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Introduction

Dental hard tissue consists of highly mineralized enamel, as
well as dentin and cementum, which contain a much greater
proportion of organic matrix. The mineral phase of the dental
hard tissues is not pure hydroxyapatite (HAP = Ca,, (PO,); OH,),
but rather is a calcium-deficient biomaterial in which numerous
other ions are incorporated. Building hydrogen phosphate,
carbonate and magnesium ions into the HAP lattice leads to a
less stable, more soluble apatite. The greater proportion of
carbonate in dentin (5.5%) than in enamel (3%) makes dentin
crystals more susceptible to acid attack. However, the partial
substitution of fluoride ions for OH groups in the crystal lattice
can stabilize the apatite structure to a certain degree.

In healthy human enamel, fluorhydroxyapatite (FHAP) or
fluorapatite (FAP) are present in addition to HAP, although in
the outermost enamel layer, less than an average of 5% of
the OH groups of HAP are replaced by fluoride. At a depth of
50 pm, this percentage drops further.

The present article discusses the importance of fluoride for
caries prevention (FEATHERSTONE 2000, Lussl 2010) (Fig. 1) and
presents practical recommendations for the use of fluoride.
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Fig.1 The caries balance. Pathological and protective factors which shift
Enamel is a calcium-deficient, carbonate-rich hydroxyapatite.  the caries balance between de- and remineralization (modified from Feather-
In its stable state, there are sufficient Ca?*, PO,*, OH and F  stone 2000)
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ions in the immediate vicinity of the crystals to maintain an
equilibrium with the surrounding fluid.

The (active) concentrations (activities) of these ions deter-
mine the degree of saturation of the solution. The latter then
determines whether HAP dissolves (“undersaturation”) or de-
posits minerals from the environment in the enamel (“super-
saturation”). During cariogenic acid attack, plaque bacteria
form organic acids from carbohydrates; as the acids dissociate,
H* ions are released. The increased H* concentration (low pH
value) in the plaque fluid surrounding the tooth decreases the
OH™ concentration. In addition, the H* ions protonate phos-
phate ions (PO,*) in the plaque fluid to HPO,> and especially
to H,PO,~ (DAwWES 2003). Because the PO,* concentration de-
creases at low pHs, phosphate ions (PO,*) and later hydroxyl
ions (OH") dissolve out of the tooth in order to maintain the
solution’s equilibrium at the vicinity of surface. This process —
also to maintain neutrality - finally leads to the release of
calcium from hard tooth substance, i.e., the tooth dissolves
(DAWES 2003).

The dynamic of this dissolution process depends not only
on the composition of the enamel, dentin and cement crystals
but also on the plaque surrounding the tooth. This situation
explains both the different critical pH values for enamel (ca.
5.5) and dentin (ca. 6.3), and to a certain extent the variations
in caries activity between patients, because the calcium, phos-
phate or fluoride content of the saliva and plaque can vary
from patient to patient. The frequency of sugar consumption
and lack of oral hygiene influence these factors and play an
even more important role.

Erosions arise when plaque-free teeth are chronically exposed
to endogenous or exogenous acids. In the process of erosion,
not just the pH value alone is important but also the calcium,
phosphate and fluoride content of the erosive beverage con-
tacting the tooth. For this reason, the “critical” pH value for
erosion can be much lower if the beverage or food contains
added calcium.

The inhibition of demineralization by fluoride

Numerous studies have comprehensively documented that the
incorporation of fluorides into the mineral components of
enamel only slightly reduces its solubility (ARENDS & CHRISTOF-
FERSEN 1986, TEN CATE & DUIJSTERS 198%). Small amounts of
fluoride in solution around the tooth inhibit demineralization
more effectively than incorporated fluoride and have a much
greater caries-protective potential than a large proportion of
FAP in enamel mineral. In a fundamental experimental ap-
proach, OGAARD ET AL. (1988) used shark dental enamel, which
almost completely consists of pure FAP. In comparison, healthy
human enamel contains considerably less F-, which is primar-
ily located in the outermost layer. In shark enamel, which has
a fluoride content of 32000 ppm, approximately 99% of the
OH-sites are replaced by F, whereas in human enamel, this is
the case at less than 5% of the OH sites. In the in-situ part of
the study mentioned above (OGAARD ET AL. 1988), shark and
human enamel were mounted in a removable appliance which
was also equipped with plaque-retentive elements. In both
shark and human enamel, carious lesions developed, although
lesion depth was somewhat less in shark enamel. Another part
of the study showed that mineral loss in human enamel was
even lower than in shark enamel when the participants rinsed
daily with a 0.2% NaF solution. The hypothesis was thus con-
firmed that free fluoride ions in solution around the tooth or
enamel crystals play a much more important role in caries
prevention than fluorides incorporated in the enamel crystals
themselves. Under these conditions, fluoride ions are in part
adsorbed onto the crystalline surface and are in dynamic equi-
librium with the fluoride ions in solution in the immediate
vicinity. In the fluid surrounding the crystals, this leads to an
equilibrium or supersaturation relative to fluor(hydroxy)apa-
tite and hence to reprecipitation of minerals. In addition, the
adsorption of fluoride on the crystals is thought to offer direct
protection from demineralization. In (fluoride) unprotected
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areas, however, enamel crystals can be locally dissolved during
an acid attack. These low fluoride concentrations are also at-
tained after consuming foods containing fluoridated table salt,
since the F~ content of saliva significantly increases for about
30 minutes after such meals (HEDMAN ET AL. 2006). It can be
inferred that fluoridated drinking water and table salt also
function according to this mechanism, since the formation of
CaF, at these low concentrations and at this pH is unlikely.

Calcium fluoride (CaF,)

Calcium fluoride is considered an important factor for caries
prevention (Fig. 2), or to be more precise, a calcium fluoride-
like material. It precipitates on the tooth’s surface when com-
pounds containing F~ are applied. The calcium originates either
from saliva or in part also from the tooth after application of
slightly acidic fluoride solutions (SAXEGAARD & ROLLA 1989,
LARSEN & RICHARDS 2001). Because this precipitate can be dis-
solved from the enamel surface with potassium hydroxide
without negatively influencing the fluoride structurally incor-
porated in the enamel mineral, it is also termed KOH-soluble
fluoride (CASLAVSKA ET AL. 1975).

In vitro, the short-term application of neutral fluoride prepa-
rations leads to the formation of only very low amounts of
CaF,. However, much greater amounts are found when the
enamel has been altered by initial caries lesions (HELLWIG ET
AL. 1987, BRUUN & GIvskov 1991). In systematic examinations,
SAXEGAARD & ROLLA (1988) found an increase in CaF,formation
by decreasing the pH of the fluoride solution, increasing the
F~ concentration, prolonging the exposure times, etching the
enamel surface, and making additional calcium available. In
vitro, calcium fluoride is only formed at fluoride concentra-
tions of at least 300 ppm when solutions with a neutral pH are
applied. In contrast, at pH 5, a concentration of 100 ppm fluo-
ride is sufficient to initiate spontaneous precipitation of cal-
cium fluoride (LARSEN & JENSEN 1994). These findings provide
the foundation for attempts to develop means of local fluorida-
tion which will lead to CaF, formation on tooth surfaces after
relatively brief contact.

In SEM observations, CaF, appears as spherical globules, the
morphology of which can vary in terms of amount and size.
Using an acidic aminefluoride solution, the first CaF, globules
already form after 20 seconds, using acidic sodium fluoride
somewhat later, and using sodium monofluorophosphate
(MFP), CaF, does not form at all in vitro (PETZOLD 2001). Be-
cause the fluoride in MFP is covalently bound, it must first be
released in the oral cavity by hydrolysis before it can react with
calcium. Thus, after applying a low-dosage aminefluoride den-
tifrice (250 ppm), HELLWIG ET AL. (1990) found considerable
amounts of KOH-soluble fluoride on the enamel, but not after
applying a toothpaste containing MFP. This facilitation of CaF,
formation by low pH was confirmed in an in-situ study compar-
ing a neutral-pH toothpaste containing sodium fluoride with
an aminefluoride-containing toothpaste of pH 5.5. After 4 weeks
of application, CaF, formation on enamel was markedly higher
with the aminefluoride toothpaste (KLIMEK ET AL. 1998)

Pure CaF, does not form in vivo, because phosphates, pro-
teins and other substances are deposited on it. This stabilizes
the precipitate and makes it more resistant to acids. The stabil-
ity is chiefly due to the adsorption of hydrogen phosphate ions
HPO,> on the surface of the CaF, crystals, giving rise to a
solubility-inhibiting protective film. During a carious attack,
F~ ions are released from the CaF, depot due to the reduced
HPO,* ion concentration at acidic pHs. Hence, CaF, functions
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as a pH-driven F reservoir, which releases F~ at low pHs during
an acid attack and remains stable longer on the enamel surface
at neutral pHs (ROLLA & EKSTRAND 1996). Based on these mech-
anisms, CaF, is considered the main source of free F~ ions dur-
ing acid attacks. The F~ ions released both inhibit demineraliza-
tion and promote remineralization. During a carious attack,
they are substantially more important than a high F content
of the enamel crystals (FEJERSKOV ET AL. 1981).

Because saliva is undersaturated with respect to CaF,, the CaF,
film exists only relatively briefly. Most of it is lost already just
a few hours or days after fluoridation. In contrast, after ap-
plication of highly concentrated fluoride solutions preceded
by enamel etching, CASLAVSKA ET AL. (1991) still found substan-
tial amounts 6 weeks later in enamel biopsies, with small
amounts of CaF, detectable even after 18 months. After a
single application of a concentrated local fluoride, ATTIN ET AL.
(1995) observed an 80% loss of CaF, after 5 days in situ. Nev-
ertheless, in this and other studies, a simultaneous increase in
the structurally bound fluoride in initial enamel lesions was
also apparent (HELLWIG ET AL. 1989, BUCHALLA ET AL. 2002). The
dissolution of the CaF, film also leads to a caries-prophylacti-
cally relevant increase in the fluoride concentration of saliva
and plaque. This was shown in a study by IssA & ToumBA (2004),
where 2 hours after applying an aminefluoride or sodium
fluoride toothpaste, an increased fluoride concentration was
still evident in saliva. If, after professional tooth cleaning, the
teeth are coated with CaF,-forming fluoride preparations, the
plaque which forms later exhibits more F~ and thus provides
better protection from demineralization (TENUTA ET AL. 2008).

Calcium fluoride is certainly the most important and pos-
sibly even the only reaction product on the dental hard tissues
after local application of fluoridation media (ROLLA ET AL.
1993). It is equally certain that the protective calcium-fluoride-
containing film coating the enamel — from which fluoride is
released, depending on pH - plays a particularly important role
in the caries-prophylactic effect of fluoride.

Promoting remineralization by fluoride

At a neutral pH of 7, low ion concentrations are sufficient to
keep dental hard tissues in equilibrium. If the pH drops due to
acid production by the plaque, higher ion concentrations are
necessary to prevent dissolution. At a pH of ca. 5.5, under-
saturation begins, that is, the calcium- and phosphate-ion
concentrations in the plaque fluid are not sufficient to main-
tain the enamel in stable equilibrium; thus, the enamel starts
to dissolve (Fig. 3 yellow and red area). In contrast, fluorhy-
droxyapatite (FHAP) and fluorapatite (FAP) remain stable even
at lower pHs; for these two minerals, undersaturation and
subsequent dissolution begin at a pH of around 4.7. With in-
creasing pH, supersaturation with respect to FHAP begins first,
which means that during remineralization FHAP and FAP form
first as long as fluoride is present in the oral cavity. Conse-
quently, during remineralization after acid attack, a redistribu-
tion of mineral phases occurs, in which the proportion of stable,
carbonate-poor FHAP in the enamel increases at the expense
of carbonate-rich HAP. Because of this, demineralized and
subsequently remineralized dental enamel is somewhat more
acid resistant than undamaged enamel. During remineraliza-
tion, the contribution of saliva with Ca?*, PO,*” and OH" ions
in addition to the presence of dissolved F is important.

To summarize, because of its low solubility product, fluor-
hydroxyapatite forms more rapidly even in slightly acidic
milieus than do the other calcium phosphate phases, which
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Fig.3  Solubility curves for enamel and fluorhydroxyapatite (modified from
Lussl 2010).

means that fluoride accelerates and promotes remineraliza-
tion.

The fluoride content of healthy enamel is lower than in an
initial (white-spot) lesion, since the latter has already under-
gone many de- and remineralization phases. Figure 4 depicts
the various regions of a white-spot lesion. In the superficial area
(B), WEATHERELL ET AL. (1977) found dramatically increased
F~ concentrations of over 1100 ppm, whereas in healthy enamel
surfaces (A) just 450 ppm were detected. Towards the center
of the lesion (C), the fluoride concentration dropped to about
150 ppm, as in deeper enamel layers, where the fluoride con-
centration was only ca. 100 ppm. Thus, compared to pure
fluorapatite, healthy enamel has incorporated approximately
2% fluoride. Under optimal remineralization conditions, this
value can increase in the surface of an initial caries lesion.

The increased fluoride concentration in the superficial region
of a white-spot lesion is partly based on fluoride-promoted
remineralization, i. e., on the formation of fluoride-rich apatite,
and partly on increased F intake due to the porous surface
of the white spot (HALLSWORTH ET AL. 1975). When fluoride is
present, demineralized crystals serve as nuclei for the accumu-
lation of new mineral. As described above, fluoride accelerates
this process, because remineralization is already possible at
lower pHs. The result is a fluoride-rich, carbonate-poor, acid-
resistant surface mineral layer (Fig. 5). For these reasons, initial
caries lesions should not be operatively removed.

In this context, it is worth mentioning that dentin demands
a considerably higher fluoride concentration in its surrounding
solution than enamel does to reach an equivalent degree of
demineralization inhibition. This is important in root-caries
prevention. BAYSAN ET AL. (2001) demonstrated that a high-
fluoride toothpaste (5000 ppm) used at least daily remineral-
ized initial root caries lesions.

Antimicrobial effect of fluorides

In the laboratory, it was shown that the carbohydrate metabo-
lism of oral streptococci and lactobacilli can be inhibited by
fluoride (BALZAR ET AL. 2001). Particularly at low extracellular

Fig.4 Fluoride content of healthy enamel and different areas of a white spot
(initial lesion) (modified from WEATHERELL ET AL. 1977)

pHs, fluoride is transported as HF into the bacterial cell, where
it then dissociates into H* and F (LI & BOWDEN 1994). This
process leads to an accumulation of fluoride inside the cell and
simultaneously to an over-acidification of the cytoplasm. In the
cell, fluoride can inhibit two enzymes: enolase and the proton-
releasing adenosine triphosphatase (SUTTON ET AL. 1987). The
over-acidification of the cytoplasm can also inhibit the mecha-
nism of glucose transport into the cell. Although these mecha-
nisms have been relatively reliably proven in simple cell cul-
tures, there is still no proof that this antimicrobial effect of
fluoride contributes to caries prevention, as it is possible that
the fluoride concentrations in the oral cavity are too low to
exert a prophylactic effect (TEN CATE & VAN LOVEREN 1999).
Another mechanism which has been discussed is the inter-
ference in bacterial adhesion to the tooth’s surface after pre-
treatment with fluoridated compounds (vAN DER MEI ET AL.
2008). However, discrepant results have been reported. Al-
though some studies demonstrated that bacterial adhesion and
in part also bacterial metabolism are impaired by such pre-
treatment, other studies found no difference between un-
treated and treated enamel. Nevertheless, there is some indica-
tion that cations of fluoride compounds - e.g., stannous or
amine components — can impair bacterial colonization (VAN
DER MEI ET AL. 2008). Contradictory results have also been
reported on the effect of fluorides on plaque composition. On
the one hand, it was shown that under the influence of fluo-
rides, the number of Mutans streptococci decreased; on the
other hand, other studies found no difference in the plaque
composition of people living in areas with highly fluoridated
drinking water vs. those in areas where the drinking water
contained little fluoride (KILIAN ET AL. 1979). In addition, the
widespread use of fluoride toothpaste has not changed the
number of Mutans streptococci in plaque. At this juncture, it
should be noted that even in acidic fluoride compounds, only
a small proportion is present as HE. The pK value of hydroflu-
oric acid is 3.14, which means that at this pH, half of the acid
is present as HF and half as F. At a pH of 5, only about 1%
exists as HF and the rest as free fluoride. Such low pH values
are only expected on the tooth’s surface for very short periods.
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Fig.5 Overview of de- and remineralization processes (modified from
FEATHERSTONE 2000).

For many years, it was thought that certain bacterial species
could adapt to continual exposure to fluoride and that the
potentially caries-preventive effect of fluoride would therefore
be lost. Upon closer examination, however, it was found that
this adaptation leads to decreased acidogenicity of human
plaque; thus, the anticariogenic effect is instead maintained
(TeN CATE & VAN LOVEREN 1999).

Overall therefore, it can be said that the caries-preventive
effect of fluorides can only be very slightly attributed to an
effect in the oral biofilm, if at all.

Caries-reducing efficacy and fluoride
recommendations

The caries-prophylactic effect of locally applied fluoride com-
pounds has been emphasized in numerous systematic review
articles (MARINHO ET AL. 2002a, b, MARINHO ET AL. 20034, b, ¢,
MARINHO ET AL. 20044, b, WALSH ET AL. 2010). Only scarce evi-
dence from clinical studies exists on the use of fluoride tablets.
The available information recommending fluoride tablets as-
sumes that they are locally effective on erupted teeth. In agree-
ment with other, older reviews, a recent review article (ROzIER
ET AL. 2010) states that fluoride tablets should only be prescribed
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for children who have a high caries risk and who do not regu-
larly use other means of fluoridation (e. g., fluoridated drinking
water, fluoridated table salt, fluoride toothpaste). If the tablets
are used at all, they should be used regularly by sucking/letting
dissolve in the mouth. Because the effect of fluorides is pre-
dominantly local on the tooth, prescription of fluoride tablets
is now rare or has been discontinued in most countries.

The body of evidence for table-salt fluoridation is also rather
weak (YENGOPAL ET AL. 2010). However, it may be assumed that
table-salt fluoridation is an effective caries-preventive measure,
although in countries which already have a high level of caries
prevention, the additional effect of fluoridated table salt is
hardly quantitatively detectable.

Daily use of fluoride toothpaste forms the foundation of
caries prophylaxis with fluorides, as it is readily available and,
when used regularly, continually provides fluoride ions for
caries-protective processes on the tooth’s surface. This caries-
prophylactic effect is evident in all age groups (MARINHO ET AL.
20033, ¢) and increases with increasing fluoride concentration
(Walsh ET AL. 2010). Several studies have shown that children’s
toothpastes with a fluoride content of 500 ppm are also effec-
tive in terms of preventing caries (STOOKEY ET AL. 2004, LiMA
ET AL. 2007). Especially in countries where other means of
fluoridation are implemented (e. g., table salt, drinking water),
only children’s toothpaste should be used in children up to
age 6 in order to prevent fluorosis caused by excess fluoride inges-
tion, despite a recent Cochrane review to the contrary, which
recommends toothpaste with a fluoride content of 1000 ppm
and more (WALSH ET AL. 2010). Furthermore, it is known that
the effect of fluoride toothpaste increases with more frequent
toothbrushing (MARINHO ET AL. 2003a). In addition, profession-
ally applied fluoride compounds, such as varnishes or gels, are
recommended especially where the caries risk is high (MARINHO
ET AL. 20033, b). Applied four times per year, this contributes
to an improved caries-preventive effect.

Fluoride gels can also be individually brushed on once a week.
Systematic reviews show that this reduces caries to a similar
extent as quarterly application by a dental professional (MARINHO
2002a). Fluoridated mouthwashes should first be given to
children when they are old enough for school, and then only
if an increased caries risk exists (MARINHO ET AL. 2003b). How-
ever, fluoridated mouthwashes are recommended for patients
wearing fixed orthodontic appliances (OGAARD ET AL. 2006). A
randomized, prospective, clinical study also showed that the
supervised use of fluoridated mouthwashes in adolescents led
to a lower incidence of caries in the approximal area compared
to a control group (MOBERG SKOLD ET AL. 2005). Studies from
the 1990s found 20% more caries in those who rinsed thor-
oughly after brushing (CHESTERS ET AL. 1992, SJIOGREN & BIRKHED
1993, O'MULLANE ET AL. 1997) than in those who used other
rinsing methods. However, a later prospective study with
monitored toothbrushing showed that rinsing did not have
the negative influence assumed previously (MACHIULSKIENE ET
AL. 2002). The same situation was shown for approximal caries
prophylaxis. With the recommendation to rinse with a small
amount of water, a caries reduction was obtained while also
spitting out most of the toothpaste with its numerous addi-
tives. Further studies are necessary to make a definitive, general
recommendation on rinsing for all ages. Figure 6 illustrates the
recommendations on fluoride application. In this form, they
constitute the basis of the German and Swiss fluoridation
guidelines. In caries-active children, children’s toothpaste can
be started twice a day at an earlier timepoint than indicated in
the guidelines.



Fluorides — Mode of Action and Recommendations for Use Research and Science

and

home use

or

application by dentist or supervised by dentist

age 0 2 - 6 8 10

basic prevention

possible additional fluoridation measures, especially given high caries risk

Fig.6 Recommendations for fluoride use.

In 2005, the European Food Safety Authority (EFSA) deter-
mined that fluoride is not an essential trace element for human
growth and development. In an official statement on the fluo-
ridation of drinking water, the Scientific Committee on Health
and Environmental Risks (SCHER) of the European Commis-
sion also wrote that although the scientific evidence for the
protective effect of locally applied fluoride is strong, the data
supporting systemic application are less convincing. It is no-
table that only part of the caries decline in schoolchildren
observed in Switzerland can be explained by fluoridation
measures (STEINER ET AL. 2010). Finally, the Guidelines of the
American Academy of Pediatrics (AAP) recommend supervised
toothbrushing with fluoride toothpaste for all children who
have at least one erupted tooth.

Fluoride is, of course, no miracle cure; neither is caries a
fluoride-deficiency disease. This explains why the efficacy of
fluoridated compounds decreases with increasing caries activ-
ity. Thus, in children and adults with high caries risk, further
measures are necessary, such as improving oral hygiene, nutri-
tion counseling and guidance, as well as regular dental check-
ups. As in many other diseases, however, social factors are also

at work in cariogenesis. The political responsibility is thus
given to establish appropriate conditions that facilitate good
education and an adequate social environment, especially for
children.

Résumé

Plusieurs auteurs ont démontré que la réduction de la carie
dans les pays industrialisés durant les dernieres décennies re-
pose sur l'application de fluorure. Cependant, c’est surtout
I’application locale de fluorure et principalement l'usage de
pate dentifrice fluorée qui sont d'importance majeure. L'apatite
de fluorure a un faible potentiel de protection contre la carie,
alors que les fluorures faiblement liés dans I’environnement
de I’émail sont non seulement actifs dans la promotion de la
reminéralisation, mais aussi dans I’inhibition de la déminéra-
lisation. Si nous comparons la réduction de caries dans le
meéme laps de temps que l'utilisation répandue de dispositifs
de fluoridation topique, il est tout a fait justifié de conclure
que 'application réguliere de fluorures a un effet cariostatique.
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