjects carrying in saliva high numbers of bacteria that are
capable of surviving and multiplying in acidic conditions
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salivary yeasts is a fairly weak predictor of future caries
increment. The same was true when the level of yeasts in
saliva was used to identify older adults with a high risk of
root caries [54].

should be identified and treated before signs of clinical
caries lesions develop. The assessment of microorganisms
in saliva is based on the findings that there is an association
between types and numbers of bacteria in dental plaque
and those in saliva [52]. Caution should be observed when
interpreting the results of salivary microbiological tests,

however, since the oral microflora is complex and the role
of different bacteria in the caries process may not be fully
understood [8].

Other salivary factors
In the context of risk assessment, the two most commonly
considered salivary factors are the flow rate and buffer
capacity. Severe reduction in the flow rate of saliva is known
to predispose to caries lesions [44, 47]. Thus, a patient
whose salivation is compromised is in need of individual-
ized caries control. Apart from true hyposalivation, how-
ever, the predictive potential of salivary flow rate is modest.
Although a negative correlation between buffering capacity
of saliva and the occurrence of caries lesions has been found
in some studies, the predictive power of buffer capacity is so
low that it cannot be used for identifying high-risk individ-
uals (Fig. 23.8). Other properties of saliva, such as pH,

ammonia and protein concentrations, calcium and phos-

phorus concentrations, and enzyme activity, seem to be of
even less value for caries prediction [40].

Salivary lactobacilli
A high level of lactobacilli in saliva is considered to be an
indicator of abundant consumption of easily fermentable
carbohydrates, and thus also an indicator of an increased
risk for developing cavities. The use of the lactobacilli score
as a screening test, however, seems to be of limited value.
Although repeated lactobacilli tests appeared to have a very
good predictive ability in the early study by Snyder [60], in
most later studies the lactobacilli counts have not proven as
potent for the assessment of the risk for developing dental
decay [1, 11, 41, 46, 50, 51, 72, 74, 77]. A typical example of
their predictive ability has been reported in the study by
Alaluusua et al. [4], in which sensitivity was 55% and spec-

ificity 68% when 38% of the children studied were regarded
as having a high risk of developing decay on the basis of the
level of lactobacilli in saliva. This is comparable to the pre-
dictive power of lactobacilli score in our previous example
(Table 23.4, Fig. 23.8).

Dietary habits and oral hygiene
The value of self-reported dietary habits for predicting the
onset of caries lesions is unclear. Both a positive correlation
and a lack of correlation between the intake of sucrose-
containing foods and the occurrence of caries lesions have
been reported. The vague correlations in industrialized coun-

tries may be due to the almost universal exposure to fluoride
from different sources and the minor variation in the generally
high sucrose intake in the groups studied. In addition,

obtaining accurate information about dietary habits is diffi-
cult. Self-reported sucrose intake seems to have little value as a
means of identifying high- and low-risk individuals.

A relationship between the presence of plaque and dental
caries is also clearly established. It has been shown that
professional plaque removal can result in a significant
reduction in the development of caries lesions [35]. However,
the relationship between caries and the amount of plaque on
teeth or the frequency of self-reported oral hygiene mea-
sures is vague [9]. Preschool children may be an exception,

as shown in the study by Alaluusua and Malmivirta [2], in
which the presence of plaque on the labial surfaces of upper
incisors at the age of 19 months fulfilled the benchmark cri-
teria for an acceptable predictor of caries lesions at the age of
36 months (Table 23.2), just as the post-test probability cal-
culations led us to conclude. In another study among infants
and toddlers [76], however, the predictive power of oral
hygiene was more modest.

High sucrose consumption and bad oral hygiene are
often found in the same individual, and the effect of one of
these two factors may vary with the degree of exposure to
the other. In a study of 5-13-year-olds, the occurrence of

Salivary mutans streptococci
Numerouscross-sectional studies have shown an association
between the past caries experience and the level of mutans
streptococci in saliva or plaque in both children and adults
(for reviews, see [7, 10, 67]. The caries predictive power of
the level of salivary mutans streptococci, however, has con-
sistently been modest [4, 46, 50, 51, 53, 54, 61, 64, 72, 74, 77,

80] . The ROC curve in Fig. 23.8 gives a fairly good idea of
the predictive potential of the salivary mutans streptococci
test. At present, the salivary mutans streptococci count
cannot be considered useful for the assessment of the risk of
developing dental decay. There is evidence [3, 33, 42, 56, 68,

78] that the level of salivary mutans streptococci is a slightly
more accurate predictor of future caries increment among
small children than it is in other age groups (for reviews,

see [39, 67]. Still, its predictive power is not sufficient for
everyday risk assessment.

Salivary yeasts
The value of salivary yeasts in caries prediction has rarely
been studied. Pienihakkinen et al. [41] evaluated the car-
ies predictive value of salivary counts of lactobacilli and
yeasts ( Candida species) in 6-11-year-old children over a
period of 3 years. The predictive ability was in the same
range as that of lactobacilli, which means that the level of
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caries lesions increased significantly with increasing sugar
consumption only when oral hygiene -was simultaneously
poor [30]. In another study, 3-year-old children with clean
teeth had a low caries experience, irrespective of their die-
tary habits [55]. Likewise, in adults and the elderly, only
oral hygiene was associated with root caries experience, and
was considered the only relevant predictor of risk of further
lesion development [13].

The predictive power of the models stemmed mostly from
information based on clinical examinations, while the
microbiological predictors contributed little to the power of
the models.

The caries predictive potential of multifactorial predic-
tion models has been reviewed by Powell [43]. Among the
30 models for which sensitivity and specificity values were
given, the average sum of sensitivity and specificity was
148%, which implies a simultaneous sensitivity and speci-
ficity of 74% if the false-negative rate and false-positive
rate are equal. In general, the accuracy of multivariable
approaches seems to be lower than one would expect on
the basis of the performance of individual predictors. The
main part of the predictive power seems to originate from
information related to past caries experience, with the status
of the most recently exposed tooth surface (in children)
being especially informative. The most powerful model,
whose sensitivity was 87% and specificity 83% [17], dealt
with the prediction of 2.5-year caries increment among ini-
tially 1-year-old children. This confirms the findings that
caries can be predicted more accurately in infancy than in
older age groups. The fact that the importance of single pre-

dictors in the models varied considerably among the target
populations reveals that even the most sophisticated multi-
factorial models do not remove the inescapable uncertainty
in the assessment of the risk of developing caries lesions.

Social factors
Dietary and health habits are affected by income, edu-
cation, and social environment. It has been shown con-
vincingly that in high-income countries, people of low
socioeconomic status tend to have more caries lesions
than do people with a high socioeconomic status [26]. In
spite of the clear correlation between social status and car-

ies, the reported sensitivities and specificities have been
low when social factors have been used in the assessment
of risk for developing caries lesions [20]. It is helpful, how-
ever, to consider the social background of the patient as a
natural part of the dental history when assessing their car-
ies risk.

Joint predictive power of multiple predictors
The fact that the predictive ability of any single factor has
not been satisfactory has led to attempts to improve the
accuracy of risk assessment by using screening criteria
based on multiple factors. Combining the information of
past caries experience and one microbial test makes a simple
example of this approach. For instance, Alaluusua et al. [4]
formed a risk group using a high DFS count and a high
mutans streptococci score. This resulted in a predicted
high-risk group including 32% of the target population. The
sensitivity was 71% and the specificity 81%. The observed
accuracy was higher than that for DFS or mutans strepto-
cocci score alone, but even these figures cannot be consid-
ered satisfactory for targeting preventive measures.

When considering more than three predictors simulta-

neously, multivariable prediction models are generally
used. The methods applicable in the assessment of caries
risk include different regression techniques, discriminant
analysis [32], and classification tree prediction models [63].

Perhaps the most extensive attempt to produce statistical
models for the assessment of caries risk was made in the
context of the Caries Risk Assessment Study of the
University of North Carolina [14]. With 25% of the target
population in the predicted high-risk group, they aimed at
a sensitivity of at least 75% and a specificity of 85%. The
original data included 30 clinical, microbiological, sociode-

mographic, and behavioral factors. In the logistic regression
model for the 5-6-year-olds, nearly 20 predictors were
used. The sensitivity was 59%, the specificity 83-84%
and the corresponding Youden index value 0.42-0.43.

Clinical caries risk assessment: is it possible?
The clinical dentists have been provided with quite a few
guidelines/tools for multivariable caries risk assessment.
Four of the most frequently named ones were critically
appraised by Tellez et al. [65] for their ability to predict the
future onset of caries lesions. They included the tool
proposed by the American Academy of Pediatric Dentistry,
the Caries Management by Risk Assessment System
(CAMBRA), the American Dental Association caries risk
assessment forms, and Cariogram, a computerized program
that was developed at the Lund University School of
Dentistry, Sweden. In order to use any of these tools, one
must record the level of a number of factors. This number is
smallest for Cariogram (nine items) and largest for
CAMBRA (25 items for adults and 20 for children). The
four tools consider different categories of risk factors. All of
them, however, cover at least some aspects of past caries
experience, saliva, diet, fluoride exposure, and general
health conditions. Published evidence for the caries predic-
tive ability was only found for Cariogram and CAMBRA,
and prospective cohort studies were available only for
Cariogram. According to these studies, Cariogram was
clinically useful for assessing the risk of developing caries
lesions among the elderly and, to a lesser extent, among
children. Still, the evidence on its usefulness for achieving
better health outcomes and cost savings across different
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Concluding remarks
The purpose of this chapter has been to discuss whether
sufficiently accurate measures for identifying the high-risk
susceptible individuals are available to justify the applica-
tion of the high-risk strategy (Fig. 23.3) to control dental
caries. The other requirements mentioned in the beginning
of the chapter were a sufficiently low occurrence of dental
caries to justify the effort and expense of identifying high-

risk individuals, and the availability of effective measures to
control caries among them. At present, it may well be that
none of these requirements is fully met. Despite the declining
trends, dental caries is still a common disease. The experi-
ences from the dental clinics reveal that the service system
may be unable to offer proper caries control to the most
caries-prone individuals. There is even scientific evidence
to the fact that it is difficult to reduce the risk among high-
risk individuals to acceptable [21, 28, 58]. Therefore, caries
control should primarily be based on the whole population
strategy [49] or on the targeted or directed population
strategy [75]. The classic paper by Rose [49] lists more rea-
sons why a cautious approach to the high-risk strategy
should be adopted. Instead of being too concerned with
predicting the future of their patients, clinical dentists
should focus on giving due consideration to the control of
caries lesions that their patients have at present. Appropriate
treatment of active initial lesions, the prerequisite for which
is proper self-care, also helps to prevent the onset of future
cavities.

settings was considered limited. Overall, the evidence sup-

porting the validity of the reviewed caries risk assessment
tools/guidelines was regarded weak [65].

How valuable are the proposed measures?

If one attempts to identify a manageable proportion of the
individuals with the highest risk of developing cavities, the
most powerful measures of risk assessment today result in

sensitivities in the range of 70-80% and specificities of
80-90%. Even at this level of performance the rate of mis-
classifications, false negatives and false positives, is intoler-

ably high. It can be concluded that the accuracy of even the
best predictors that are currently available is modest [65]. In
fact, none of the reported measures of assessing caries risk are
sufficiently accurate to be relied upon when selecting patients
for intensified caries control Consequently, any screening
program that relies on currently available methods fails to

identify a considerable proportion of persons with a true

high risk, and/or suggests a high risk for an unacceptably
high number of persons with actual low risk.

The difficulty of predicting the onset of caries lesions is no

surprise. The multifactorial etiology of dental caries makes it

likely that even the most sophisticated models using known
risk factors and risk markers cannot predict future caries

development very accurately. Moreover, even a perfect test is

only capable of predicting a persons future caries experience
if the conditions on which the prediction is based remain

stable. In most industrialized countries, where virtually all
the prediction studies have been conducted, the populations
are exposed to a variety of professional caries control and
treatment regimens as well as self-care, which, if applied
selectively, most probably reduce the observed power of
such studies. Living conditions and oral health behaviors
may change over time, thus modifying a persons caries risk
over time. For these reasons it is not likely that we will be
able to accurately assess the risk for developing decay in the
foreseeable future. If accurate predictions were possible they
would necessarily imply that it is hard to affect an individu-

al’s established risk. This would be disappointing for all
parties involved in the control of dental caries.

As no mechanical algorithms are applicable in deciding
whether a person needs intensified caries control or not, the
dental professional must make this decision for each
individual patient. The clinical examination and the taking
of a proper dental history are the most important sources of
information underpinning this decision, along with the
subjective judgment of the experienced clinician [5, 27, 63].
Fiowever, clinicians must come to terms with the fact that
their predictions are far from perfect, and that the uncer-

tainty related to their decisions is not markedly reduced by
information on a multitude of factors [65], such as microbi-
ological or salivary parameters.
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Introduction among all people who have such lesions is superior to
targeting caries control measures to ‘high-risk’ individuals.

Low-caries populations are typical in high-income coun-

tries, where the expenditure on dental treatment is high.
Despite the low overall occurrence of dental decay, a consid-

erable part of this expenditure is due to dental caries and its
sequelae [1], Major inequalities in oral health also occur
among low-caries populations [19]. The first part of this
chapter focuses on controlling dental caries among low-

caries child populations in high-income countries, but the
concepts presented maybe applicable in lower income coun-

tries as well. We will demonstrate the outcome of controlled
clinical trials conducted among various populations in
Finland and the outcome of a Danish municipality program
where the concept of caries control was applied. The study
designs are very different, but taken together the results
show that population-based oral health promotion combined
with early noninvasive treatment of active caries lesions

A low caries frequency entails the polarization
of the caries problem
As was pointed out in Chapter 23, the distribution of
subjects according to the number of decayed, missing, filled
surfaces (DMFS) is highly skewed in low-caries child popu-

lations. The lower the level of caries frequency is, the
stronger is the skewness. This is due to the fact that a DMFS
score cannot be smaller than zero. In low-caries popula-
tions, the individuals with the highest caries scores, such as
the ones in Fig. 23.1, manifest themselves distinctively from
the no- or low-caries majority. This phenomenon, which is
generally described as the polarization of caries, often raises
a lot of concern. Flowever, a right-hand tail including the
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individuals with the highest number of caries lesions among
the population can be found in all caries frequency
distributions. As a matter of fact, the high-caries individ-

uals of low-caries populations are a lot better off than their
counterparts in populations where the level of caries fre-

quency is high.
The worst-off quarter of 12-year-olds account for 70-80%

of all DMFS in populations, for which the average DMFS
score is around one, as shown in Fig. 23.2. At first sight, it
would be a tempting idea to apply the high-risk strategy to
control dental caries among such populations. The term
‘high-risk strategy’ or ‘high-risk approach’ stems from Rose
[15] and stands for attempts to identify the high-risk sus-
ceptible individuals and to provide them with individual
protection against the disease. A pure application of this
approach includes no attempts to affect the risk among the
population at large. According to Rose [15], a major
advantage of this strategy is that an intervention is appro-

priate for an individual who has been found to have a high
risk. This is likely to enhance the motivation of both the
high-risk individual and the health professional taking care
of them. Targeting the intervention to the high-risk individ-
uals is also likely to be cost-effective. At the same time, it

also entails a favorable benefit/ risk ratio. However, diffi-
culties and costs of screening are an important disadvantage
of the strategy. The approach is also palliative and temporal
in the sense that it does not prevent further individuals con-

stantly being subjected to high risk. In addition, the strategy
has limited potential for both the high-risk individual and
the population at large. Moreover, it is behaviorally inap-
propriate. For the high-risk individual, it may be socially
unacceptable to adopt a lifestyle that is different from that
of their peers [15].

One of the main conclusions of Chapter 23 was that, for
the present, no accurate measures are available for identi-
fying in advance the subjects who have a high risk for devel-
oping dental decay. This reduces markedly the attractiveness
of the high-risk approach as the principal strategy for
controlling dental caries. As mentioned in Chapter 23,

another precondition for adopting a high-risk strategy is

that effective and feasible measures must be available for
protecting the high-risk individuals from developing dental
decay. Whether this prerequisite can be fulfilled will be
discussed in the next section of this chapter.
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Figure 24.1 Mean approximal DMFS increment in 2 years among initially
13-year-old participants of a caries trial performed in Kuopio, Finland, in the
late 1980s. Data from [16].

score. The children for whom a consent was received
( n= 265) were randomly divided into two groups. For the
experimental group, instructions concerning intensified
prevention were given and the dentists were specifically
informed about the high risk of the children. Children in

the control group continued receiving the same kind of pre-
ventive care that they had received before the study. For
comparison, a group comprising a randomly selected half
of the 13-year-olds whose risk for developing decay had
been considered low was included in the study { n - 248).
No instructions were given concerning the treatment of
these children.

After 2 years, the mean approximal caries increment in
the two high-risk groups was about three times that of the
low-risk group (Fig. 24.1). There was no significant
difference between the two risk groups in spite of the fact
that markedly more preventive procedures had been
provided for children in the experimental group than for
those in the conventional treatment group. It could be con-
cluded that the experimental regimen had failed to give the
children additional protection but the possible beneficial
effect of the conventional treatment remained unknown.

Even the conventional treatment probably included more
intensive prevention for the high-risk than for the low-risk
children. Consequently, it can be safely concluded that the
risk assessment procedure had resulted in high-risk groups
whose mean DMFS increment scores were clearly higher
than that of the remaining low-risk children. The average
scores, however, do not tell how accurate the risk assessment
was at the individual level.

In the mid 1990s, the potential of the high-risk strategy to

control dental caries was studied in a randomized clinical trial
in the City of Vantaa, Finland [6]. The risk for developing
dental decay was assessed among 12-year-olds (n =1465)

Are effective and feasible measures available
for protecting the high-risk individuals from
dental decay?

In the late 1980s, an effort was made to address the high-
risk susceptible teenagers in the city of Kuopio, Finland
[16]. From among all the 13-year-olds living there, 37%

were selected to a high-risk group on the basis of the level of
salivary mutans streptococci and/or DS (decayed surfaces)
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risk of developing decay had been moderately successful in
terms of mean DMFS increment among the groups.
However, 32% of the children with a low risk developed at
least one newlesion during the follow-up with the maximum
number of new DMF surfaces being 12. Thus, the
identification of high-risk individuals was far from being
accurate. The results strongly suggest that it is not advisable
to rely exclusively on the high-risk strategy for controlling
dental caries among populations of low-caries teenagers.
The effect on the high-risk individuals is weak and, by def-

inition, there is absolutely no effect on the low-risk majority
of the target population.

Quite a few other caries control trials have been con-

ducted among school-age children believed to have an ele-
vated risk for developing decay [5, 10, 11, 20]. These studies
considered different approaches to caries control but none
of them reported a clinically or statistically significant benefi-
cial effect. Rather than trying to help the high-risk individ-
uals individually, it may be preferable to use some sort of
targeted or directed population approach [18] which
involves focusing action on population groups having an
elevated risk. These approaches do not include efforts to
screen individuals for a high risk. Instead, epidemiological
and/or sociodemographic data are used for defining the
target group. Candidates for such interventions include
deprived residential areas, immigrants from low-income
countries, dependent elderly and disabled people, drug
addicts, and so on. In addition to measures of population-

based oral health promotion, intensified efforts of individual
health counseling and caries control may be targeted to all
members of the target group.
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Figure 24.2 Mean DMFS increment in 3 years among initially 12-year-old
participants of a caries trial performed in Vantaa, Finland, in the middle 1990s.
Data from [6].

Control Low risk

using data from clinical examinations and salivary tests. The
children who were regarded as having a high risk were
randomized into two groups. Those in the experimental
group were offered intensive measures for controlling caries,
while the control group received the same basic prevention
that was given to the low-risk children. The intensive caries
control comprised fluoride-varnish applications every sixth
month, sealants for all newly erupted second molars as well as
premolars with deep fissures, and extensive counseling on
oral hygiene and diet. Brushing with fluoride- dentifrice,

sucking fluoride lozenges, and chewing xylitol gum were
recommended as self-care. The subjects having an elevated
salivary mutans streptococci score were provided with pro-
phylaxis with chlorhexidine-fluoride gel. The basic caries
control regimen included applications of fluoride varnish
once a year. Sealants were placed only on newly erupted sec-

ond molars with deep fissures. The importance of good oral
hygiene and appropriate diet were mentioned, but detailed
counseling was not given. The recommended self-care only
included brushing with fluoride dentifrice.

At the end of the 3-year follow-up, DMFS increment was
assessed among the two high-risk groups and among a
random sample of the children whose risk was initially con-
sidered low. Only a small statistically nonsignificant
difference was found between the two high-risk groups. For
the low-risk group, the increment score was less than half of
that for the high-risk groups (Fig. 24.2). The negligible
difference between the two high-risk groups implies that
intensifying caries control had produced practically no
additional benefit. By offering all children only basic pre-

vention, virtually the same preventive effect could have
been obtained with substantially less effort and lower costs.

Comparison between the two groups who received basic
caries control reveals that the procedure for assessing the

Noninvasive treatment of early caries lesions
among teenagers exposed to community-wide
oral health promotion
Owing to the limited success of the high-risk approach in
clinical trials among low-caries teenage populations, a novel
approach was tried among teenagers in the City of Pori,
Finland [7]. The aim of this study was to investigate whether
DMFS increment can be decreased among schoolchildren
with active initial caries by oral hygiene and dietary
counseling and by using noninvasive preventive measures if
the children are living in a community where the rationale
of caries control is raised on the public agenda through a
population-based health promotion program.

All fifth and sixth graders (11- and 12-year-olds) in the
City of Pori, Finland, who started the 2001-2002 school
year, except for mentally disabled and handicapped chil-
dren attending special schools, were called to a baseline
screening appointment. Those 93% who complied ( n =1575)
were screened for the presence of active initial caries lesions.
The children with at least one active lesion were invited to
participate in the study and the ones for whom an informed
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persons involved in their everyday life are exposed to
community-level oral health promotion.

In contrast to the results of most of the studies, the high-

risk approach was reported to be effective for controlling
dental caries among preschool children by Pienihakkinen
and Jokela [13]. The success, however, may largely have
been due to the fact that a part of the children who were
considered to have a high risk of developing caries lesions
already had active initial caries lesions at the beginning of
the follow-up. The experimental group comprised 299 ini-

tially 2-year-old residents of Vanha Korpilahti, Central
Finland, who were treated at their local municipal health
center. They were compared with 226 children of the same
age who were residing and treated in Saarijarvi, another
municipality in Central Finland. Both groups were fol-
lowed-up for 3 years. All children received regular oral
health care annually. The children in the experimental
group were screened for the presence of mutans strepto-

cocci (MS) in plaque and active initial caries lesions. The
MS-positive children ( n = 59 ) received health education
and a fluoride varnish application twice a year. For those
who had active initial lesions ( n = 31), the caries control
also included chlorhexidine varnish applications given four
times a year.

At the age of 5 years, the percentage of children with
cavitated caries or fillings was significantly lower in the
experimental group (11.3%) than in the control group
(23.7%) . The treatment effect was strongest for the chil-
dren who had had active initial caries lesion(s) at the
beginning of the follow-up (odds ratio: 10.3; 95%
confidence interval: 2.5, 43.1). A separate follow-up study
[14] revealed that, at the age of 12 years, the decayed,

missing, filled teeth (DMFT) score was significantly asso-
ciated with the presence of MS in plaque and/or active

initial caries lesions at the age of 2 years. The children who
had belonged to the experimental group had a significantly
lower average DMFT score than their counterparts in the
former control group ( p < 0.001). The estimated average
running costs for the dental care between the ages of 5 and
12 years were significantly lower for the former experi-
mental group (mean 505; standard deviation 230) than
for the control group ( 656; 304). The findings reveal that
early caries control efforts can be both clinically and
economically effective even in the long run.
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Figure 24.3 Mean DMFS increment in 3.4 years among initially 11-12-year-old
participants of a caries trial performed in Pori, Finland, in the early 2000s. Data
from [7].

consent was received ( n = 577) were randomized into two
groups. Children in the experimental group were offered an
individually designed patient-centered caries control
program aimed at identifying and eliminating factors that
had led to the presence of active caries. The program
included counseling sessions with the emphasis on
enhancing the use of the childrens own resources in
everyday life. Toothbrushes, fluoride toothpaste, and
fluoride and xylitol lozenges were distributed to the chil-
dren. They also received applications of fluoride and/or
chlorhexidine varnish. The children in the control group
received basic caries control offered as standard in the
public dental clinics in Pori. For both groups, the average
follow-up period was 3.4 years. A community-level
program of oral health promotion was run in Pori
throughout this period.

The children in the experimental group received mark-

edly more varnish applications and oral hygiene and diet
counseling than did children in the control group. Filling
teeth and using local anesthesia were less common in the
experimental group. The mean DMFS increment for
the experimental group was significantly lower than that for
the control group (Fig. 24.3) with the prevented fraction
being 44.3% ( p < 0.0001). The incremental cost-effectiveness
ratio was 34 per averted DMF surface [9].

The study design did not make it possible to assess the
effect of the community-level oral health promotion
program, but the fact that the whole population was exposed
to the same advice that the children in the experimental
group received individually may have enhanced the effect
of the experimental regimen. These results revealed that
caries increment can be significantly reduced among car-

ies-active children living in an area where the overall level
of caries experience is low and where the children and the

A model for controlling caries in low-caries
child populations
Figure 24.4 shows an outline of a model for controlling dental
caries among a child population where the overall level of
caries frequency is low. This model, which is based on expe-
riences from the above studies performed among children in
Finland, probably fits with contemporary child populations
of other high-income countries as well. The sizes of the boxes
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(see Fig. 4.16) it can be concluded that Denmark has
experienced one of the world’s largest documented
reductions in dental caries (about a 90% reduction over the
last half century). One of the advantages of the unique
health statistics is that individual municipalities can com-

pare their DMFS scores with the age-specific national mean
values. The municipalities whose scores are higher than the
national average values are likely to reconsider their strat-
egies and priorities.

The explanation for the substantial improvement of oral
health will not be discussed in this chapter, but it is impor-
tant to emphasize that Denmark never introduced artificial
water fluoridation and the natural waters in most areas con-

tain between 0.1 and 0.4 ppm fluoride. Fluoride tablet
regimes were introduced in the late 1970s, but as clinical
studies demonstrated they had no effect on dental caries,
but only introduced dental fluorosis [12, 17], they never
gained ground. Fortnightly mouthrinsing programs (0.2%
fluoride) were widely used in the school dental services for
more than a decade, but when the occurrence of caries
declined they were gradually stopped because it became
apparent that their efficiency (the cost/benefit ratio) was
too low [8]. The overriding concept has been not to build
up complicated caries control programs, but to keep them
simple by focusing on oral hygiene and on the use of fluori-
dated toothpaste as their basic components. Flowever, there
is total freedom for the different municipalities to choose
their own strategies for caries control and treatment.

For many years it was not appreciated how important
the filling component of the DMFT/S was when assessing
the level of caries experience. In the early 1980s, a study on
the radiographic diagnosis and clinical tissue changes in
relation to the treatment of approximal carious lesions
showed that there was a heavy restorative overtreatment in
the school dental services [2]. Consequently, the depart-

ments of cariology and restorative dentistry of the two
Danish dental schools joined forces in organizing intensive
courses for dentists in the school dental services in an
attempt to change their treatment criteria. The outcome of
this was dramatic for the overall caries decline during the
1980s. During the 1990s and into the start of the 21st century,
the caries levels continued to decline gradually. There have
been periods of minor fluctuations, but in contrast to occa-
sional claims from the international research community
there is no evidence of a return to a caries increase. The
Danish population can therefore be considered as a low-caries
population. For the time being, it is important to consider
how dental caries may be further reduced in such popula-

tions and how the improved oral health can be maintained
lifelong.

This section will therefore describe the attempts made to
introduce the caries control concept in a small municipality,
Odder, south of Aarhus in Jutland over a period of 6 years.
In principle, the concept is based on the line of thinking

Controlling dental caries in everyday life

- Healthy living environments
- A high level of health literacy and self-efficacy
among the population

Arresting the
progress of
initial caries

lesions

Filling
teeth

Figure 24.4 A model for controlling dental caries in cooperation between
people, health professionals, and the society.

illustrate the volume of the activities. Controlling caries in
everyday life is meant to cover the entire population. If the
actual target group comprises children, it is important that
the program also reaches all people and parties who are
involved in their lives. Both of the smaller boxes are in front
of an underlying box, which reveals that the activities
depicted in them are meant to complement the action
included in the underlying box(es). So, people in need of
arresting the progress of initial caries lesions must also be
exposed to population-wide efforts for enhancing caries con-
trol, and no filling should be placed without having exposed
the patient to the principles of both population-based caries
control and the individual self-care for stopping the progress
of existing caries lesions and for preventing the onset of new
ones. The sizes of the smaller boxes should be taken as a
long-term goal rather than a realistic description of the
current situation. As a matter of fact, roughly half of the
12-year-olds in a typical contemporary high-income low-

caries country do have at least one filled permanent tooth
surface or a decayed surface that needs to be filled (Fig. 23.1).

In the following section we shall demonstrate how these
principles have worked in a Danish municipality.

A demonstration case in 0-18-year-old Danes

The public dental health care for children and
adolescents in Denmark
In 1972, Denmark passed a law on municipal dental health
care (law no. 217/1972) according to which all children and
adolescents up to the age of 18 years are offered free dental
health care provided either by the public school dental
health system or by private practitioners. At regular inter-
vals the dentists have to provide the National Board of
Health (NBH) with the oral health status of all children.
The NBH can thus generate national dental health statistics
of a unique nature (see Fig. 4.2). Since the 1970s the occur-
rence of dental caries has shown a steady decline, and
despite variation between the different municipalities
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1. In every age cohort the percentage of caries-free children
should increase every year and the defs/DMFS scores
should continue to decline and be below the national
values.

2. At the age of 18 years, where children are leaving the
public service, they should predominantly have sound
teeth or very few fillings. This age group should by then
have been trained in and have developed good oral
hygiene habits. They should know about healthy dietary
and drinking habits. They should have no dental
anxiety.

3. When leaving public service, each individual should be
carefully informed about their oral health status and the
chosen private dentist is provided with records about
past disease experience and caries control and operative
treatment.

4. Parents should preferably participate in the visits to the
clinics until the child has reached the age of 12 years.

5. The communication with children and parents should
focus on the concepts of appreciative inquiry. This
means that the communication focuses on possibilities
rather than limitations and points out even the smallest
positive changes.

advanced in the second edition of this textbook and the
general reflections presented in the previous section of this
chapter.

The Odder municipality dental
health-care program

The municipality comprises around 21 500 inhabitants pre-
dominantly belonging to the middle class strata of the
society. In the age group from 0 to 18 years of age there are
a total of 5013 children and adolescents. In addition to this
age group, the public service is also offered to disabled
elderly persons (110 in total, predominantly living in care
homes) as well as physically and/or mentally disabled per-

sons (42). The service comprises diagnosis, caries control,
and operative treatment. Moreover, up to 25% of children
may receive orthodontic treatment. The Odder experience
has been presented recently [4].

To provide these services, the person-years of a total of
3.3 dentists, 3.3 dental hygienists, and 10.1 dental assistants

are available. These cadres work together in teams so that
two teams of 0.85 dentists, 1.2 hygienists, and 2.25 dental
assistants are each responsible for about 2500 children. The
dental teams are placed in two separate dental clinics. The
entire school dental program is coordinated by a dentist in

charge of the services assisted by two of the dental
assistants.

Figure 24.5 presents the average DMFS for 18-year-olds
in Odder from 1999 to 2012 together with the corresponding
national average scores. It is seen that in the early 2000s the
caries experience was above the national average. A new

dentist in charge took over in 2005 and analyzed the dental
records of some of the children having the most caries

lesions. It became obvious that the predominant treatment

had been filling without any recorded indications of
instruction in oral hygiene, dietary counseling, or recom-

mendations on the use of fluoride-containing toothpaste.
Consider two case reports:

1. A girl born in 1989. Until the end of 2005 she had been
to the clinic 90 times, which included 40 examinations
and operative treatment during 38 visits. Two primary
molars had been filled nine times before being extracted.

2. A boy born in 1999. Until the end of 2005 he had visited
the clinic 52 times. He had had 14 examinations and
operative treatment during 30 visits. Two primary
molars had been filled eight times before being extracted.

The analyses revealed that apparently little had been done
to interfere with the ongoing disease processes except exca-
vating caries lesions and repairing previous restorations.

Moreover, the focus on restorative procedures often resulted
in dental anxiety amongst the children. The municipal
dental service decided to apply the current theoretical
knowledge about dental caries as presented in the second
edition of this textbook and formulated the following goals:

The role of each member of the dental team was specifi-
cally defined with these goals in mind so as to achieve the
most cost-effective use of the resources.

The dentists became team leaders and consultants. They
were supposed to perform traditional restorative care only
when needed.

The dental hygienists became key persons, as they were
given the responsibility for most of the dental examina-
tions, and they were taught to assess risk’; that is, to observe
even the slightest signs of active caries lesions and factors
affecting their development, such as unhealthy oral health
habits. Moreover, they were allowed to perform adjust-
ments of poorly accessible approximal areas between decid-
uous molars to allow for optimal oral hygiene performed by
the child and the parents (for principles, see Chapter 13).

The dental assistants were given an important role in car-
ies control, having their own patients with responsibility for
oral hygiene instruction, application of topical fluoride,

sealing of surfaces if needed, and caring for children with
anxiety for dental intervention. Children along with their
parents are invited for the first meeting with the municipal
dental service around the age of Wi-2 years. A hygienist or
dental assistant conducts an interview and instructs the
parents with focus on the importance of oral hygiene
(toothbrushing and dental floss), appropriate diet, and
feeding habits.

All children are invited for examination at repeated inter-
vals of 20 months. At each examination special emphasis is

put on: (1) assessment of oral hygiene (disclosing solution
used); (2) signs of early caries lesions in enamel; (3) past
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experience on dental caries and its treatment; (4) dental
caries experience amongst siblings; and (5) eruption of teeth.

Based on this assessment, an individual caries control
plan is developed. This consists primarily of support for
better oral hygiene (plaque control and recording plaque
index) , instruction in appropriate toothbrushing (twice
a day) and use of dental floss (recommended use twice a
week), topical fluoride treatment, and, if needed, fissure
sealing and diet counseling. The intervals between
these visits are highly individual, depending on response of
the child. If the child is not considered to he at risk for devel-
oping caries lesions the next recall is after 20 months.

Concomitant with setting these specific oral health goals,

the municipality established in 2006 a working group in
order to advance a general health policy. This group
consisted of politicians, leaders of the elderly-care and
rehabilitation programs, physicians, dentists, labor market
representatives, and people from voluntary organizations.
A health policy and an action plan were adopted by the city
council in 2007 and a ‘health coordinator’ was appointed.
For the first 4 years the focus of the policy was on diet and
physical exercise. A zero-sugar policy has been adopted for

kindergartens and schools as part of the food policy by the
municipality.

The results of this basically simple general and specific
dental health program are dramatic, as seen in Figs 24.5,
24.6, 24.7, and 24.8. From 2002 to 2012 the DMFS score
amongst 15-year-olds dropped from ~3 to <1 (Fig. 24.6). In
fact, this was the goal for 2015, which the dental service had
already achieved by 2011. The percentage of caries-free
children by the age of 15 was 67% in 2011 and 69% in 2012.

In the target group, the 18-year-olds, Fig. 24.7 shows a
decline in DMFS from 6.6 prior to 2003 to about 1.5 by
2012. A 60-70% caries reduction had taken place in 8 years
in a population already considered to be a low-caries
population. Figure 24.8 demonstrates that 52% of the
18-year-olds left the public service with sound teeth in
2012, and only 5% had more than eight filled surfaces (the
red category). It should be noted that this cohort has only
been exposed to the new caries control concept for the last
6 years.

In addition to these quantitative results, questionnaires
have shown that parents and children consider the
municipal dental health-care system as very supportive and
positive, which adds to the impression among the various
members of the dental teams of a mutual mission with
success.8

Denmark
Odder7 - Is this model also applicable in low-caries

populations in less-privileged populations
around the world?

In the aforementioned model we have focused on the effects
of a caries control concept and a general municipal health
policy amongst a low-caries population in a high-income
country. But can it also be applied in lower income coun-
tries, including poor populations of Africa, South America,

and China? We would argue that it is possible because:

• the concept involves the municipality as a whole, and oral
health care is totally integrated with a general health-care
policy;
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Figure 24.5 Mean DMFS for all 18-year-olds in the Odder municipality from
1999 to 2012 compared with the national average for 18-year-olds in Denmark.
Data from the Danish Health and Medicines Authority.
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Figure 24.7 Mean DMFS among 18-year-olds in Odder municipality from
1999 to 2012. Data from Odder municipality.

Figure 24.6 Mean DMFS for all 15-year-old children in Odder municipality
from 1999 to 2012. Data from Odder municipality.
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Figure 24.8 The frequency distribution of 18-year-olds in Odder municipality according to their caries experience from 1999 to 2012. Data from Odder
municipality.

perform restorative dentistry without appropriate concom-

itant caries control.
A major challenge for the application of the concept is

that in many populations people cannot afford tooth-

brushes and fluoridated toothpaste, not to mention dental
floss. In parts of Africa, mswakis (wooden sticks) are very
useful substitutes for a toothbrush [3] - see also Chapter 15.

The concept avoids any type of passive’ preventive mea-
sures, such as dental sealants, as these are not in accord with
the ultimate goal of enabling the individuals themselves to
take the responsibility for maintaining a functioning denti-
tion lifelong.

• the oral health-care concept is that of a nonoperative car-
ies control;

• the concept involves a population from birth to adult-
hood, with the main focus on keeping the children
pain free and avoiding drilling and filling as far as
possible.

For applying the concept, the dental team includes
dental hygienists and dental assistants supervised by a den-

tist. However, it is our experience from Kenya that a sim-

ilar program can be successfully established by recruiting
primary health-care workers (PHCWs) from the local
community and training them for a few months. After
proper training these workers are able to perform pain
relief using hand instruments and to provide their patients
with instruction on how to perform proper oral hygiene
measures (see Chapter 15). This may lead to the conversion
of ongoing caries lesions from active to inactive. If
necessary, such program can also be expanded to involve
simple atraumatic restorative treatment procedures (see
Chapter 19).

An essential part of the concept is that parents - in most
countries the mothers - should be involved up to the age of
12 to ensure that children learn good oral hygiene habits
and good health habits in general. All people ought to be
brought up with the appreciation that they themselves are
responsible for maintaining the oral cavity free from condi-
tions causing pain. This requires regular access to PHCWs -

but attending a dentist is necessary only on the rare
occasions when the PHCWs cannot diagnose and amelio-
rate pathologic conditions in the oral cavity. The costs are
low as PHCWs should have a moderate salary. Dentists are
way too expensive, and as a rule they predominantly tend to

Concluding remarks
The cornerstones of the everyday management of dental
caries are healthy lifestyles that for most people should be
sufficient to prevent the onset of decay. Teeth must be
brushed twice a day using fluoridated toothpaste. Dietary
patterns must not favor oral microorganisms whose meta-
bolic products are capable of demineralizing dental
enamel. This means that food and drinks containing sugar
should be eaten sparingly and not between meals. In
particular, it is important to refrain from continuously nib-
bling sugary snacks or other food items that include easily
fermentable carbohydrates. Plain water should be used for
quenching thirst.

Living environments conducive to health are vital for
promoting healthy lifestyles. For children and adoles-
cents, candy- and soda-free day-care centers, schools,

and organized leisure activities make good examples of
such settings. Creating healthy environments is usually
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beyond the powers of an individual oral health
professional. Instead, joint efforts of multiple parties are
usually necessary. The role of oral health professionals is
essential in working out the cooperation among the rele-
vant parties. Good health literacy and a strong sense of
self-efficacy are essential elements of personal life skills.
Families do have the primary responsibility of taking care
that a child adopts a healthy lifestyle at an early age. Day-
care centers, schools, and other parties involved in the
upbringing of the child should support the families in
their parenting. Population-wide efforts for promoting
oral health skills, such as different campaigns, may not
immediately lead to measurable changes in the oral
health-related lifestyles. Still, they may be behaviorally
justified. For individuals in need of arresting the progress
of caries lesions, for instance, it may be more acceptable
to adopt the necessary self-care if the means that are sug-

gested to them are prominently advocated for the whole
population as well.

Despite population-based efforts to promote oral
health, there will always be individuals who develop
caries lesions whose management requires professional
attention. If a lesion is not reaching deep into the dentin
and if the surface of the lesion can be kept free from bac-

terial deposits or tightly sealed, the lesion is a good can-

didate for noninvasive treatment that can make filling
unnecessary. The essential elements of the noninvasive
treatment include removing the biofilm from the surface
of the lesion and keeping the surface clean. Topical
fluoride may be applied to active caries lesions for
enhancing the remineralization of the lesions. For tooth
surfaces with fissures and/or pits, a sealant may be placed
to prevent the bacteria that cannot be removed from the
fissure system obtaining nutrients. The clinical proce-

dures performed by an oral health professional may be
necessary and effective in the short term. In the long run,

however, an active contribution by the patient is crucial
for making the outcome of the treatment sustainable.
Consequently, efforts of noninvasive caries treatment are
likely to fail if the treatment is not carried out in close
cooperation with the patient. A successful contribution
of the patient should also be able to prevent the onset of
further lesions needing professional attention. If fillings
are necessary for an individual patient, special care must
be taken to establish the necessary cooperation with the
patient in order to control caries and to avoid need for
further fillings from occurring.
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Epilogue. Controlling the global burden
of dental caries: the evidence calls for
a reorganization of the oral
health-care system

0. Fejerskov, V. Baelum, B. Nyvad, and E.A.M. Kidd

In the prologue, we stated: 'Dental caries is ubiquitous - it is
omnipresent in all populations and is as old as mankind.
The caries incidence rate varies extensively between and
within populations. With increasing age, signs and symp-
toms of dental caries accumulate, and in most adult popula-
tions the caries prevalence approaches 100%.’

In Chapter 4 we expanded on the occurrence of dental
caries and trends in different populations. It was shown
that the caries incremental lines in cohorts of Danish chil-
dren continue to grow with increasing age, although from
one cohort to a new cohort the starting level decreased
and the slope of lines becomes less. In other words, the
overall prevalence is decreasing. In Chinese populations
it has also been shown that dental caries continues to
accumulate with age, and the incidence rate in the elderly
is as great as that earlier in life. This is fully in accord with
the results from the Dunedin cohort (New Zealand),
where caries has been tracked in each individual from
5 years to over 30 years [4]. Dunedin is fluoridated and all
children have been seen regularly, and at no charge, in
school by dental nurses. However, the trend lines do not
bend, suggesting that the way in which this community
had approached caries prevention has had limited effect -
maybe because they did not think in terms of caries

control rather than prevention,5 believing that fluoride
alone would be the solution? (see Chapter 14).

We have tried in this edition to gradually explain why our
understanding of the various biological determinants of
dental caries (Chapters 5-9) may help us in selecting a
simple approach to a clinically relevant diagnosis of caries
(Chapters 10-12). In Chapters 13-18 we have then dis-
cussed how caries control may work, and in Chapters 19-21
we presented evidence that the traditional concepts prevail-
ing in restorative dentistry are part of the concept of caries
control. Finally, Chapters 22-24 focus on how to achieve a
better oral health in different populations.

Dental caries is still responsible for most of the oral
disease burden in populations worldwide. Despite the
dramatic changes in dental caries patterns during the last
30 years, most dental curricula remain largely unaffected -

and we still produce even more dentists focusing on high-

tech treatment solutions, apparently without appreciating
what the need of populations may be in the years ahead.
The philosophy and ethos of the dental profession is very
focused on a downstream, patient-centered, curative and
rehabilitative approach to oral disease [2]. We do not think
that the oral problems of future generations can be solved
by striving to produce more dentists who all should be
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risk factors that threaten oral health and those that increase
the risk for other chronic diseases, an integrated system
may be able to reap broader benefits from health promo-
tion and disease prevention.

It is now painfully evident to those with a zest for the
health of the public that the current practice-based approach
to dental treatment and rehabilitation in individuals repre-
sents a cul-de-sac from social, ethical, and cost-effective-
ness points of view. The ideal oral health-care system cannot
be achieved through minor adjustments of the dental cur-
riculum, or of the number of dental specialties, the payment
systems or the solo-practice-based delivery system. In our
view, it necessitates a more profound break with long-
standing traditional thinking in dental education and in
oral health-care delivery.

Currently, the traditional ‘fully trained dentist’ is comple-
mented by a varying number of dental specialties, which
may include orthodontics, oral surgery, periodontics, oral
pathology, pedodontics, prosthodontics, endodontics,

dental radiology, occlusion and temporomandibular joint
disorders, and dental public health. We suggest that the time
has come to realize that this dental workforce should be
replaced by two new types of dental professionals: the oral
health-care provider (OHCP), who will comprise the vast
majority of the group of dental professionals, and the oral
clinical specialist (OCS) - for detailed arguments, see [6].

The OHCP should be at the center of health services to
meet the needs of most individuals, families, and commu-
nities and address the health-care needs in all age groups
with a principal focus on evidence-based diagnosis and oral
disease control. The OHCP is a cost-effective health
professional who has a profound understanding of oral
disease control, and oral health as part of general health and
well-being, and who is willing to cope with social needs in a
critical, creative, and pertinent way.

The OHCP should be competent and skilled not only in
the diagnosis and control of oral diseases, but importantly
also in public health, basic health economy, management,
and communication. A major role of the OHCP is to lead
and supervise teams of oral health personnel. These may
include auxiliaries/dental assistants/hygienists/therapists
according to the particular fabric for each country. The
OHCP will lead at community level, planning health care
and setting priorities involving all age groups, including all
the currently un- or underserved groups in the community.
Their activities should be integrated into the general health-
care services. The OHCPs and their staff will be able to cater
for the oral health care needs of the large majority of the
population. The OHCPs and their staff should therefore be
the gatekeepers with respect to advanced oral health-care
needs. The OHCPs will also, when needed, be able to per-
form simple restorative treatments. For a few OHCPs there
should be a postgraduate training in orthodontics.

trained in oral medicine, cariology and periodontology,

implantology, endodontics, and prosthodontics, not to

mention to be familiar with developments in stem-cell
biology, informatics, metabolomics, genomics, proteomics,
and so on.

We suggest that it is necessary to reconsider the organiza-

tion of oral health care in order to improve oral health cost-
effectively to achieve a functioning natural dentition from
cradle to grave for all members of the population [6]. As we
see it, the necessary reorganization involves the development
of new types of dental health professionals capable of
carrying out cost-effective and evidence-based oral disease
control programs for all. In addition, we must provide the
optimal diagnosis and specialized oral rehabilitation for
specific subgroups in all populations - not least the growing
number of elderly.

In most populations, people now live much longer
healthy lives. For a further few decades, we will experience
a growing number of elderly who retain an increasing
number of teeth, resulting in dentitions in need of complex
treatment. These cohorts represent the result of the ‘restor-

ative era.’ Looking beyond this peak of complex needs for
high-tech rehabilitation among the oldest sections of our
populations, we see new cohorts of middle-aged with a
lower disease burden. When they grow old they are likely to

have a much lower need for advanced dental treatment as a
result of the ‘disease-control era.’ Already now we can follow
these young and middle-aged cohorts and see that each of
these continue to have less caries and less periodontal dis-

ease and retain more teeth with fewer and smaller restora-
tions than the immediately preceding cohorts. In most
high-income countries, substantial fractions of young and
middle-aged cohorts are unlikely ever to develop a treatment
need that matches the competencies of the ‘fully trained,

classical dentist.’

Many before us have reflected on the need for responsible
dental educators and academic leaders to take action on the
delivery of oral health care. While most have discussed a
need for adjustments of the dental curriculum in response
to rapidly changing oral disease patterns [1, 5, 7, 8], or a
perceived need for expansion of the dental specialist
training, few have dared to suggest that the structure and
organization of the oral health-care system is a major
obstacle to achieving a functional natural dentition for life
for all. Tomar and Cohen [9] emphasized the urgent need to
integrate oral health care into general health care, and we
think that their ‘diagnosis’ of the problem in the USA covers
much broader scenarios. They stated that:

in the coming decades, the US population will continue to
shift toward an older age distribution and an increasing
number of Americans will reach their golden years’ with
relatively intact dentitions, chronic disease, and multiple
medications. [... ] Because of the tremendous overlap of
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However, a subfraction of the population will remain, who,
in addition to basic disease control measures, are also in need
of more advanced oral care, including complex rehabilitation.
These patients are increasingly likely to be characterized by
overlap of risk factors that threaten oral health and those that
increase the risk for other chronic diseases, in addition to the
growing fraction of older people with chronic diseases and
multiple medications. We need a new cadre, the OCS, to cater
for some of their needs. To ensure that complex oral care for
individuals with chronic diseases and multiple medications
becomes integrated with general health care, we suggest that
the OCS is a medically trained person who has a comprehen-
sive postgraduate training either in oral rehabilitation or
in oral surgery and medicine.

Many of the arguments developed here may, at a first
glance, seem to apply primarily to the industrialized
countries with a well-developed health-care system.
However, our experiences from Africa, South-East Asia,
China, and South America have convinced us that one of
the worst things that could happen in many of these
countries would be the uncritical attempt to replicate the
oral health-care systems prevailing in Europe and North
America. In this context, we would like to cite from a
previous publication [3]:

limited and the economic means of the general population
too small to be compatible with dental treatment and the
disease affected teeth are therefore extracted. Provided
economic growth continues, the third phase is character-
ized by the dental services gradually approaching the con-
tents and extent well known from the high-income
countries in the hey-day of restorative dentistry.

Increasing availability and access to classic restorative
dentists as they are known from Europe and North America
would, in our opinion, have deleterious consequences. As
classic dentistry will not give priority to disease control
based on biologically sound principles, we surmise that our
proposal for OHCPs and OCSs applies equally to countries
presently developing their services.

It is our view that only by thoroughly reconsidering the
oral health-care workforce can we continue to stride toward
the ideal oral health-care system, which has the attributes of
being integrated, health promotional and disease control
oriented, monitoring, evidence based, cost-effective, sus-

tainable, equitable, universal, comprehensive, ethical,
quality assuring, culturally competent, and empowering.
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Yipeholm study, 37
xerostomia, 98, 104, 318

differential diagnosis, 192, 201-204
diffuse transmission of light, 223
diffusion pathways

biofilms, 119
enamel, 52, 56

digital imaging fiber-optic
transillumination, 227-228

digital radiography, 213-214
image receptors, 214

disabilities, atraumatic restorative technique
and, 352

disability-adjusted-life-years (DALY), 416
disaccharides, 141

low/non-cariogenic, 144
discoloration

chlorhexidine, 98
dentin infection, 377
undermined enamel, 15, 16, 17

discrete numerical scales, 179

delmopinol, 291, 296
dementia

caries incidence, 324
management, 327-328

demineralization, 8, 49, 50, 55-57, 155-170
approximal surfaces, 337
autofluorescence loss, 226-227
caries, 162-164
caries defined as, 177
critical pH values, 97, 137
of dentin, 73
on ecology of microflora, 127
fluoride on, 250, 251
hyposalivation, 103
inhibitors in saliva, 57, 65
microbiology, 123
microradiography, 63
radiography, 212, 214
root-surface caries, 78, 79
subsurface region, 56-57, 63, 64,

160-161, 163
appearance, 198
polarized light microscopy, 200
root-surface caries, 78

cosmetic value
deciduous teeth, 365
fillings, 336

costs
amalgam, Nepal, 409
fluoride toothpastes, 414
longevity of restorations on, 398-399

cotton rolls, 205
counseling, 442
Country/Area Profile Project database

(WHO), 35-37, 407
cream, on pellicle, 112
critical pH values, 97, 137
cross-sectional studies

longevity of restorations, 390-391
microbiology, 122

cross-talk, microflora and host, 109
crowns (Hall crown), 368-369, 384
crude hit rate, 426, 427
cryptitopes, 112, 113
crystal growth, enamel, 263
crystal structure

atraumatic restorative treatment, 346-348
enamel, 51-53, 156

solubility, 157-158
whitlockite, 71, 157, 160

cultural aspects, 408
cultures, biofilms, 121-122

root-surface caries, 124
cumulative effect, fluoride, 257
cyclamate, 144
cystatins, 91

Denmark
amalgam ban, 394
longevity of restorations, study, 392,

397-398
public dental health care, 443-446

dental anxiety, atraumatic restorative
treatment, 349

dental assistants, Odder (Denmark), 444
dental history, 306
dental hygienists, Odder (Denmark), 444
dental school patients, 175
dental schools see training of dentists
dental visits, 175-176, 185, 192, see also

recall intervals
professional tooth cleaning, 310

dentifrices see oral hygiene products;

toothpaste
dentin, 71-73, see also pulpo-dentinal

reactions
approximal box restoration, 359-360
approximal lesions, radiography,

216, 217
atraumatic restorative treatment, 346
bacterial invasion, 75, see also infection

under dentin here
fillings, 201

carious
hypermineralization, 74, 75-76
sealants over, 379-380

deciduous teeth, 365
infection, 124-125, 377-379
ion outflow, 164
lesion progression rates in, 221
nonoperative treatment, 239-241, 376
occlusal caries

cavities, 335
radiography, 216 , 217

radiography
approximal lesions, 216, 217
occlusal caries, 216, 217

radiolucencies extending into, 187
reactionary, 77
remineralization, 166-169
root-surface caries, 79

D
[
-D

4
continuum, 24, 428

D
3
MFS values, as risk predictors, 429-432

dairy products, 149-150
Dar es Salaam, atraumatic restorative

treatment, 345
dark zones, enamel lesions, 63
dead tracts, dentin, 75
Dean, H.T., on fluoride, 246
Dean’s index, 247
death spiral (cycle of re- restorations), 185,

388, 399
deciduous teeth, 365-370

amalgam and, 391
caries control, 366
caries experience as risk predictor, 433
caries lesions, 12

progression rates, 220
caries sealed in, 384
dmf index, 24
fluoride supplements, Cochrane reviews,

241, 270
glass-ionomer restorations, 353
G.V. Black on, 237, 338
longevity of restorations, 391-394
nonoperative treatment, 241
nonrestorative cavity treatment, 384-385
partial caries removal, 369
stepwise excavation technique, 380-381

deduction, in diagnosis, 192
definitions

activity status, 304
bioavailability, 289
caries, 9, 21-24, 176-178, 181-183
diagnosis, 192

delivery formulations, 292
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disease burden, measurement, 23
dissolution

enamel crystals, 157-158
incongruous, enamel powder, 159-160

distal surfaces, lesion progression rates, 220,

etching
approximal surfaces, 343-345
for resin-based sealants, 341, 342
for resin fillings, 161-162, 165

etching studies, 65
ethics

diagnosis and, 174-175
water fluoridation, 413

ethnicity, 33-35
proline-rich proteins, 89

Europe
detection methods, vs USA, 24
diagnostic criteria in, 23

evidence, hierarchy of, 264
examination see visual-tactile detection

methods
excavation, 377, see also stepwise excavation

technique
excretion, fluoride, 260
experience, clinical, 174, 175
experimental studies

caries incidence, 134-135
orthodontic appliances, 279
root-surface caries, fluoride, 279-280
sucrose rinsing, 237, 278-279

explanatory trials, 264
extended caries ecological hypothesis, 127,

electron microscopy, enamel, 51
electrostatic attraction, saliva proteins,

88-89
Elizabeth I (Queen), 133
Embden-Meyerhof-Parnas pathway, 111
enamel, see also porosity of enamel

crystal growth, 263
crystal structure, 51-53, 156

solubility, 157-158
deciduous teeth, 365
destruction, 74-76
early caries development, 55-58
fluoride

concentrations, 261-262
effects, 159-160, 246, 247, 249-250,

256-258
fractures, 364
removal

for ART, 346, 347
for tooth cleansing, 239, 240, 241, 327,

336, 337
slicing, 241, 366, 367
at time of eruption, 51-54
translucency, 51, 378, 379

loss see opacity
undermining see undermined enamel

enamel caries
defined, 9
microbiology, 122-123

enamel powder, incongruous dissolution,
159-160

encapsulated glass-ionomers, 350
environmental factors, 57
enzymes, see also inducible enzymes

antibacterial, 298
bacterial gene expression, 120
bacterial metabolism, 110

epidemiology, 21-45
by causes, 37-40
China, 449
detection of caries and, 22-28
diet, 134-135
elderly patients, 322-323, 324
Finland, 423-424
geography, 35-37
populations, 28-35
rules of data interpretation, 26-28
trends, 37, 39, 449, 450

erosion

221
distribution (pharmacokinetic), fluoride,

260
distributions (epidemiological), 25, 28-35
ditching, 201, 202
divalent metal ions, 296, 297
DMF index, 3, 24-25, 26-27

in fluoride effect measurement, 247
low- and middle-income countries,

407-408, 416-417
low-caries populations, 439-440
as primary outcome measure, 265

DNA amplification, biofilms, 122
documentation, symbols for, 199, 200
domiciliary care, 329
dose-response relationship

fluoride and enamel changes, 246, 247,
256-258

fluoride in toothpaste, 310
radiotherapy, 317

doxycycline, on biofilms, 120
draining method, saliva collection, 101-102,

103 128
drugs, xerostomia from, 99, 305, 325
drying, see also moisture control

for diagnosis, 198, 205, 224, 378
for glass-ionomer sealants, 341

dry mouth see hyposalivation; xerostomia
Dunedin cohort, 449
dye (Fusuyama), 377
dynamic equilibrium, 53, 54
dynamic stability stage, caries development,

extension for prevention (Black), 338
extent (epidemiological measure), 25, 26b
extracellular polysaccharides, 125
extraction of teeth

deciduous teeth, 365
on neighboring lesions, 66

extraoral technique, bitewing radiography,
214, 215

128 failure
atraumatic restorative treatment, 351-352
caries control, 318-319

social factors, 319, 369-370
high-viscosity glass-ionomer materials,

early childhood caries (ECC), 315
defined, 9
inactivation, 366
low- and middle-income countries, 408

early detection, 194-195
early lesions see white spot lesions
ecological plaque hypothesis, 125-129
ecology, oral, 4, 109-111
edentulousness, social gradient, 35
effectiveness, 278

measurement of, 264, 265
efficacy, 264, 278

antibacterials, 288
efflux pumps, bacteria, 299
Ekstrand scoring system, 197-198
elastic separators, orthodontic, 208
elderly patients, 307, 450, 451

atraumatic restorative technique, 352
caries control, 321-332
diet, 312, 325-326, 329
fluoride at night, 272
microflora, 109
risk factors, 305
root-surface caries, 324

predilection sites, 207
toothbrushing, 309

electric current, detection methods based
on, 228-229

electric toothbrushes, 309

397
restorations, 362-363, 388

deciduous teeth, 392
permanent teeth, 394-395
recurrent caries, 395

sealants, children, 396
false positives and negatives, see also errors

in diagnosis
in risk assessment, 426

familial patterns, 33
fee structure, 237
Fejerskov and Manji model, 40
fermentation, 92

palatinose, 144
sorbitol, 145-146

fiber, 143
fiber-optic transillumination (FOTI), 207,

227-228
evaluation, 182

field studies
atraumatic restorative treatment, 345
sealants, 342

filamentous organisms, 113
fillings see restorations
film (radiographic), 214
fimbriae, Actinomyces naeslundii, 113, 114

caries vs, 161, 162, 164
diet, 150-151
radiotherapy, 98

error correction, biological systems, 183
errors in diagnosis, 184-185, 196

bitewing radiography on, 186
light and electrical methods, 229
radiography, 218, 219

errors in risk assessment, 432, 433
erupting teeth, 53

recall intervals and, 313
sealants, 340, 341
toothbrushing, 309, 316, 340

erythritol, 147
Eskimos (East Greenland), 134
Essential Health Care Program, Philippines,

412
essentialism, 176, 177, 178, 183, 187
essential oils, 296-297
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finger pressure, sealant application, 346, 347
Finland

epidemiology, 423-424
Pori, oral health promotion, 441-442
studies of high-risk strategy, 440-441

first molars, lesion progression rates, 220
fish, fluoride in, 260
fissures

bacteria species, 117, 122-123
occlusal surfaces

biofilms, 70
caries, 66-68, 69, 340

fistulae, 20, 418, 419
Fit for School Approach, Philippines, 412
flossing, 283, 309

sealants vs, 344
flow rates (salivary)

bicarbonate, 93-94
caries risk assessment, 102-103, 434
diseases affecting, 100
on fluoride in saliva, 96
on microflora, 103
normal, 98
oral clearance, 91
on saliva composition, 87
sugar clearance, 92

fluorapatite, 97, 156, 157, 159
in caries lesions, 162, 163
supersaturation, 162

fluorescence, 224-227
continuous numerical scales, 179
quantitative light-induced (QLF),

226-227, 229
fluorhydroxyapatite, 159, 160, 162, 164

bone, 261
reprecipitation, 160, 250-251

fluoride, 4, see also under oral hygiene
products; toothpaste

on apatite solubility, 159-160
arrest of lesion progression, 242, 245-276
in caries lesions, 162-164
cariostatic mechanisms, 250-253
chlorhexidine with, 294
concentrations in teeth, 261-262
control vs prevention, 235-236
on deciduous teeth, 241, 270
diet and, 135-136
diffusion into enamel, 53
in enamel crystals, 156
evidence for caries control effect, 263-271
fluorosis, dose, 256-260
intensification, 310
low- and middle-income countries,

412-414
natural, 246, 247, 260

fluoride toothpastes and, 414
oral hygiene with and without, 281
penetration of biofilms, 119
radiotherapy, 317-318
rinsing, 252, 280, 310

Cochrane reviews, 266-269
radiotherapy, 317-318

root-surface caries, 167-169, 239
experimental studies, 279-280

saliva, 96
after toothbrushing, 251-252

silver diamine salt, 368
solutions, radiotherapy, 317

stannous salt, 297
Switzerland, 134
tablets, 251

Denmark, 443
dosage, 257

unsaturation, 160
using, 309-311
water see natural fluoride; water

fluoridation
xerostomia, 104, 317

Fluoride Intervention Template, 413
fluorosis, 16, 245, 253-263

caries vs, 201-202, 203
fluoride dose, 256-260
fluoride tablets, 251
microradiography, 76, 253
pathogenesis, 262-263
risk from drinking water, 247, 248
risk from toothbrushing, 258
TF-index, 254-256
topical fluoride, 269, 270-271
water fluoridation, 260, 266

follow-up, radiography, 222-223
foods, see also diet

acidic, buffering, 95
cariogenicity measurement, 136-141
on fluoride absorption, 260
fluoride in, 260
protective factors, 149-150
starch, pH changes, 142-143

formate, 111
formulations for delivery, 292
fossae, occlusal caries, 68
fractures

perikymata, 60, 61
repair, 363, 364

fragility, fluorosis, 253
frail patients, caries control, 321-332
free molar concentrations, hydroxyapatite in

saliva, 97
fructans, 111, 125
fructooligosaccharides (FOSs), 144
fructose, see also corn syrup

cavitation and, 135
intolerance, 134

fructosyltransferases, 92
fruit juice, 140-141

erosion, 150-151
fruits, intraoral cariogenicity testing, 141
F-speed film, 214
FS-T index, 25-26
Fusobacterium nucleatum, co-adhesion, 114
Fusuyama, T., caries dye, 377

gene transfer
bacteria in biofilms, 120-121, 288
resistance to antibacterials, 295, 299

geography, 35-37, see also specific
countries

frail patients, 322-323
head and neck cancers, 101

Germany, sealant study, 342-343
gingiva

bleeding, 309
effects of caries, 20
margin

caries incidence, 281
recession, 66, 77

microflora, 108, 117
gingivitis, approximal surface caries, 54
Gini coefficient, 30
glass-ionomer materials

atraumatic restorative treatment, 345,
346, 349-350

high-viscosity, 340, 341, 345, 349-350
failure rates, 397
technique, 346, 347

resin-modified, 345
longevity of restorations, 392, 393

restorations, 353-354
longevity, 392, 394

root-surface caries, 361
sealants, 340-341

conditioning for, 347
longevity, 395-396

glucans, 92, 111, 125
glucose

mouth rinsing, plaque pH, 137
saliva, 97

glucose polymers, 143-144
glucose syrups, 143, 144
glucosyloligosaccharides (IMOs), 144
glucosyltransferases, 92, 120
glycolysis, 111

bacterial enzyme gene expression, 120
metal ions on, 297
xylitol on, 295

glycomacropeptide, 150
glycoproteins, 89, see also mucins

agglutinins, 91
nutrients for microflora, 109-110

glycyrrhizine, 144
gold inlays/onlays, failure rates, 394
gold standard

caries definition, 177, 179, 181-183
diagnostic criteria, 195-196

gp340 (glycoprotein), 91
gradients, in biofilms, 119, 121
grading, see also severity grading

caries lesions, 24-25
Grainger hierarchy, 26
Gram-negative bacteria

cationic agents, 293
communication systems, 121
resistance to antibacterials, 298

Gram-positive bacteria
cationic agents, 293
resistance to antibacterials, 298

Grand Rapids, water fluoridation, 247, 248
granulation tissue, 203, 204
granuloma, pyogenic, 20
green category, 308, 312

Gantrez (polyvinylmethyl-ether maleic
acid), triclosan formulations, 294

Gaussian distributions, 28-29
gels, 292

chlorhexidine, 294
for dentin removal, 378
fluoride, 252

Cochrane reviews, 266-269
gender, incidence of caries, 31, 32
general anesthetics, procedures under, 369
genetic engineering, bacteria, 291
genetics

bacteria in biofilms, 120, 288
human, 33
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gross national income, classification of
countries, 405-406

ground sections, enamel histology, 61-62
guidelines, evidence-based, 271-272
gums see chewing gums

hydroxyapatite, 53
amphotericity, 155-156
crystal growth, 263
electrostatic attraction, 88, 89
large crystals, 96-97
saliva, 97

ion activity product, 97, 157, 158, 159
solubility, 157-159
stability, 156-157
supersaturation, 97, 158, 160, 250

hydroxyl ions, hydroxyapatite in saliva, 97
hygiene, see also oral hygiene

oral health model, 321
hypermineralization, dentin caries, 74,

75-76
hypomineralization

fluorosis, 253, 262-263
molar-incisor, 203, 204

hyposalivation, 103-104, 325
flow rates, 98

hypotheses, in diagnosis, 192
hypothiocyanate, 90, 91, 298

inflammatory reactions, see also pulpitis
pulp, 77

informing patients, 194
initial lesions see white spot lesions
in-situ models, 8, 122, 141, 279

remineralization, 166
instruments, atraumatic restorative

treatment, 350
integrity, in Nyvad criteria, 198
intense sweeteners, 144-145
intensification, fluoride, 310
intensity-modulated radiotherapy, 101
intensive caries control, 441
interdental cleaning, 309, see also flossing
inter-examiner reliability, 23, 184-185,

196-197
radiography, 219

International Caries Detection and
Assessment System (ICDAS), 198

international programs, 417
International Standards Organization,

standard 11609:2010, 415
nterproximal telemetry, 137-141
nterrod regions, enamel, 51
ntervention studies, fluoride levels in water,

Hall crown, 368-369, 384
handpieces

atraumatic restorative treatment, 348
tooth cleaning, 310

hardness of enamel, 53
head and neck cancers, 99-101
health, 321
health education, motivational interviewing

vs, 316
health outcomes, nominalism and, 177
health services (public)

atraumatic restorative treatment, 352
Denmark, 443-446
low- and middle-income countries,

408-411
heating, atraumatic restorative technique,

351
hexetidine, 296
hidden caries, 17

defined, 9
radiography, 216-217

high-fructose corn syrup, 141
high-risk sites, children, 304
high-risk strategy for prevention, 424,

435-436, 440-441, 442
high-viscosity glass-ionomer materials, 340,

341, 345, 349-350
failure rates, 397
technique, 346, 347

histatins, 91
adsorption to enamel, 88

historical aspects, 3-4, see also Black, G.V.
atraumatic restorative treatment,

345-346
caries control, 236-237
caries microbiology, 121
diagnostic methods, 178-179, 180-181
diet, 133-134
fluoride, 246-250

reviews, 265
visual-tactile detection methods,

191-192
history-taking, 305-306

diet, 306, 311-312
HIV/AIDS, xerostomia, 305
hockey-stick graph, fluoride profile, 261
Hodge, H.C., water fluoridation

studies, 248
Holmen, A, caries incidence study, 427
home-bound patients, atraumatic restorative

technique, 352
homeostasis, microbial, 108-109
home visits, caries control in children, 315
Hopewood House childrens home,

Australia, 134
hot fluids, solubility of teeth and, 158
Human Microbiome Project, 291-292
hunter gatherers, diet, 133
hydration shell, enamel crystal, 156
hydrogen, 111
hydrogen peroxide, 298

salivary, 90

iatrogenic damage, 15, see also
re-restorations

atraumatic restorative treatment and, 349
neighboring approximal surfaces

ART vs conventional treatment, 349
prevention, 354-355

iceberg metaphor (Rose), 22
illegal oral care, 411
image receptors, bitewing radiography,

212-214
immune responses, microflora on, 109
immunization, 290
immunoglobulins, 91-92
impedance, electrical, 228, 229
improvization, toothbrushing, 281, 282
inactivation, see also caries control

early childhood caries, 366
inactive lesions see arrested lesions
incipient lesions see white spot lesions
incisors

biofilms, as risk predictor, 427-428
caries lesions, 15

arrested, 66
incongruous dissolution, enamel powder,

159-160
indirect pulp capping technique, 382, 383
indirect restorations, 353

failure rates, 394
individual level studies, oral hygiene,

280-281
inducible enzymes

mannitol metabolism, 148
sorbitol metabolism, 146

inequality of distributions
(epidemiological), 28-31

infant formula, see also nursing bottle caries
fluoride, 260
soya, 144

infected dentin concept, 377-379
infection

caries as, 121, 408
dentin, 124-125, 377-379
probes spreading, 205-206

infiltration (etching), approximal surfaces,
343-345

247
intracellular calcium, 86
intracellular polysaccharides, 111, 125
intra-examiner reliability, 23, 184-185,

196-197
intraoral cariogenicity testing see in-situ

models
intrinsic resistance, to antibacterials, 298
invert sugar, 141
in vitro methods, evaluation of tests, 181
ion activity product (IAP), hydroxyapatite in

saliva, 97, 157, 158, 159
ion channels, salivary glands, 85, 86
ionized calcium, 96
ionized molar concentrations,

hydroxyapatite, 97
ions

adsorption to enamel, 156
metal, 296, 297
outflow from dentin, 164

isoelectric points, proteins, 95
isomalt, 147, 148
isomaltooligosaccharides (IMOs), 144

/ (Youdens index), 182, 426, 427
juicing, intraoral cariogenicity testing, 141

K value (chance-adjusted percentage
agreement), 23, 184, 196-197, 219

Karlstad program, 282-283
Kenva

/

improvised oral hygiene instrument, 281,
282

population studies, 134
primary health care workers, 446

Keyes triad, 4, 39
Khon Kaen (Thailand), atraumatic

restorative treatment, 346
kidney, fluoride, 260
Kikuyu (tribe), 134
Kochs postulates, 121
Kuopio (Finland), high-risk strategy,

440-441
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Mandelbrot, B., on scales of measurement, Middle Ages, diet, 133
middle-income countries, 408, see also

low- and middle-income countries

lactate
calcium, 97
metabolism, 111, 120

lactic acid, 146
lactitol, 147, 148
lactobacilli

probiotic, 150
root-surface caries, 124
scores as risk predictors, 430-431, 434
xerostomia, 123

Lactobacillus fermention, 123
Lactobacillus rhamnosus, 291
lactoferrin, 90
lactose, in milks, 149
laminated appearance, enamel lesions, 63
laser light, 224, 226-227
law of mass action, 157
leakage, fillings, 201
legislation, low- and middle-income

countries, 412

177
mannitol, 147, 148
Masai (tribe), 134
mass action, law of, 157
Massler, M., quoted, 376
matrix, biofilms, 115, 119

chemical disruption, 291
maturation, posteruptive see posteruptive

maturation of enamel
mature biofilm (climax community), 108,

116-119
McKay, F., on fluorosis, 246
mealtime sugar, 312
mean dmf/DMF counts, 25
measurement scales

diagnosis, 179
dichotomous, 179, 180
Mandelbrot on, 177

mechanical stimulation, see also chewing-

stimulated saliva
saliva from, 84, 86

medical diagnosis, vs dental diagnosis, 192
medical history, 305-306
medications, xerostomia from, 99, 305, 325
medium-viscosity glass-ionomer materials,

milk, 149
buffer capacity, 94
fluoride, 260, 413

Cochrane reviews, 269, 270
on pellicle, 112
probiotic, 291

Miller, W.D., chemico-parasitic theory, 121,
133-134

mineral water, fluoride in, 260
minimal intervention dentistry, 338-339,

353-364, see also atraumatic
restorative treatment

deciduous teeth, 365-370
minor sali\ ary glands, 84
mirakulin (fructooligosaccharide), 144
mirrors (mouth mirrors), 205
misclassification, 432, 433
missed lesions, consequences, 185
missing teeth, 24, 25
mixing, glass-ionomer materials, 350
models see in -situ models
moisture control, see also drying

application of resin-based sealants, 341
molar-incisor hypomineralization, 203, 204
molars

caries lesions, 16
predilection sites, 207
progression rates, 220

eruption, toothbrushing, 316
molecular biology, biofilms, 122, 124
monellin (sweetener), 144
monitoring, longitudinal, 194
monitors (viewing), digital radiography, 214
monosaccharides, 141

low/non-cariogenic, 144
motivational interviewing, 316
mottled enamel, 246
mouth mirrors, 205
mouth rinsing

after using toothpaste, 310
agents for, 292
chlorhexidine, 293-294

radiotherapy, 317-318
Denmark, 443
fluoride solutions, 252

Cochrane reviews, 266-269
radiotherapy, 317-318
using, 310

glucose, plaque pH, 137
history-taking, 306
radiotherapy, 317-318
sucrose, experiments, 237, 278-279

mswaki (piece of small tree used for oral
hygiene), 282

mucins, 84, 89, 91
adsorption to enamel, 88

mucosa, microflora, 108
mucositis, cancer treatment, 305
multilevel predictors, 428
multimorbidity, 324
multiple predictors, 435
multiple-surface ART, 351
multiple thresholds, risk assessment,

429-430
muramidase, lysozyme as, 90

leucrose, 144
levans, 92
light, detection methods based on,

223-229
lighting, 205
likelihood ratios, 180, 427
liquefaction foci, 75
Listerine, 296
local anesthesia, atraumatic restorative

treatment and, 349
logarithmic transformation, data on

fluoridation, 248, 250
logistic regression analysis, 431
longevity, restorations, 388-401
longitudinal monitoring, 194
longitudinal studies

longevity of restorations, 388-391
microbiology, 122

low- and middle-income countries, 451
Basic Package of Oral Care, 415-416
caries control, 405-422, see also social

factors; specific countries
health services, 408-411
low-caries populations, 445-446
public health approaches, 411-415

low-caries populations
caries control, 439-447
flossing vs sealants, 344
overlooked lesions, 182
radiography, 213, 223

low-pH strains, bacteria, 128
lozenges, 292

saliva stimulants, 318
Lycasin , 147, 148
lysozyme, 90

350
Meioligo (fructooligosaccharide), 144
membrane function, antibacterials on, 290
mesial surfaces, lesion progression rates, 220
meta-analysis, 264
metabolism, see also inducible enzymes

biofilms, 8
microflora, 110-111, 120

metal crowns ( Hall crown), 368-369, 384
metal ions, divalent, 296, 297
methadone, 305
microbial homeostasis, 108-109
microbial succession, 114-116, 127
microbiology, 121-125
microcavities, 61, 74-75, 158, 198, 237
microflora, 4, 108-111, 295-296, see also

antibacterials; biofilms
acquisition, 108-109
antibacterials and, 288
attachment to pellicle, 112-113
benefits, 109
cariogenic features, 125, 126
colon, 143
dentin invasion, 201, 377, 378
early surface colonization, 112-114
ecology, 109-111, 126, 127
enamel destruction, 75
on partially-erupted teeth, 53, 54
pellicle and, 88, 112-113
protein binding, 290
root-surface caries, 79-80, 238-239
saliva on, 90-91, 103, 109-110

flow rates, 103
site distribution, 109
in stepwise excavation, 380, 382-384
sugar metabolism, 111
tests as risk predictors, 433-434

microleakage, fillings, 201
microradiography

enamel lesions, 63
fluorosis, 76, 253

microtouch electrode, 137

magnesium, saliva, 87
magnification, 208
malnutrition, treatment in elderly patients,

325
maltitol, 147, 148
maltodextrins, 143
maltose, fermentation, 92
management options

affecting diagnosis, 193
arrested lesions, 184, 194
detection methods maximizing, 23
for long-term outcomes, 184
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Muskegon, water fluoridation, 247
mutans streptococci, see also Streptococcus

mutans
cariogenic features, 125
chlorhexidine, 293
historical aspects, 121
immunization against, 290
microbiology, 123
non-correlation with caries, 126
root-surface caries, 124
scores as risk predictors, 431, 434, 435
screening, 442
xylitol on, 147, 295-296

occlusal surfaces
caries control, 237
caries lesions, 66-71
caries risk, 222, 340
cavities, 335
crystal structure under, 346
DIAGNOdent pen, 225

SOPROLIFE vs, 226
false positives, 186
quantitative light-induced fluorescence

(QLF), 227
radiography, 216, 217, 219
sealant restorations, 357, 358
sealants, 339-343

longevity, 395-396
octacalcium phosphate, saturation, 160
ocular-instrumental examination see

visual-tactile detection methods
Odder (Denmark), dental care program,

443-445
odds, pre-test and post-test, 428
odds ratio, diagnostic, 426
odontoblasts, reactions, 376
oligosaccharides

cariogenic, 143-144
microflora attachment, 113

opacity, 58, 198
differential diagnosis, 201
fluorosis, 254

operator effect, atraumatic restorative
technique, 352

operator stress, reduction, 348
opiates, xerostomia, 305
opportunistic pathogens, gene transfer from

resident bacteria, 121
optimum fluoride levels

toothpaste, 310
water, 247, 248, 256

oral care plans, elderly patients, 328-329
oral clearance, 91, 92-93
oral clinical specialists (OCS), 451
oral health care

illegal, 411
providers (OHCP), 450
reorganization needed, 449-451

oral health model, 321-322
oral hygiene, 277-285

active lesions, 193
caries risk assessment, 434-435
champions’, 327
children, 315, 434-435
elderly patients, 326
Odder (Denmark), 444-445
xerostomia, 104

oral hygiene products
fluoride, 249, 272

Cochrane reviews, 263-264, 265,
266-269

fluoride in saliva, 96
peroxidases, 91

oral urgent treatment (BPOC), 415-416
ordinal measurement scales, 179
orthodontic appliances

caries control, 271, 316, 385
caries round, 58, 60
experimental studies, 279

orthodontic elastic separators, 208
outcomes

diagnostic errors, 185
diagnostic test e\ aluation based on, 183-184
DMF index measuring, 265

overhangs, remo\ al, 239, 240, 327, 336, 337
overlooked lesions, consequences, 185

pain
atraumatic restorative treatment and, 349
as caries measure, 408
on frail patients, 326-327
pulpitis, 376
on stepwise excavation outcomes, 382

pain relief
nonoperative treatment, 239, 376
pulpitis, 366
sugar giving, 325

painting with fluoride, 252, see also
\arnishes

national health services see public health
services

natural fluoride, 260
water, 246, 247

fluoride toothpastes and, 414
near-infrared light transillumination,

227-228
negative charge, hydroxyapatite, 156
negative predictive values, 426, 427
neglect, children, 314
neighboring approximal surfaces

caries risk, 221, 222
type of restoration material, 393

damage
ART vs conventional treatment, 349
prevention, 354-355

extraction of teeth on lesions, 66
Neisseria, distribution on teeth, 117
neohesperidine DC, 144-145
Neosugar, 144
Nepal

BPOC, 416
cost estimate for amalgam fillings, 409

Nexo method, 237-238, 316, 340
nitrate, microflora on, 109
nominalism, 176, 177, 178, 183-184, 187
nominal measurement scales, 179
noncaloric sweeteners, 144-145
noncommunicable disease, caries as, 324-325
nonionized calcium, 96
nonoperative treatment see arrest of

progression
nonrestorative cavity treatment, 366, 367,

see also arrest of progression; caries
control

deciduous teeth, 384-385
nonspecific plaque hypothesis, 125
Norway, 37
number of teeth, elderly patients, 324
numerical measurement scales, 179
nursing bottle caries, 12, 408, see also

rampant caries; severe early
childhood caries

microbiology, 123
nursing-home residents, 307

atraumatic restorative technique, 352
caries control, 328
diet, 312
nonoperative treatment of root-surface

caries, 239
oral hygiene, 326

Nutraflora, 144
Nyvad criteria, 198-199, 208

recurrent caries, 201

palatal devices see in-situ models
palatinal glands, 84
palatinose, 144
panoramic units, radiography, 214, 215
panose, 144
paraffin-chewing, sali\ a collection, 102
parasympathetic stimulation, saliva

secretion, 87
parents, caries control in children, 314,

315-316, 366, 385
parotid glands, 84
partial caries removal

deciduous teeth, 369
stepwise excavation vs, 384

pathogenic synergism, 121
pathogens, resistance of microflora, 109
pellet gum, 149

sorbitol, 148
pellicle, 112, 155

acquired, 88-89
bacterial adhesion, 290
etching studies, 65
microflora and, 88, 112-113

periapical abscesses, 20
perikymata, 51, 52, 55, 57

fractures, 60, 61
periodontal pockets, 77
periodontitis, triclosan on, 295
periprismatic sheaths, 51
peroxidases, saliva, 90-91, 298
persister cells, 298
petroleum jelly, glass-ionomer sealant

technique, 341
pH

anaerobic bacteria reducing, 93
on apatite solubility, 158-159, 160 , 161
bacterial replacement therapy, 291
biofilms, 8, 50

measurement, 137-141
buffers on, 93, 94
on calcium fluoride, 252-253
caries lesions, 164
critical values, 97, 137
ecology of microflora, 126, 127, 128
fluctuations, 162, 163, 177
on hydroxyapatite in saliva, 97
saliva, 87
sorbitol exposure, 146
starchy food eating, 142-143
sugar clearance on, 92
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proteins, see also proline-rich proteins
antimicrobial

saliva, 90-91
xerostomia, 318

bacteria, binding, 290
buffer system, 95
developmental, 52
microflora attachment, 113
in pellicle, 89-90
saliva, 57

adsorption to enamel, 88
antimicrobial, 90-91
electrostatic attraction, 88-89
nutrients for microflora, 109-110
secretion, 87

sugar-binding, 111
proteolysis, dentin, 124
proton translocating ATPase, 125
public health, low- and middle-income

countries, 411-415
public health aspects, fluoride, 271-272
public health services

atraumatic restorative technique, 352
Denmark, 443-446
low- and middle-income countries,

408-411

post-test probability, 428, 430
potassium, saliva, 85, 87
potassium channels, 86
poverty, see also low- and middle-income

countries
caries control failure, 319
caries risk, 307, 435
elderly patients, 326

practice-based studies, longevity of
restorations, 390-391

practising, atraumatic restorative treatment,
350-351

prebiotics, 143
predictive criterion validity, 23b, 196
predictive values, 179-180, 181-182, 426,

427
predictors, risk assessment, 424-425, 426-433
predilection sites, 206-207, see also

‘protected sites’

pre-eruptive effects, fluoride, 249
premolars, lesion progression rates, 221
pre-test probability, 427, 428, 430
prevalence

defined, 26b
measurement, 25

prevented fraction (PF), 265
prevention, control vs, 54, 235-236
preventive resin restoration, 357, 358
previous caries experience see caries

experience
primary caries, defined, 9
primary dentition see deciduous teeth
primary feeders (bacteria), 120
primary health care (PHC), 408-409,

415-416
primary health care workers, Kenya, 446
primary outcome measure, DMF index as,

265
primary saliva, 86-87
prior probabilities, 180
prism junction material, enamel, 159
prisms see crystal structure
probabilistic reasoning, 175, 179-180
probabilities

post-test, 428, 430
pre-test, 427, 428, 430

probing, 199, 205-206, 207
on occlusal caries, 68
root surfaces, 78

probiotics, 150, 291
process, caries as, 176-177
professional flossing, 283
professional intervention

chlorhexidine, 294
fluoride application, 310, 413
nonoperative, 193-194

professional tooth cleaning, 282-283, 309,

310
progression rates, caries lesions, 185-186,

219-222
proline-rich proteins, 89

adsorption to enamel, 88
calcium binding, 96

propranolol, 99
prostheses, dental, 326
‘protected sites’, 7, see also predilection sites

enamel changes, 55-56
protective bands, 355

phantom-head exercises, 375-376
pharmacokinetics, fluoride, 260-261
phase buffering, 94, 95
phase diagrams, calcium phosphates, 157
phenylalanine, 145
Philippines

dentist-to-population ratio, 409
Fit for School Approach, 412

phosphate
buffer system, 95
caseinophosphopeptides and, 150
hydroxyapatite in saliva, 97, 158-159
loss see demineralization
saliva, 87, 95-96

phosphoenolpyruvate:sugar
phosphotransferase system
(PEP-PTS), 111, 125

phosphor plates, 214
physico-chemical forces, microflora

attachment, 112
Pienihakkinen and Jokela study, 442
pilocarpine, 318
Pitts and Fyffe classification, 197
plaque see biofilms
plaque hypotheses, 125-129
plasma levels, fluoride, 260
plastic models, 375-376
points of no return, caries process, 183
polarization of caries, 439-440
polarized light microscopy, white spot

lesions, 61-62
polishing, 58, 90
polishing paste, 310
political will, 419
politics, water fluoridation, 272
pol) acid-modified composite resin,

longevity of restorations, 392, 393
polycarboxylate cement, 345
polypharmacy

management, 327
xerostomia, 325

polyps, pulpal, 20
polysaccharides, 125

biofilms, 115
metabolism, 111
synthesis by bacteria, 92

polyvinylmethyl-ether maleic acid, triclosan
formulations, 294

population studies, 134
oral hygiene, 281

pores
fluoride, slow-release mechanism, 253
ion flow, 164

Pori (Finland), oral health promotion,
441-442

porosity of enamel, 11, 51-52, 55-56
calcium fluoride retention, 253
caries lesions, 62, 63
on dentin, 71
electrical conductance, 228
fluorosis, 253-254
light scattering, 224
plaque removal on, 58

positive predictive values, 426, 427
posterior probabilities, 180
posteruptive age, on lesion progression, 220
posteruptive maturation of enamel, 53, 54

fluoride on, 249-250, 262

public health significance, fluoride levels in
water, 247

PUFA index, 23, 417, 419
pulp

caries involvement, 418
indirect capping technique, 382, 383
‘infection removal’, 376-377
polyps, 20
reactions, 77, 326-327

pulpitis, 365, 366, 376, see also inflammatory
reactions

pulpless teeth, 178
pulpo-dentinal reactions, 71-77, 169, 376

root-surface caries, 79, 239
pyogenic granuloma, 20
pyramidal cavities, 346, 347
pyruvate, metabolism, 111

quality control, fluoride toothpastes, 414-415
quantitative assessment of lesions, 223-229
quantitative evidence, systematic reviews,

264
quantitative light-induced fluorescence

(QLF), 226-227, 229
quaternary ammonium compounds, 296
questionable category (Dean’s index),

fluorosis risk, 247
quinoline, enamel histology, 62-63

race see ethnicity
radiography, 178-179, 211-223, see also

bitewing radiography;

microradiography
cavitation, 335-336

approximal lesions, 215-216, 217
deciduous teeth, 366
factors on lesion progression, 219-222
follow-up, 222-223
recall intervals, 313
technique, 212-214
visual-tactile detection methods vs, 208,

209, 229
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radiolucencies, significance, 186-187
radiotherapy, 98, 99-101, 305

atraumatic restorative technique, 352
caries control, 317-318
caries from, 19
recall intervals, 313

Raftilose, 144

replacement therapy, microflora, 291
reprecipitation, fluorhydroxyapatite, 160,

250-251
re-restorations, 362-363

large lesions, 362
vicious cycle, 185, 388, 399

research, diagnostic criteria for, 23
residential homes see nursing-home

residents
residual caries, 218

defined, 9
resin(s), infiltration, 344
resin-based sealants, 340, 341, 344

etching for, 341, 342
longevity, 395, 396

resin fillings, 358, see also composite
restorations; polyacid-modified
composite resin

etching for, 161-162, 165
resin-modified glass-ionomer, 345

longevity of restorations, 392, 393
resistance of surfaces, 7, 27

Grainger hierarchy according to, 26
root surfaces, 169

resistance to antibacterials, 298-299
biofilms, 120, 121, 288
triclosan, 295

restorations, 335-339, see also atraumatic
restorative treatment; composite
restorations; preventive resin
restoration; sealant restorations

assessment, 388-391, 397
for caries control, 308
caries in see recurrent caries
cervical, 360
damage to adjacent teeth, 221
dental history of, 306
dentin, 359-360
in DMF index (F component), 25
failure see under failure
frail patients, 329
indications, 387-388
large lesions, 362
longevity, 388-401
microleakage, 201
minimal intervention dentistry, 353-354
overtreatment, see also death spiral

Denmark, 443
with partial caries removal, 369
reentry, 369, 380, 382-384
repair, 363, 364
repeated see re-restorations
root-surface caries, 361
SOPROLIFE system, 226
toothbrushing, 356

resurrection plant, 144
reversibility, pulpitis, 376
reviews, see also Cochrane reviews

on fluoride, 263-271
rheumatoid arthritis, Sjogren’s syndrome, 99
rinsing see mouth rinsing
risk assessment, 423-438

saliva flow rates, 102-103
systems for, 306, 435-436

risk categories, bitewing radiography
scheduling, 223

risk factors, in individual patient, 304-306
risk groups, 307-308

risk scores, 431-432
risk sites, 304
rod/interrod pattern, enamel, 51
Rome (ancient), dentin

hypermineralization, 74, 75-76
root-surface caries, 18, 19, 77-80

arrest, 238-239, 376
arrested lesions, 18, 19, 77, 79-80

color, 240
atraumatic restorative technique, 352
caries experience as risk predictor, 433
defined, 9
diagnostic criteria, 200-201
elderly patients, 324

predilection sites, 207
fluoride, 167-169, 239

experimental studies, 279-280
glass-ionomer restorations, 353, 361
hyposalivation, 103
microbiology, 124-125
predilection sites, 207
recurrent caries, 202
remineralization, 166-169
subgingival, 203

root surfaces
colonization, 113-114
scaling and probing, 78
susceptibility to caries, 169

ropy saliva, 318
Rose, G. (epidemiologist), 22
routine visits, 176, 185, 192
rubber dams, application of resin-based

sealants, 341, 344
rubber rings, application of resin-based

sealants, 344

rampant caries, see also nursing bottle
caries; severe early childhood caries

defined, 9
elderly patients, 324
microbiology, 123

randomized controlled clinical trials,
183-184, 264

longevity of restorations, 388-389
stepwise excavation technique, 382

rational choice model, 34
reabsorption, in salivary ducts, 87
reactionary dentin, 77
rebaudioside A, 145
recall intervals, 312-313

Odder (Denmark), 445
receiver operating characteristic curves, 180,

181, 430-432
radiography, 219

receptors, microflora attachment, 113
recording of diet, 311-312
recording of oral care habits, 313, 314
rectangular collimation, bitewing

radiography, 213
recurrent caries

after atraumatic restorative treatment, 397
defined, 9
diagnostic criteria, 201
failure of restorations, 395
glass-ionomer materials, 353
radiography, 217-218
root-surface caries, 202

red category, 308, 312
reentry, restorations, 369, 380, 382-384
refractive index, 53, 224
refurbishing of fillings, need for, 202
regression, white spot lesions, 58
regression analysis, logistic, 431
regulations, low- and middle-income

countries, 412
relapse of compliance, 313
reliability

detection methods, 23-24, 196-197
observers, 184-185
radiography, 219

remineralization, 155-156, 164, 165, see also

saccharin, 144
saliva, 83-106, see also flow rates;

hyposalivation; xerostomia
amylase, 92
application of resin-based sealants and,

341
biofilm and, 87-88, 90, 92
buffer capacity, 93-95
compositional analysis, 103
demineralization inhibitors, 57, 65
film thickness, 92
fluoride after toothbrushing, 251-252
hydroxyapatite, 97

ion activity product, 97, 157, 158, 159
on microflora, 90-91, 109-110

flow rates, 103
pellicle and, 89
peroxidases, 90-91, 298
remineralization and, 95, 295
secretion, 84-87
stimulants, 104, 318
substitutes, 318
sugar clearance, 92-93
urea, 97, 111

salivary ducts, 86
orifices, 7
saliva modification, 87

salivary glands, 84-87
function testing, 101-104
hypofunction, 325, see also

hyposalivation; xerostomia
Salivette method, 102

scars
caries lesions, 164, 165
critical pH values, 97
defined, 9
dentin, 166-169
fluoride on, 162, 163, 250, 251
plaque removal on, 66
role of pellicle, 89
root-surface caries, 166-169
saliva and, 95, 295
solutions for, 104
sugar alcohols and, 149
xylitol on, 295

renal failure, chronic, 97
repair of restorations, 363, 364
reparative dentin, 77
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slow release, see also sustained-release
vehicles

antibacterials, 289
fluoride, 310

Cochrane reviews, 269, 270
slow-release mechanism, fluoride from

salt, fluoridation, 270, 271, 413
sandwich technique, 354
sanguinaria extracts, 297
Saudi Arabia, 35
scales see measurement scales
scaling, root surfaces, 78
Scandinavian countries, see also specific

countries
caries reductions, 272

Scardovia wiggsiae, 123
scars, 66, 74

remineralized caries, 164, 165, 199, 237
scattering of light, 223-224
schools, health interventions, 412
screening, see also routine visits

mutans streptococci, 442
tonsillectomy, 185

scripts, clinical, 174, 175, 184, 192
sealant restorations, 354, 384

occlusal surfaces, 357, 358
sealants, 339-345

atraumatic restorative treatment, 345, 346
deciduous teeth, 368-369
performance, 351-352

longevity, 395-396
over carious dentin, 379-380

secondary caries see recurrent caries
secondary feeders (bacteria), 120
second molars, lesion progression

rates, 220
secretory end-pieces, salivary glands, 86
secretory immunoglobulin A, 91-92
selection of bacteria, see also resistance to

antibacterials
xylitol on, 295-296

self-efficacy, 447
sensitivity

diagnostic tests, 179, 180, 181, 182, 186,

staining
caries lesions, 11, 13
false positives from, 229
metal ions, 297
smoking, 15

standard 11609:2010 (ISO), 415
standard deviations, 29
stannous fluoride, 297
starches, 134, 142-143

amylase on, 92, 111, 142
DE values, 143

statherin, 57, 89-90
adsorption to enamel, 88
calcium binding, 96

Stenson’s duct, 84
Stephan curve, plaque pH, 94, 137, 138
stepwise excavation technique, 369, 380-384

glass-ionomer restorations, 353
steviolglycosides, 145
stick gum, 149

sorbitol, 148
sticky sugar, Yipeholm study, 134
stimulation of saliva, 84, 85-86, 87, 104, 318

flow rates, 98
stomach, fluoride absorption, 260
Stone Age, diet, 133
stones, salivary, 96
street dentists, 411
Streptococcus (spp.) > 108, 123

attachment receptors, 113
cariogenic features, 125, 126
colonization, 113-114
distribution on teeth, 117
low-pH strains, 128
signaling to host, 109

Streptococcus cristatus, 123
Streptococcus mutans, see also mutans

streptococci
aggregation, 91
competence stimulating peptide, 120
correlation with caries, 123
gene expression, 120, 288
genetic engineering, 291
hypovirulent strains, 150
serotypes, 123
sorbitol fermentation, 146
xylitol on, 147, 295

Streptococcus oralis, 380
Streptococcus pneumoniae, gene transfer, 288
Streptococcus sanguinis, 123

chlorhexidine, 293
root-surface caries, 124

Streptococcus sobrinus, 123
stress (operator stress), reduction, 348
subclinical caries, 22

partially -erupted teeth, 53-54
subgingival lesions, 203, 204
sublingual glands, 84
submandibular glands, 84
substantivity

antibacterials, 289
cetylpyridinium chloride, 296

subsurface region, preferential
demineralization, 56-57, 64,
160-161, 163, 198, 200

root-surface caries, 78, 79
succession (microbial), 114-116, 127
succinate, 111

pores, 253
smoking, staining, 15
smoothness, caries lesions, 198
smooth surfaces, lesions at, 9
snacks (between-meal eating), 134
snow-plough technique, 356, 357
social classes, water fluoridation results by,

266
social factors, 34-35, 40, 306

approach to diagnosis, 185-186
caries control failure, 319, 369-370
caries risk, 435
elderly patients, 326
low- and middle-income countries, 407

social gradient, 35
socioeconomic status, 33-35, see also

poverty
sodium, saliva, 85, 87
sodium dodecyl sulfate, 297-298
sodium fluoride, 104, 167
sodium hypochlorite, 378
sodium lauryl sulfate, on pellicle, 90
sodium monofluorophosphate (MFP), 251,

415
sodium-potassium pump, 86-87
soft dentin, removal, 239-241, 377
soft drinks, fluoride in, 260
soft foods, 329
softness

caries in elderly patients, 323
root-surface caries, 78

solubility
apatite, 158-161
enamel crystals, 157-158
fluoride in toothpaste, 258-259

solubility product
enamel (KSP
fluorapatite (KSPRA ), 159
hydroxyapatite (KSPH , ), 97, 157—

158, 159
solubilization, triclosan, 294
sonic tips (KaYo), 355
SOPROCARE system, 226
SOPROLIFE system, 226
sorbitol, 145-146

clinical studies, 148
with xylitol, 148-149

soundness, caries vs, 177
sour taste stimulation, saliva from, 84, 86
South Africa

atraumatic restorative treatment, 352
water fluoridation, 414

soya infant formula, 144
specificity

diagnostic tests, 179, 180, 181 , 182-183,

196
light and electrical methods, 229

in risk assessment, 426, 428, 433
sensors, digital radiography, 214
separation of teeth, 207-208, 216
separation rings, 356, 362
separators, orthodontic elastic, 208
serous glycoproteins, 89
serous saliva, 84
severe early childhood caries (S-ECC), 315,

see also nursing bottle caries
severity grading

caries lesions, 24
defined, 26b
thresholds for epidemiology, 25

shadows, 205, 206
from amalgam, 202
fiber-optic transillumination, 207

sialadenitis, 96
sialolithiasis, 96
signaling molecules, 120

antibacterials on, 290-291
Significant Caries Index, 25
silver diamine fluoride, 368
sinus tracts, 418
Sjogren’s syndrome, 99, 305
skewed distributions, epidemiological, 25,

29-30
slicing of enamel, for tooth cleansing, 241,

366, 367

), 159
ep -imel

186
light and electrical methods, 229

in risk assessment, 426, 428, 433
specific plaque hypothesis, 125
spitting method, saliva collection, 102, 103
sprays, 292

saliva substitutes, 318
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sucralose, 104, 145
sucromalt, 144
sucrose see sugar
sucrose substitutes, 143-149

noncariogenic, 144-149
suction devices, use in diagnosis, 205
suction method, saliva collection, 102
sugar (sucrose), 4, 141, see also diet

attacks, 311-312
caries risk assessment, 434-435
concentrations, in biofilms, 93
diet in low- and middle-income

countries, 407
drug addicts, 305
epidemiology, 37-39
fluoride on correlation with caries,

135-136

symptom-driven dental visits, 175
Syria, dentist-to-population ratio, 409
systematic reviews, on fluoride, 263-271
systemic intake of fluoride, 245, 248-249,

251, 256
guidelines, 271
pharmacokinetics, 260-261
from toothpaste, 258-259

systemic lupus erythematosus, Sjogren’s
syndrome, 99

toothbrushing, 119, see also cleaning of
teeth

of cavities, 239-241, 376
children, 309, 315, 316
cleanliness standards, 280
early childhood caries, 366
erupting teeth, 309, 316, 340
fluoride distribution, 251-252
fluorosis risk, 258
improvisation, 281, 282
instruction, 308-309
population studies, 281
restorations, 356
supervision, 270, 271, 280-281, 283, 309

tooth loss, 327
toothpaste, 292, see also oral hygiene

products
fluoride, 251, 252, 272

Cochrane reviews, 266-269, 270
concentrations, 269, 270, 271
experimental studies, 279
guidelines, 271
ingestion, 258-259
low- and middle-income countries,

413-415
taxes on, 414
using, 309-311
water fluoridation and, 260
xerostomia, 317

history-taking, 306
on pellicle, 90
peroxidases, 91
xerostomia, 317
xylitol in, 296

tooth separation, 207-208, 216
topical fluoride see fluoride under oral

hygiene products
trace elements, enamel, 156
tracking (epidemiological), 26, 27
training of dentists, 174-175, 375-376,

449-450
atraumatic restorative treatment,

350-351, 352-353
Denmark, 443
minimal intervention dentistry, 339

translucency of enamel, 51, 378, 379
loss see opacity

translucent zones
dentin, 71, 72
enamel lesions, 62-63
light in, 223

transport systems (bacterial), sugars, 125
treatment see control; restorations
trehalose, 144
trehalulose, 144
trends (epidemiological), 37, 39, 449, 450
trials see clinical trials
tricalcium phosphate, saturation, 160
triclosan, 292, 293, 294-295
Tristan da Cunha, 134
tropics, fluorosis, 257
true caries increment, 428
true positives and negatives, see also false

positives and negatives
in risk assessment, 426

truth, the, 177-178, 195-196
tubular sclerosis, dentin, 71-74, 75
tunnel preparations, 354

tablets, see also under fluoride
saliva stimulants, 318

tactile examination, with probes, 205
tagatose, 144
Tanzania

atraumatic restorative treatment, 345-346
hypermineralization of dentin caries,

75-76
targeted population approaches, 441
taste, elderly patients, 325
taste stimuli, saliva, 84, 86

sugar, 93
taxes, on fluoride toothpastes, 414
tea, fluoride in, 260
teams

for elderly patients, 327
oral health care, 450

teenagers
bitewing radiography, 222
caries control, 314-315
diet, 312
high-risk sites, 304
high-risk strategy, 440, 441
oral health promotion, 441-442
predilection sites, 207

telemetry, plaque pH, 137-141
temperature

air, water intake vs, 256
solubility of teeth and, 158

terminology, 9
tertiary dentin, 77
TF-index, fluorosis, 254-256
Thailand, Khon Kaen, atraumatic restorative

treatment, 346
thaumatin, 144
thiocyanate, 90, 298
third world see low- and middle-income

countries

isomers, 144
in medicines, 305
on microflora, 111
mouth rinsing experiments, 237, 278-279
oral clearance, 92-93
public policy, 412
on supersaturation with hydroxyapatite,

250
supplies vs DMFT, 135
synergism with biofilms, 281

sugar alcohols, 145-149
sugar cane, 133
sugar free labeling, misleading, 144
sugars

function in food, 141
transport systems (bacterial), 125

supersaturation, 160, 162
hydroxyapatite, 97, 158, 160, 250

supervised neglect, 369
supervision, toothbrushing, 270, 271,

280-281, 283, 309
supplements, fluoride

Cochrane reviews, 241, 269, 270
guidelines, 271

surfaces
abrasion, 58
bacterial adhesion, 290
factors acting at, 8
susceptibility, 7, 27

Grainger hierarchy according to, 26
root surfaces, 169

surface zone, 57
as diffusion barrier, 66
fluoride concentrations, 261, 262
histology, 61-62
on remineralization, 164
root-surface caries, 78

surveillance, low- and middle-income
countries, 416

sustained-release vehicles, 292
swallowing, sugar clearance, 92
Sweden, 37, 39

caries risk assessment, 427
sweeteners, 141-149

xerostomia, 104
sweetening of the world’s diet, 407
sweets (betvreen-meal eating), 134
Switzerland, population studies, 134
symbiosis, microflora and host, 109
symbols, for documentation, 199, 200
sympathetic stimulation, salh ary glands, 87

thresholds
of detection, 22, 195
for epidemiology, 25
risk assessment, 428

multiple, 429-430
Thylstrup and Fejerskov, TF-index,

fluorosis, 254-256
Tiel-Culemborg studies, 247
time factor, caries causation, 39-40
tissue saving, atraumatic restorative

treatment, 349
titratable base, salivary buffers, 93
Tomar and Cohen, quoted, 450
Tomes processes, pits, 51-52, 60, 61
tongue, cleaning, 104
tonsillectomy, screening, 185
toothache, on frail patients, 326-327
toothbrushes, 309

mswaki, 282
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D, designation, 24
differential diagnosis, 201-202
light in, 224
loss of translucency, 58
polarized light microscopy, 61-62

whitlockite crystals, 71, 157, 160
whole saliva, 84

flow rates, 98
women, incidence of caries, 31, 32
workforce planning, low- and middle-

income countries, 409-411
World Health Organization

Country/Area Profile Project database,
35-37

diagnosis according to cavitation, 197
on diagnostic criteria, 22
on noncommunicable diseases, 324

Turku sugar study, 135, 148
21 city study, 246, 247, 248
2 x 2 tables, 179, 180

cavity diagnosis, 195-196, 197
risk assessment, 425, 426

Vietnam, epidemiology, 33
Vipeholm study, 37, 134-135
viscosity

saliva, 84
excess, 318

saliva substitutes, 318
visits see dental visits; recall intervals
YistaProof fluorescence camera, 225
visual-tactile detection methods, 178,

191-210, 304
benefits and limitations, 208-209
clinical approach, 205-208
diagnostic criteria, 195-201

commonly used, 197-201
in epidemiolog), 23-24
evaluation, 182, 183
preference for, 187
radiography vs, 208, 209, 229
at recall, 313

voids, avoiding, 356, 357
von Ebner glands, 84

ulceration, 418, 419
uncertainty, diagnostic, 185
under-developed countries see low- and

middle-income countries
undermined enamel, 160-161

discoloration, 15, 16, 17
occlusal caries, 68, 69

United States of America, detection
methods, vs Europe, 24

United States Public Health Service
system, assessment of restorations,
388, 397

University of North Carolina, Caries Risk
Assessment Study, 435

unstimulated saliva, collection, 101-102
urea, saliva, 97, 111
urease, S. mutans strain expressing, 150
urine, fluoride, 261

xerostomia, 98-101, 305
atraumatic restorative technique, 352
caries control, 317-318
causes listed, 100, 305
elderly patients, 329
microbiology, 123
polypharmacy, 325
recall inter\ als, 313
symptom relief, 318
treatment, 104

xylitol, 146-147, 292-293, 295-296
clinical studies, 148-149, 295
sorbitol with, 148-149

wartime restrictions, 134
water

in enamel crystals, 156
intake vs air temperature, 256
natural fluoride, 246, 247

fluoride toothpastes and, 414
refractive index, 224
as solvent, 157

water fluoridation, 248, 251
on dental practice, 175
dosage, 256-257
historical aspects, 247
low- and middle-income countries, 413,

414
politics, 272
toothpaste and fluorosis, 260
York review, 263, 264, 265-266

website, xerostomia, 99
weight, children, 258
weight loss, intense sweeteners and, 144
wetness, appearance of caries, 198
Whartons duct, 84
white spot lesions, 8, 9, 11, 13, 14

approximal surfaces, 58-63

validity
detection methods, 23-24, 195-196
radiography, 218-219

Yantaa (Finland), high- risk strategy,

440-441
variability, clinical decisions, 174-175
varnishes, 292

chlorhexidine, 294
fluoride, 252, 310

Cochrane reviews, 266-269
vegetables, intraoral cariogenicity testing,

years-lived-with-disability (YLD), 416
yeasts, 109

caries risk prediction, 434
yellow category, 308, 312
Ylievska studies, 148
York review, water fluoridation, 263, 264,

265-266
Youdens index, 182, 426, 427

141
vehicles (delivery formulations), 292
Veillonella (spp.)

acid production, 111
metabolism, 120
root-surface caries, 124

Veillonella parvula, 123
vertical transmission, microflora, 108
viability, bacteria in biofilms, 119
vicious cycle, re-restorations, 185, 388, 399

zinc, 297
sanguinaria extracts, 297
sodium dodecyl sulfate with, 298

zinc citrate, triclosan formulations, 294
zone of destruction, dentin, 75
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