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Enamel remineralization: how to explain it to patients
F. Barbakow* / T. Imfeld* / F. Lutz*

The term remineralization of initial enamel caries is frequently used, but mainly at
research conferences and in lecture rooms. Clinicians avoid discussing remineralization
and white-spot enamel lesion formation with patients because details of ¡he processes
are complex. Fatients, therefore, incorrectly assume thai cavitation occurs right at the
onset of caries and that a restoration must be placed to halt further progression of the
lesion. Although laboratory and clinical studies have shown that initial white-spot en-
amel lesions can remineralice, patients have little or no access to this information. The
.schematic diagrams in thi.s paper explain the diffusion of organic acids from plaque
between enamel crystals, the partial loss of mineral from enamel crystals, and subse-
quent demineralization and remineralization that produces the white-spot lesion. Fur-
ther, these diagrams may help clinicians explain remineralization as simply as possible
to patients who present with white-spot enamel lesions-
(Quintessence Int 1991:22:341-347.)

Introduction

Healthy enamel, although well mineralized at erup-
tion, undergoes continual chemical and physical
changes throughout the life of the individual. The
chemical changes include enamel maturation, caries,
and erosion, while the physical changes may include
various types of abrasions, cracks, and fractures. En-
amel maturation is the result of the continuous dy-
namic exchange of ions from pellicle, plaque, and oral
fluid into Ihe surface enamel and vice versa. However,
caries results from the dynamic interaction of demi-
neralizing and remineralizing phases on enamel cov-
ered by an acid-producing plaque. In contrast, enamel
erosion occurs when surface enamel crystals are totally
etched by dietary or regurgitated acids, without the
involvement of plaque bacteria.

The incidence of caries has decreased in several in-
dustrialized countries.'"^ Unquestionably, the reduc-
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tions are mainly due to administration of fluoride
through different vehicles (dentifrices, drinking water,
rinses, table salt, tablets, and topical applications).''
The exact anticarious mechanisms of fluoride are not
fully understood, but several well-founded theories
have been proposed. They include the ability of fluor-
ide to reminerahze enamel and the effect of fluoride
on enamel dissolution, bacterial plaque metabolism,
surface tension changes of the cell walls of plaque
bacteria, and tooth morphology. However, the poten-
tial of fluoride to remineralize initial enamel lesions
is accepted to be its main modt: of action.^'

The purpose of this paper is to summarize the de-
mineralization and remineralization processes using
schematic diagrams. The diagrams could also be used
to explain remineralization to patients and to stress
the advantages of reminerahzing initial lesions instead
of placing restorations once cavilalion has occurred.

Physicochemical nature of enamel crystals

A basic knowledge of enamel crystal structure is need-
ed to grasp the principles of remineralization. Enamel
is an impure biologic mineral consisting mainly of
several types of apatitic crystals (hydroxylapatite,
fluorohydroxylapatite, or fluoroapatite). In addition.
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other crystalline and amorphous forms of calcium and
phosphates are also found in enamel (dicalcium di-
phosphate dihydrate and octacalcium phosphate).
Apatite crystals have a lattice containing calcium and
phosphate, hydroxyl, fluoride, carbonate, and other
ions (Fig 1).' The lattice is enveloped by a layer of
adsorbed ions and by a hydration layer containing
calcium, phosphates, carbonate, bicarbonates, fiuor-
ide, hydroxyl, magnesium, and other ions, Stoichio-
metrically pure hydroxylapatite (Ca,i,[PO4]f,[OH]2) has
a calcium-to-phosphorus ratio of 1,67 mol/L, How-
ever, natural enamel crystals are deficient in calcium
and hydroxyl ions, and these vacancies produce cal-
cium-to-phosphorus ratios of less than 1,67 mol/L,
Inorganic ions make up 95% by weight of the enamei,
while the organic material (1%) is almost equally di-
vided between lipids and proteins,^ Although the hy-
dration layer constitutes about 4% by weight of en-
amel, it makes up almost 15% of its volume. It is
considered that fiuoride exerts its main anticarious
effect in this liquid phase.

Demineralization

Based on the diagram of crystals in Fig 1, enamel just
prior to eruption may be schematically depicted as
shown in Fig 2. However, the enamel surface soon
undergoes changes in the orai environment. These
changes can be positive, resulting in a better niiner-
ahzcd, more mature enamel. However, negative
changes can also occur, particuiariy when tbe enamei
is covered with plaque (Fig 3).

A continual exchange of calcium and phosphates
(ionic and bound forms) normally occurs between
plaque and the oral fluids (Figs 3 to 5). In addition,
fermentable carbohydrates diffuse into plaque, where
they arc metabolized and produce organic acids of
low pK (iactic, formic, pyruvic) and high pK (butyric,
propionic, acetic),' These acids may be buffered hy
the various systems available or may diffuse within the
plaque or into the oral fluid. However, they may aiso
cross the piaque-enamel interface and partially de-
mineralize the surface and subsurface crystals (Fig 4),
Factors affecting the movement of calcium and phos-
phate ions include their concentrations, diffusion
rates, and prevailing pH values,*

The organic acids that cross the plaque-enamel in-
terface in either dissociated or undissociated forms can
diffuse along the hquid phases between the enamel
crystals (Fig 4) or within the crystals themselves,*'"
Again, dissolution constants, pH values, eoncentra-

tion, and Other diffusion factors govern the diffusion
rates of the acids into the enamel and the mineral loss
from the crystals. The acids desorb or dissolve ions
from either the layer of adsorbed ions, the lattice, or
both. However, the crystals remain intact because only
some of the calcium, pbosphate, and other ions orig-
inally present in the crystals are lost. Consequently,
the affected crystals are termed partially demineralized
or hyponiitieralized (Figs 4 and 5). On the average,
hypomineralized crystals are smaller than their origi-
nal counterparts." The desorbed hydroxyl ions have
the potential to neutralize the acids,'' probably acting
as a self-limiting system.

Demineralization and remineralization

Calcium, phosphate, and other ions dissolved from
the crystals can diffuse along the hydration layers or
the layers of adsorbed ions. Adjacent crystals, unaf-
fected by the acid, may adsorb these dissolved ions.
Such crystals may accumulate a higher mineral con-
tent than before the demineralization, are on the av-
erage larger than normai crystals," and are tenned
hypermineratized (Fig 4),

The number of acid attacks on the ename! surface
increases with a persistent cariogenic chailenge. This
increases the number of hypomineralized and hyper-
mineralized crystals, and the dissolved ions can diffuse
in all directions within and between enamel crystais.
These ions ean then be adsorbed by hypomineralized
crystals and may be termed remineralized crystals be-
cause of their increased mineral content. The mineral
in remineraüzed crystals may equal or even exceed
their original content prior to the partial deminerali-
zation (Fig 5). Finally, the dissolved calcium and phos-
phate ions may also diffuse across the enamel-plaque
interface into the piaque.

The role of fluoride

Fluoride is present in the oral fluid (0.02 ppm), in
plaque (100 ppm). and in high concentrations in the
outer 5 ¡im of the surface enamel. Several theories have
been proposed to explain the role of fluoride in the
demineralization and remineralization processes,
Fiuoride ions can diffuse within the plaque (Fig 3), or
they can cross the plaque-enamel interface in either
the ionic form or bound as hydrofluoric acid (HF)
(Figs 4 and 5), The fiuoride in plaque probably de-
creases the total amount of acid that could cross the
plaque-enamel interface. This is because HF is formed
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Fig 1 An apatite crystal stiowing the crystal lattice, ttie
layer of adsorbed ions, and the hydration layer. (Woditied
from tsleutnann and Neumann.')
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Fig 2 The enamel surface is composed ot numerous apa-
tite crystals sucti as ttie crystal stiown in Fig 1.

Fig 3 Surface enamel apatite crystals at ttie enamel-
plaque intertace before any (H') acids have crossed the
intertace. A continuous exchange ot calcium and phos-
phates occurs between ttie oral fluid and ttie plaque, de-
pending upon pH, diftusion coefficients, and concentrations.
Fluoride is also present in the plaque. Fermentable car-
bohydrates diffuse into the plaque from which acids are
formed that can diffuse in all directions.

Fig 4 Acids crossing tfie enatnel-plaque interface. Sound
enamel crystals have been partially demineraiized (hypo-
mineralized) by the acids. Tfiey are smaller than ttie sound
crystals but are not totaliy dissolved. The surface remains
intact but more porous. Sound adjacent crystals tiave ad-
sorbed the dissolved calcium and phosphate ions and have
become iarger (hypermineralized). Fluoride ions in tfie en-
amel fluid pfiase facilitate tfie adsorpfion.

Fig 5 The progressive diffusion of acids across the intact
enamel-plaque interface. Subsurface crystals fiave been
panially demineraiized (tiypomineralized), while other
sound crystals fiave become fiypermineralized by adsorb-
ing the dissolved calcium and phosphate ions. Previously
hypomineralized crystals have also adsorbed dissolved
mineral and become remineralized. Dissolved caicium and
phospfiate may also diffuse into the plaque. From there the
mineral could diffuse either into the oral fluid or back into
the enamel.
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Fig 6 A smaii initial enamel lesion covered with plaque,
which is actively prodLJCing acids. The reiative sizes ot the
sound, hypomineraiized, hypermineralized, and reminer-
aiized apatite crystals and their changed spatial orientation
to eaeh other are shown. The chemicai and physical
changes of the crystais in the initial lesion refiect light dif-
ferently, producing the cimicaily visible, opaque "white
spot."
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Fig 7 A more advanced initial enamei lesion that is cov-
ered with active piaque. The body of the lesion, consisting
mainly ot hypomineraiized crystais, and the hyperminer-
alized layer are seen, although the surface iayer is intact

in plaque when the pH of the plaque drops and is
readily transported across the walls and into the cells
of plaque bacteria.''

In addition, fiuoride already present in the crystals
reduces the rate of acid demineralization because the
ions must first be desorbed from the crystal during
the demineralization process. It is thus possible that
fiuoride in the crystal will minimize the deminerali-
zation at any pH reached during a drop in pH.'''
Fluoride ions in the liquid phase (hydration layer and
layer of adsorbed ions) also encourage the reminer-
alization of partially demineralized crystals using min-
eral derived either from other crystals or from the
plaque. The inclusion of fluoride into enamel crystals
at the expense other ions, such as carbonate, increases
the crystallinity.'""^ Fluoride ions previously desorbed
or dissolved from the surface enamel crystals may also
be taken up by other sound or hypomineraiized crys-
tals and expedite the subsequent uptake of mineral in
those crystals, thus increasing their crystalHnity. Fi-
nally, fiuoride may also be lost from the enamel by
diffusing across the enamel-plaque interface into the
plaque (Figs 4 and 5).

Lesion progression or regre.ssion

The early enamel lesion represented in Fig 5 can also
be shown as in Fig 6. The enamel directly below the
plaque contains sound, hypomineraiized, hyperminer-

alized, and remineralized crystals, while the surface
remains intact and without cavitation at this stage.
The enamei surface remains without cavitation be-
cause it is remineralized by mineral from the plaque
and oral fiuid or by mineral dissolved from the surface
or subsurface crystals. However, the intact surface is
more porous than that of sound enamel. Some authors
have described micropores in the "intact outer layer"
and these may represent localized areas in which some
crystals have been totally dissolved.'^

Fnamel caries, however, is a continuous dynamic
process characterized by phases of acid production
alternating with phases of virtually no or minimal aeid
production in the plaque on the enamel. Minerals in
the plaque or oral Huid diffuse through the intact sur-
face layer and remineraltze the partially demineralized
crystals during the phase of minimal or no acid pro-
duction," If demineralization exceeds remineraliza-
tion, the number of partially demineralized crystals
continually increases, forming the body of the cone-
shaped initial enamel lesion (Fig 7),

The body of the lesion is surrounded mainly by
sound and hypermmeralized crystals which have ad-
sorbed the mineral lost from crystals in the body of
the lesion. Fignre 8 is a polarized light photomicro-
graph of an initial enamel earious lesion prepared
from an extracted tooth. The body of the lesion and
the hypermineralized layer correspond to the orange
and blue, respectively, seen in Fig 7. Cavitation of the
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Fig 8 Polarizing light photomicrograph ot an initial carious
lesion in a tooth extracted for orthodontic reasons, (Original
magnification ^ 60.) The body of the lesion (green) is sur-
rounded by a hypermineraiized layer (orange and yellow).
while the surface layer is intact (compare with Fig 7).

Fig 9 A remineralized initial enamel lesion. The enamei
surface is either plaque-free or covered with an inactive
plaque that is producing minimal amounts of acid. The pre-
viously hypomineralized crystals in the body of the iesion
have now been remineraiized by mineral from the orai
fluid. The volume of the body of the iesion has thus de-
creased and the carious process has been arrested.

enamel surface probably occurs because at some stage
the continually enlarging body ofthe lesion becomes
so undermired that it cannot support the crystals con-
stituting the intact outer surface.

In contrast, the reminera h zing phases will exceed
the demineralizing phases if the acid production by
the plaque is low or if there is no plaque. Calcium,
phosphates, and other ions ofthe oral fluid can con-
tinue to diffuse across the intact surface enamel into
the body ofthe lesion. Fluoride ions are preferentially
taken up by partially deminerahzed eriamel compared
to sound enamel," The hypomineralized crystals in
the body of the lesion become remineralized or hy-
pemiineralized by adsorbing the calcium, phosphates,
and fluoride ions. Consequently, the volume of the
lesion's body decreases and its intact outer layer in-
creases in width" (Fig 9), The presence of fluoride,
particularly in the liquid phase of the crystals, expe-
dites the redeposition of calcium and phosphates into
the partially demineraiized crystals.

nating demineralizing and reminerahzing phases. The
orientation of the ions in hypomineralized, remincr-
alized, and hypermineraiized crystals differs from that
of their sound counterparts. The spatial configuration
of the crystals reflects hght off the enamel surface
differently in an initial carious lesion than it does off
the sound surface.

Further, hypomineralized crystals are smaller, while
remineralized and hypermineraiized crystals are larger,
than their normal counterparts. Other crystalline
forms of calcium and phosphorus formed during the
remineralizing phases are also present in white-spot
lesions, Hypermineraiized and remineralized crystals
have higher concentrations of calcium, phosphorus,
and fluoride ions, but less magnesium and carbonates
than do sound enamel.'* These physical and chemical
changes account for the opaque white appearance of
the initial enamel lesions irrespective of whether they
are actively progressing or already remineralized.

Discussion and clinical implications

A better understanding of the initial enamel carions
lesion, or white spot, is the clue to its professional
treatment. Compared to translucent sound enamel,
white spots are opaque because their crystals have
changed physical properties and a different chemical
make up. These changes are produced by the alter-

Nondestructive diagnosis of initial enamel lesions

Smooth surface and proximal enamel caries can prog-
ress to dentinai caries within 1 to 3 years, depending
on the cariogenie challenge and the host's defense.
Initial enamel caries is diagnosed optically, radi-
ographically with a probe, or with fiber-optics. Prox-
imal and smooth surface enamel that is diagnosed as
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Fig 10 An active initial enamel lesion. Tbe previously in-
tact enamel surface has been accidentally disrupted by the
probe tip during the dental examination. The disruption has
produced an opening to the oral environment.
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Fig 11 An active initial enamel lesion showing the con-
sequences of the disrupted surface layer. Plaque has ex-
tended through the opening into the body of the lesion.
Mechanical removal ot this plaque is impossible and acids
tormed in the lesion can more easily reach the enamel-
dentinal margin.

caries-free more often than not has microscopic initial
enamel caries." The dentinal changes under an initial
enamel lesion can extend up to 200 pm into dentin
when first visible on bite-wing radiographs. Care must
be exercised not to disrupl the integrity of the intact
surface enamel, particularly proximally and in fissures,
when sharp probes are used during a dental exami-
nation. Experimentally produced initial enamel le-
sions that have been purposely damaged by probes
increase in size and width more rapidly than do non-
traumatized lesions."

Figures 10 and 11 depict the effect of disrupting the
intact outer surface of an initial enamel carious lesion.
A probe lip ihat has accidentally been pushed through
the surface into ihe body of the lesion (Fig 10) me-
chanically destroys some hypomineralized crystals.
This defect flUs rapidly with plaque, which is then
impossible to remove because il extends into the many
inaccessible areas between the damaged crystals (Fig
11). Bacteria in the plaque rapidly multiply in this
"protected" environment and the acids produced from
fermentable carbohydrates can more readily diffuse
towards the enamel-dentinal margin. The possibility
of subsequent remineralization is thus markedly re-
duced, if not totally lost. Such iatrogenic accidents
can be avoided by conducting a more careful dental
examination and using "a sharp eye and a blunt
probe."

Optimizing the remineralizing potential

Initial enamel lesions are ideally treated by reducing
the frequency and duration of the cariogenic chal-
lenges, optimizing the patient's oral hygiene habits,
and by using fluorides. The processes of deminerali-
zation and remineralization could be explained as sim-
ply as possible to those patients presenting wiih initial
enamel lesions. The fact that cavilation has not yet
occurred should be stressed. This alone may motivate
patients to tnainlain good oral hygiene and to adopt
a noncariogenic or less-cariogenic diet.

The treatment of while-spol lesions involves both
the professional denial leam (dentist, hygienist) and
the patient. However, active patienl involvement is the
more important prerequisite for the successful remi-
neralization of diagnosed initial lesions. Equally
important is the care clinicians mnst take to avoid
"ialrogenic cavitation" of the initial enamel lesions
during the dental examination.

Remineralization of initial enamel caries is encour-
aged by ensuring the regular availability of low fluor-
ide concentrations in the oral fluid.'* Fluoride should
be delivered by the patients themselves and profes-
sionally by the dental team. If a basic, passive fiuor-
idation project is available (water or salt fluoridation)
patients should slill brush with fluoride dentifrices
(0.10% to 0.15% F-) and use fluoride nnses {0.02%
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to 0.05% F ), Qther methods of ensuring a constant
fluoride supply include fluoride tablets and topical
applications by the patient (up to 1,23% F ) using
individually fabricated polyethylene trays.

Topical fluorides (up to 1,23% F") should also be
applied professionally, and regular recalls should be
scheduled according to the initially assessed carious
activity. Such recalls will enable clinicians to assess the
effectiveness of the selected therapeutic program. The
recall frequency and the type of home program de-
pends on the patient's prevailing dental health, carious
activity, and compliance and should vary according
to the assessed success or failure.

Conclusions

If the cariogenic challenge is too frequent or too
strong, fiuoride alone may not suffice to reminerahze
initial enamel caries lesions. Plaque removal by prac-
ticing good oral hygiene is an important additional
adjunct. Patients presenting with white-spot lesions
may better grasp what is required from them, and why,
if they understand the processes of demineralization
and remineralization. Patients generally know what
plaque and caleuius are, but they rarely discuss re-
mineralization with their hygienist or dentist. Possible
reasons for this include the practitioner's poor under-
standing of the demineralÍ7Íng and reminerahzing
processes, insufficient time available to explain these
processes to the patients, and lack of simple diagrams
to facihtate the explanations. The schematic diagrams
in this paper may enable clinicians to overcome these
problems in an acceptable tune span. The explana-
tions are not necessarily meant for weil-motivated
dental patients. Patients with white-spot lesions
should be told the advantages of remincralizing the
iesions as opposed to piaeing restorations and that
restorations are necessary only when definite cavita-
tion is diagnosed,
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