
Characteristics of Early Caries Lesions 
in Enamel

The enamel demineralization defect has a lower mineral
distribution in the surface layer in comparison to the adja-
cent sound enamel and also a lower interprismatic mineral
content. The first stage of enamel demineralization is cha-
racterized by removal of interprismatic mineral content
and in the subsequent stages a well defined surface layer
formation occurs which constitutes early caries lesion (4).

Although early investigators like Hollander and Saper
(47) in 1935 had noticed this subsurface demineralization
white opaque spot, they mistook it to be a photographic ar-
tifact. However the work of various other researchers like
Applebaum, Thewlis, Besic, Coolidge et al., Gray and Fran-
cis (3, 12, 21, 41, 87), on white opaque enamel lesion and
new experimental techniques like microradiography (42),
polarized light experiments (23, 78), microhardness data
(30), and electron microscopy shed new light in under-
standing the early caries lesion in enamel. These studies
have demonstrated that a porous and mineral-rich surface
layer covers an enamel lesion and the morphology differs
a little from that of sound enamel while body of the lesion
which comprises the subsurface area has low mineral con-
tent (10–70 vol %). The early caries lesion in enamel is cha-
racterized by a prominent perikymata pattern and focal
holes (6, 44, 88). The main drawback of the numerous ex-
perimental techniques is that they are static measurements
of caries progression at a particular time period whereas
the carious process is time-dependent and is in a constant
state of dynamic equilibrium wherein a balance is struck
between demineralization and remineralization.

Surface layer (SL) covering early 
enamel lesions

The early investigators who observed the white opaque
spots attributed the presence of these lesions to artifacts.
They believed that the surface layer (SL) could be due to
sound enamel which has a higher mineral content. These
explanations were proved false by subsequent investigations
by Langdon et al. (55). Their studies on pressed pellets of
hydroxyapatite demonstrated that subsurface lesion could
occur in an acidic gel system with 2 ppm fluoride. They
also concluded that organic matrix is not important for
subsurface lesion formation, and that neither a preferred
crystallite orientation in the enamel prisms nor an uneven
ion/mineral distribution in enamel were essential for the
formation of a subsurface lesion since these are absent in
pressed apatites. This is in contrast to earlier reports by
Brudevold et al. (15).

Mechanism of subsurface lesion formation 
and progress

The bacteria in the oral plaque are acidogenic and form
organic acids, including lactic, formic, acetic, and propionic
acids from fermentable carbohydrates which diffuse into
the enamel (30), dentin, or cementum, partially dissolving
the mineral crystals (57). When this process goes unchec-
ked minerals like calcium and phosphate diffuse out of the
tooth resulting in frank cavitation. In the initial stages, de-
mineralization can be reversed by influx of calcium, phos-
phate, and fluoride into the tooth and deposition on the
crystal remnants in the non-cavitated lesion. This process is
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termed as remineralisation. The resultant mineral crystal
surface is more acid resistant than sound enamel. A shift in
the balance between demineralization and remineralization
frequently occurs daily and this can result in repair and re-
versal, maintenance of the status quo or cavitation (34).

Although most investigators agree that well-established
caries lesion comprises of intact, mineral-rich, porous sur-
face layer with an underlying lesion with low mineral con-
tent there is lack of agreement for a common mode of
initiation of early enamel lesion. In vitro studies using vari-
ous solutions and acid systems have been used to study le-
sion formation (8, 9, 20, 35, 50, 63, 65, 77). A large body
of knowledge on enamel lesion has been mainly from stu-
dies on artificial caries lesions which simulate natural ena-
mel lesions. The major advantage of these studies have
been due to the ease of evaluating mechanism of caries for-
mation and various parameters independently.

Experimental work by Von Bartheld (92, 93) and Sil-
verstone (77) led to the theory that acidified charged gels
formed subsurface lesions. However subsequent studies
(42) showed that acidified uncharged gels also formed sub-
surface lesions. Various other studies with acidic, unsatu-
rated calcium phosphate solution by Larsen (56) and
Moreno and Zahradnik (65) finally demonstrated gels were
not needed for surface layer formation. The presence or
absence of stirring on surface layer formation is irrelevant,
although stirring affects the rate of surface layer formation
(56). Studies on in vitro and in vivo formation of surface
layer in enamel showed that pellicle is essential for forma-
tion of surface layer (60). However results from other stu-
dies revealed that pellicle did not play a crucial role in
subsurface demineralization in vitro (56, 87, 88). Similar re-
ports were also obtained from the in vitro experimental data
of Ten Cate and Duysters (83, 84), Borsboom and Arends
(14), and Theuns et al. (86) who found that subsurface le-
sion can occur even in the absence of the pellicle. A sig-
nificant work by Arends et al. (7), Ogaard et al. (69), and
Ogaard (68) demonstrated that pellicle does not play a ma-
jor aetiologic role in subsurface demineralization in vivo.

Under polarized light the outer 3–9 pxm in vivo lesions
was found to be less porous in comparison with the re-
mainder of the lesion by Thylstrup et al. (90). The inve-
stigations using microradiography and polarized light
demonstrate that outer layer of early caries lesions has less
mineral and greater protein content. In the literature, vari-
ous researchers have reported on the surface layer thick-
ness (dsL). The relationship between dsL and time varies
with the observation technique and type of artificial lesion.
Theuns et al. (85, 86) showed that dsL increased with time
in certain cases however it is largely independent of time as
there was uncertainty regarding the deposition of dissolved
material from the lesion body to the inner aspect of the sur-
face layer.

The work of Gray and Francis (41) involving optical ob-
servation of microradiograms, showed an increase in dsL
with the demineralization. Similar conclusions were drawn

by Groeneveld and Arends (42), for enamel lesions in aci-
dified hydroxyethylenecellulose, where an increase of dsL
with time was demonstrated using microradiography. An
increase in negatively birefringent surface zone (in water)
during the demineralization period was also observed in po-
larized light studies by Darling (23) and Silverstone (78).
Featherstone et al. (31) reported that the surface layer for-
mation took several days and thereafter was uniformly
thick. Analysis of several published works have led Theuns
et al. (85, 86) to conclude that the surface layer thickness
dsL is not dependant on the demineralization period after
it is fully developed.

Features of adsorbed material on enamel surface

1. Protection of outer enamel surface

Experiments on demineralization during caries by nu-
merous researchers like Gray (40), Gray and Francis (41),
and Francis et al. (38) showed that protective agents like
fluoride, salivary proteins, polyphosphates, polyor diphos-
phonates, etc. conferred outer surface protection rendering
it insoluble. The model suggested by them involves H+ ions
and undissociated acid molecules (HA – for example lactic
acid molecules) penetrating the enamel resulting in a hete-
rogeneous reaction and finally the outward diffusion of re-
action products from the enamel.

The rate of enamel dissolution is proportional to the H+

concentration, the content of undissociated acid (HA), and
a complexation function, X, respectively. The importance
of this model lies in the fact that enamel lesion is regarded
as a dynamic dissolution process and it also considers un-
dissociated acid. However its drawbacks are that it is empi-
rical and the surface layer formation is regarded as static in
nature and is formed basically by protective agents in the li-
quid. These agents are neither involved in the dissolution
process nor in the invasion of the porous lesion. However,
Weatherell et al. (94) has shown that F- ions and proteins
can invade lesions. This model also does not explain the in-
itial surface softening which occurs in vivo.

2. Gradient(s) solubility product and porosity of the enamel

The thermodynamic model by Van Dijk et al. (91) is
a mathematical model along the lines of original model of
Zimmerman (103) for the caries formation and it describes
the inward and outward diffusion of the ions Ca++, phos-
phate, H+, and hydroxyapatite from the lesion and the mi-
neral dissolution assuming that the aqueous phase ionic
reactions reach equilibrium more quickly than all other pro-
cesses and that mineral dissolution rate is proportional to
the difference between free energy in the saturated solution
and that of the solution in the enamel pores. Data from
computer simulations in this study led to the conclusion
that a gradient in the solubility product and porosity of the
enamel, a gradient in the rate constant of the dissolution re-
action were responsible for the formation of surface layer
on a subsurface lesion.
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The chemical gradients for ions like F-, C03
2-, Na+, Mg2

+etc. exist in sound human enamel and these may have an
effect on the rate of dissolution. The chemical gradient and
gradient in the solubility product of the enamel together
with the rate constant of the dissolution reaction are re-
garded to be closely related to each other. However it is not
established whether they cause experimental lesions and
also these gradients are not found in lesions occurring in
pressed apatite powders (55), and on polished enamel whe-
re surface layer formation is observed. Borsboom et al. in
their study found that on polished enamel where the che-
mical gradients existing in sound enamel are absent the for-
mation of a subsurface lesion could be observed as it was
related to the presence of fluoride in the demineralizing so-
lution (14).

3. Model of dissolution-precipitation mechanisms

Another model based on a dissolution-precipitation me-
chanism has been proposed by Margolis and Moreno (58)
and Margolis et al. (59) to explain the formation of subsur-
face lesion. They suggested that there is a flow of H+ (or un-
dissociated acid HA) from the inner enamel to the surface
layer resulting in phase transitions and DCPD (dicalcium
phosphate dihydrate) and FAP (fluorapatite) in the surface
layer of an enamel lesion. Thus the surface layer consists
hydroxyapatite, dicalcium phosphate dihydrate and fluor-
apatite. The chemical potential of Ca(OH)2 is greater in
the deeper portion of the enamel in comparison to the sur-
face layer and vice versa for the chemical potentials of
H3PO4 and HA. The advantage of this model is that it is
able to reasonably explain the intact nature of the surface
layer overlying the area of demineralization in an enamel le-
sion. The two basic assumptions in this model were that the
rate of transport of dissolved enamel does not occur at
a faster rate such that reprecipitation occurs with surface
layer formation and the second assumption was that favour-
able conditions already exist in the enamel for the repreci-
pitation reaction.

The inherent drawback of this model is that the chemi-
cal potentials of H3PO4 and Ca(OH)2 are considered which
is more suitable for thermodynamic process, however simi-
lar expressions cannot be used for the rates of crystal
growth and dissolution. Besides this model excludes the
specific effects of ions (19). According to Nielsen and Toft
(66) and Nielsen (67) in systems with non-equivalent con-
centrations of the constituent ions and diffusion-controlled
crystal growth the rate limiting factor is the deficient com-
ponent and this rate is likely to become independent of the
concentration of the excess component when there is large
supersaturations or large deviation from equivalence (66,
67).

4. Model of outer surface protection combined with a dis-

solution- precipitation mechanism

An outer surface protection combined with a dissolu-
tion – precipitation mechanism model has been suggested

to explain the formation of subsurface lesion by Feather-
stone (31) and Featherstone et al. (35) which takes into ac-
count Gray’s theory (40) of adsorption of protective agents
and precipitation-dissolution model put forth by Moreno
(64). F- ions are not considered to be essential in this mo-
del. The outer surface of enamel adsorbs acquired pellicle
and this confers protection. Later there is diffusion of un-
dissociated acid (HA) into the enamel and through the sur-
face layer and reacts with the enamel after dissociating into
H+ and A-. This is followed by an outward diffusion of
CaA2, Ca(H2PO4)2, and CaHPO4 (reaction products) in io-
nized and un-ionized forms and the precipitation at certain
positions of CaHPO4 (monetite). Thus an equilibrium be-
tween rate of loss to the exterior solution and surface layer
deposition results in an apparently intact surface layer (70 %
vol mineral and up to 70 pxm thick). The disadvantages of
this model are identical to those of the earlier models.

5. Kinetic model

Kinetic model for subsurface lesion formation and pro-
gress has been proposed by Christoffersen and Arends (18)
Arends et al. (5), and Christoffersen (17) wherein inhibi-
tors of enamel dissolution such as F – or specific proteins in
the external demineralizing solution and from the enamel
fluoride ions present near the outer surface of sound enamel
(e.g., fluoride, ions like Mg2

+, C03
2–, proteins, etc.on the

outer surface of sound enamel) play a crucial role in sub-
surface lesion formation and progression with time. In this
model the dissolution rate of the crystallites varies with
fraction of the surface covered by the inhibitor and on the
pH, degree of saturation, and type of inhibitor in the solu-
tion.

The rate of adsorption of inhibitors onto the crystallite
surface occurs at a higher rate when the external solution
has a high inhibitor concentration resulting in retardation
of dissolution process and the composition of the solution
in the lesion and the external solution becomes identical.
Here the lesion progresses slowly and this depends on the
surface process occurring on the crystallite surface.

Mechanism of in vivo formation 
of a surface layer by inhibitors

The inhibitor fluoride (F-) is mainly responsible for the
mechanism of formation of a surface layer covering a sub-
surface enamel lesion as it decreases the rate of deminera-
lization and causes increased crystallite growth. In vivo
inhibitor e.g., a protein also act by similar mechanism. It is
likely that in vivo surface layer is formed by various inhibi-
tors.

Experiments involving in vitro caries systems by Ten
Cate and Duisters (83,84), and later by Borsboom et al.
(14), showed that surface layer is formed by F – ions which
exist in the liquid phase. Data from in vivo studies on early
enamel lesions by Arends et al. (7), Ogaard et al. (69),
proved that a surface layer is seen only after a month. The
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position of outer enamel surface of the lesion is not seen to
change in relation to the sound enamel surface during the
formation of lesion (16). The formation of subsurface le-
sion is not influenced by fluoride content in the solid sound
enamel as is shown by lack of in vivo decrease in caries in
proportion to fluoride level in sound enamel as proposed
by Englander et al. (27), Aasenden et al. (1), and Stem et
al. (81).

The first stage in lesion formation is the softening stage
where the outer surface has lesser mineral content but more
in the deeper layers. During demineralization there is in-
ward flow of fluoride and other ions into the porous enamel
from the saliva or plaque. These fluoride ions exist in the
liquid phase between the crystallites. When the fluoride le-
vel in the external solution of saliva reduces, the fluoride
ions in the aqueous phase in the lesion also reduces from
the surface along the lesion front. On the other hand in an
active lesion when the level of fluoride is high, the crys-
tallites near the enamel surface are in longer contact with
fluoride which eventually get adsorbed and prevents further
acid dissolution, when F– adsorbs at vacant OH– sites in the
surface of the crystallites. This protection by the inhibitory
effect of fluoride increases if the crystallites are in contact
with the fluoride-containing solution for longer time period
due to deeper penetration into the individual crystallites. In
this case no new crystallographic phase is formed. In an in
vivo caries process the periods of de- and remineralization
are interrupted numerous times in a day and this influences
the progression of the lesion. The fluoride in this case is de-
rived from saliva, food and beverage. When subsurface le-
sion is formed under plaque, there is influx of fluoride
(derived from excess fluoride from dentifrices, salivary pro-
teins, etc.) into the lesion and prevention of progression of
caries (4).

Prevention

The importance of exploring new strategies for preven-
tion and therapy lies in the fact that initial caries has the po-
tential to progress (32). Minimally invasive dentistry is
a recent concept in preventive dentistry wherein the priori-
ty of the dentist is to preserve demineralized non cavitated
enamel and dentin (28).

Chlorhexidine digluconate mouth rinse is a highly ef-
fective antibacterial therapy in decreasing the cariogenic
bacteria (53) and the protective factors can then prevent
or reverse the progression of dental caries (34). However
when the lesion formation continues, the antibacterial sub-
stances in saliva like lactoferrin and the immunoglobulins
are not effective. Less frequent consumption of fermentab-
le carbohydrates is known to reduce the risk of caries. The
use of sugar substitutes like xylitol instead of the fermen-
table carbohydrates such as glucose, sucrose, and fructose
reduces the likelihood of dental caries (45, 80).

A total reduction of 30 % and 70 % caries is seen with
fluoride toothpaste, mouth rinse, and office topical. Fluo-

ridated water is also highly effective in preventing caries
(33). Good plaque removal and oral hygiene techniques,
placement of pit and fissure sealants, use of fluoride-re-
leasing preventive and restorative materials, constitute other
caries preventive techniques.

Approximal initial lesions have been subjected to fluo-
ride treatment for remineralization and this prevents resto-
rative intervention (25, 54, 76). Long – term studies have
revealed that the use of fluoride has not been highly effec-
tive (61). An alternative to this is the possibility of using ad-
hesive resin-based materials as a non-invasive treatment for
early approximal enamel lesions for sealing noncavitated
enamel carious lesions on premolar and molar (13, 26, 70).
This treatment modality has received immense attention as
certain long – term studies have shown that the caries in
occlusal areas where caries was left underneath the intact
sealant remained arrested until 10 years (39, 62, 79, 82).

In an in vitro study on argon laser (AL) irradiation and
remineralizing solution (RS) treatment alone and in com-
bination on caries like lesion formation in primary tooth
enamel it was concluded that the greatest decrease in lesion
depth in primary tooth enamel occurred with the use of RS
(calcium, phosphate and fluoride in a carbopol base) in
combination with AL irradiation (11). A lower enamel so-
lubility and dissolution rates can be obtained with non-
invasive caries preventive regimen of treating primary and
permanent tooth enamel with low-fluence argon laser (AL)
irradiation, either alone or in combination with topical
fluoride treatment (96).

Conclusion

The progression of early enamel lesion is determined by
the dynamic balance between demineralization and remine-
ralization. The diagnostic armamentarium includes novel
technologies and non-invasive techniques like fibre-optic
transillumination and electrical resistance methods which
are very useful in detecting posterior approximal dentinal
caries and occlusal caries. Radiographs and direct digital
imaging are still important tools in estimation of caries.
A clear understanding of the mechanism of subsurface le-
sion formation and progression, possibilities and limita-
tions of newer methods and their clinical applications need
to be recognized by the dentist to direct preventive strate-
gies to the high caries risk individuals.

References

1. Aasenden R, Depaola PF, Brudevold F. Effects Of Daily Rinsing And Ingestion
Of Fluoride Upon Dental Caries And Enamel Fluoride, Arch Oral Biol
1972;17:1705–1714.

2. Anttonen V, Seppä L, Hausen H. Clinical study of the use of the laser fluores-
cence device DIAGNOdent for detection of occlusal caries in children. Caries
Res 2003;37(1):17–23.

3. Applebaum E. The Radiopaque Surface Layer of Enamel and Caries, J Dent Res
1940;19:41–46.

4. Arends’ J, Christoffersen J. Invited Review Article The Nature of Early Caries
Lesions in Enamel J Dent Res 1986;65(1):2–11.

5. Arends J, Christoffersen J, Christoffersen MR, Schuthof J. Influence Of Fluoride

154



Concentration On The Progress Of Demineralization In Bovine Enamel At Ph
4.5, Caries Res 1983;17:455–457.

6. Arends J, Jongebloed WL, Schuthof J. The Ultrastructure of Surface Enamel in
Relation to De- and Remineralization. In: Demineralization and Re-
mineralization of the Teeth, S.A. Leach and W.M. Edgar, Eds., Oxford: IRL
Press, 1983;155–164.

7. Arends J, Ogaard B, Ekstrand J, Rolla G. Experimental Caries In Man;
A Microradiographic Investigation (Abstract). IADR 1984;62: 761.

8. Arends J, Schuthof J. Microhardness and LesionDepth Studies of Artificial
Carious Lesions: A Comparison of Gelatin and HEC Based Systems. J Biol
Buccale 1980;8:175–181.

9. Arends J, Schuthof J, Jongebloed WL. Lesion Depth And Microhardness
Indentations On Artificial White Spot Lesions. Caries Res 1980;14:190–195.

10. Ashley P. Diagnosis of occlusal caries in primary teeth International Journal of
Paediatric Dentistry 10;2:166–171.

11. Ashley PF, Blinkhorn AS, Davies RM. Occlusal caries diagnosis: an in vitro hi-
stological validation of the Electronic Caries Monitor (ECM) and other methods.
Journal of Dentistry 26;2:83–88.

12. Besic FC. Caries like Enamel Changes by Chemical Means. J Dent Res 1953;
32:830–839.

13. Bjarnason S. Temporary tooth separation in the treatment of approximal carious
lesions. Quintessence Int 1996;27:249–251.

14. Borsboom PCF, Van Der Mei HC, Arends J. Enamel Lesion Formation With
And Without 0.12 Ppm F In Solution. Caries Res 1985;19:396–403.

15. Brudevold F, Mccann H, Gron P. Dental Caries In Caries Resistant Teeth as
Related to the Chemistry of Enamel, G.E.W. Wolstenholm, Ed., London: Chur-
chill, 1965;121–141.

16. Buskes JAKM, Christoffersen J, Arends J. Lesion Formation And Lesion
Remineralization In Enamel Under Constant Composition Conditions. Caries
Res 1985;19:490–496.

17. Christoffersen J. The Kinetics Of Dissolution Of Calcium Hydroxyapatite.
A Contribution To The Understanding Of Biological Demineralization (Dis-
sertation). Copenhagen, Denmark: University Of Copenhagen, 1984.

18. Christoffersen J, Arends J: Progress Of Artificial Carious Lesions In Enamel.
Caries Res 1982;16:433–439.

19. Christoffersen J, Christoffersen MR: Kinetics Of Dissolution Of Calcium
Hydroxyapatite. Ii. Dissolution 1979;65:I 9.

20. Clarkson BH, Wefel JS, Silverstone LM. Redistribution of Enamel Fluoride
During White Spot Lesion Formation: An In Vitro Study on Human Dental
Enamel. Caries Res 1981;15:158–165.

21. Coolidge TB, Besic FC, Jacobs MH. A Microscopic Comparison of Clinically
and Artificially Produced Changes in Enamel. J Oral Surg 1955;8:1204–1210.

22. Côrtes DF, Ekstrand KR, Elias-Boneta AR, Ellwood RP. An in vitro comparison
of the ability of fibre-optic transillumination, visual inspection and radiographs to
detect occlusal caries and evaluate lesion depth. Caries Res. 2000;34(6):443–7.

23. Darling AI. Studies Of The Early Lesion Of Enamel Caries With Transmitted
Light, Polarized Light And Radiography. Br Dent J 1956;101:289–297, 329–341.

24. Deery C, Toumba. Diagnosis and prevention of dental caries. In: Welbury R,
Duggal MS, Hosey MT 3rd eds. Paediatric Dentistry. Oxford Univ Press 2005:109.

25. Donly KJ, Segura A, Wefel JS, Hogan MM. Evaluating the effects of fluoride-re-
leasing dental materials on adjacent interproximal caries. J Am Dent Assoc
1999;130:817–825.

26. Ekstrand KR, Martignon S. Managing approximal carious lesions: a non-opera-
tive approach. Caries Res 2004;38:361 (Abstr 12).

27. Englander HR, Keyes PH, Gestwicki M, Sultz HA. Clinical Anti-Caries Effect Of
Repeated Topical Sodium Fluoride Applications By Mouthrinses. J Am Dent
Assoc 1967;75:638–644.

28. Ericson D, Kidd E, McComb D, Mjör I, Noack MJ. Minimally invasive dentist-
ry—concepts and techniques in cariology. Oral Health Prev Dent 2003;1:59–72.

29. Featherstone JD. Clinical aspects of de/remineralization of teeth. Adv Dent Res
1995;9:1–340.

30. Featherstone JD (1983). Diffusion phenomena and enamel caries development.
In: Cariology today. Int. Congr., 1984. Zürich: Karger.

31. Featherstone JDB: Diffusion Phenomena During Artificial Carious Lesion For-
mation. J Dent Res 1977;56(D):48–52.

32. Featherstone JDB. Prevention and reversal of dental caries: role of low level fluo-
ride. Community Dent Oral Epidemiol 1999;27:31–40.

33. Featherstone JDB. The Continuum of Dental Caries—Evidence for a Dynamic
Disease Process. J Dent Res 83 (Spec Iss C) 2004;C39–C42.

34. Featherstone JDB. The science and practice of caries prevention. J Am Dent
Assoc 2000;131:887–899.

35. Featherstone JDB, Duncan JF, Cutress TW: A Mechanism for Dental Caries
Based on Chemical Processes and Diffusion Phenomena During in vitro Caries
Simulation on Human Tooth Enamel. Arch Oral Biol 1979;24:101–112.

36. Feng Y, Yin W, Hu D, Zhang YP, Ellwood RP, Pretty IA. Assessment of autoflu-
orescence to detect the remineralization capabilities of sodium fluoride, monof-
luorophosphate and non-fluoride dentifrices. A single-blind cluster randomized
trial. Caries Res. 2007;41(5):358–64.

37. Ferreira, Rívea Ines, Haiter-Neto, Francisco, Tabchoury, Cínthia Pereira Ma-
chado et al. Assessment of enamel demineralization using conventional, digital,
and digitized radiography. Braz. oral res.2006;20(2):114–119.

38. Francis MD, Briner WW, Gray JA. Chemical Agents In The Control Of Cal-
cification Processes In Biological Systems. In Hard Tissue Growth, Repair And
Remineralization. K. Elliot And D.W. Fitzsimons, Eds. Ciba Foundation
Symposium, No. 11, Amsterdam: Elsevier 1973;57–90.

39. Going RE, Loesche WJ, Grainger DA, Syed SA. The viability of micro-organisms
in carious lesions five years after covering with a fissure sealant. J Am Dent
Assoc1978;97:455–462.

40. Gray JA. Chemical Events During Cariogenesis. In: Proceedings Of The Sym-
posium On Incipient Caries Of Enamel, N.H. Rowe, Ed., Ann Arbor: University
Of Michigan 1977;19–28.

41. Gray JA, Francis MD. Physical Chemistry Of Enamel Dissolution. In:
Destruction Of Hard Tissues, Sognnaes RF, Ed. Washington: Publication No.
75 Of The American Association For The Advancement Of Science 1963;
213–260.

42. Groeneveld A, Arends J: Influence Of Ph And Demineralization Time On
Mineral Content, Thickness Of Surface Layer And Depth Of Artificial Caries
Lesion. Caries Res 1975;9:36–44.

43. Gustafsson A, Svenson B, Edblad E, Jansson L. Progression rate of approximal
carious lesions in Swedish teenagers and the correlation between experience and
radiographic behavior. An analysis of the survival rate of approximal caries le-
sions. Acta Odontol Scand 2000;58:195–200.

44. Haikel Y, Frank RM, Voegel JC. Scanning Electron Microscopy of the Human
Enamel Surface Layer of Incipient Carious Lesions. Caries Res 1983;17:1–14.

45. Hildebrandt GH, Sparks BS. Maintaining mutans streptococci suppression with
xylitol chewimg gum. J Am Dent Assoc 2000;131:909–916.

46. Hintze H, Wenzel A, Jones C. In vitro comparison of D- and E-speed film radio-
graphy, RVG, and visualix digital radiography for the detection of enamel appro-
ximal and dentinal occlusal caries lesions. Caries Res. 1994;28(5):363–7.

47. Hollander F, Saper E. The Apparent Radiopaque Surface Layer of the Enamel.
Dent Cosmos 1935;77:1187–1197.

48. Jeon RJ, Matvienko A, Mandelis A, Abrams SH, Amaechi BT, Kulkarni G.
Detection of interproximal demineralized lesions on human teeth in vitro using
frequency-domain infrared photothermal radiometry and modulated luminescen-
ce. J Biomed Opt. 2007;12(3):034028.

49. Jones RS, Darling CL, Featherstone JD, Fried D. Remineralization of in vitro
dental caries assessed with polarization-sensitive optical coherence tomography.
J Biomed Opt. 2006;11(1):014016.

50. Kaufman HW, Pollock JJ, Murphy J, Lunardi S, Vlak J: Factors Involved In
Artificial Caries Formation By Oral Streptococci In Extracted Human Teeth.
J Dent Res 1984;63:653–657.

51. Ko AC, Choo-Smith LP, Hewko M, Leonardi L, Sowa MG, Dong CC, Williams
P, Cleghorn B. Ex vivo detection and characterization of early dental caries by
optical coherence tomography and Raman spectroscopy. J Biomed Opt. 2005
May-Jun;10(3):031118.

52. Koulourides T, Feagin F, Pigman W: Remineralization Of Dental Enamel By
Saliva In Vitro. Ann Ny Acad Sci 1965;131:751–757.

53. Krasse B. Biological factors as indicators of future caries. Int Dent J
1988;38:219–225.

54. Lagerweij MD, Ten Cate JM. Remineralisation of enamel lesions with daily ap-
plications of a high-concentration fluoride gel and fluoridated toothpaste: an in
situ study. Caries Res 2002;36:270–274.

55. Langdon DJ, Elliott JC, Fearnhead RW. Microradiographic Observation Of Aci-
dic Subsurface Decalcification In Synthetic Apatite Aggregates. Caries Res
1980;14:359–366.

56. Larsen MJ. Chemically Induced In Vitro Lesions In Dental Enamel. Scand J
Dent Res 1974;82:496–509.

57. LeGeros RZ (1991). Calcium phosphates in oral biology and medicine. Basel:
Karger.

58. Margolis HC, Moreno EC. Kinetic And Thermodynamic Aspects Of Enamel
Demineralization. Caries Res 1985;19:22–35.

59. Margolis HC, Murphy BJ, Moreno EC. Development Of Carious Like Lesions In
Partially Saturated Lactate Buffers. Caries Res 1985;19:36–45.

60. Meckel AH. The Nature And Importance Of Organic Deposits On Dental
Enamel. Caries Res 1968;2:104–114.

61. Mejare I, Källestal C, Stenlund H. Incidence and progression of approximal cari-
es from 11 to 22 years of age in Sweden: a prospective radiographic study. Caries
Res 1999;33:93–100.

62. Mertz-Fairhurst EJ, Curtis JW Jr, Ergle JW, Rueggeberg FA, Adair SM. Ultra-
conservative and cariostatic sealed restorations: results at year 10. J Am Dent
Assoc 1998;129:55–66.

63. Mor BM, Rodda JC. Histopathology of Artificial Carious Lesions Produced by
Lactate Buffers with Additives (Abstract). NZ Dent J 1979;75:218.

64. Moreno EC: The Effect Of Acquired Pellicle On Enamel Demineralization, Proc
Int Symp Acid Etch Techn, L.M. Silverstone And L. Dogan, Eds., St. Paul, Mn:
North Central Publ. Co., 1975;1–12.

155



65. Moreno EC, Zahradnik RT: Chemistry Of Enamel Subsurface Demineralization
In Vitro. J Dent Res 1974;53:226–235.

66. Nielsen AE. Electrolyte Crystal Growth Mechanisms. J Crystal Growth 1984;
67:289–310.

67. Nielsen AE, Toft JM. Electrolyte Crystal Growth Kinetics. J Crystal Growth
1984;67:278–288.

68. Ogaard B. Studies On Topical Fluoride Interaction With Sound And Demine-
ralized Enamel In Vivo. Thesis, University Of Oslo 1985;5: 1–16.

69. Ogaard B, Arends J, Schuthof J, Rolla G, Ekstrand J (1986): Action Of Fluoride
On Initiation Of Early Enamel Caries In Vivo A Microradiographic Investigation,
Caries Res (In Press).

70. Pitts NB, Longbottom C. Temporary tooth separation with special reference to
the diagnosis and preventive management of equivocal approximal carious lesi-
ons. Quintessence Int1987;18:563–573.

71. Pretty IA. Caries detection and diagnosis: novel technologies. J Dent. 2006;
34(10):727–39.

72. Rousseau C, Poland S, Girkin JM, Hall AF, Whitters CJ. Development of fibre-
optic confocal microscopy for detection and diagnosis of dental caries. Caries
Res. 2007;41(4):245–51.

73. Santiago S. Gomez, Cristian P. Basili, Claes-Göran Emilson. A 2-year clinical eva-
luation of sealed noncavitated approximal posterior carious lesions in adoles-
cents. Clinical Oral Investigations 2005;9(4):239–243.

74. Schneiderman A, Elbaum M, Shultz T, Keem S, Greenebaum M, Driller J.
Assessment of dental caries with Digital Imaging Fiber-Optic TransIllumination
(DIFOTI): in vitro study. Caries Res. 1997;31(2):103–10.

75. Schweizer CM, Schait A, Schmid R, Imfeld T et al. Erosion Und Abrasion des
Schmelzes, Schweiz Monatschr Zahnheilk 1978;88:497–509.

76. Silva MF, Giniger MS, Zhang YP, De Vizio W. The effect of a triclosan/copoly-
mer/fluoride liquid dentifrice on interproximal enamel remineralization and
fluoride uptake. J Am Dent Assoc 2004;135:1023–1029.

77. Silverstone I.M: The Influence of Acidified Organic Gels On the Enamel Surface
in vitro. In: Tooth Enamel, Vol. II, R.W. Fearnhead, Ed., Bristol: Wright, 1971:
197–202.

78. Silverstone LM: The Surface Zone In Caries And In Caries-Like Lesions
Produced In Vitro. Br Dent J 1968;125:145–157.

79. Simonsen RJ. Pit and fissure sealant: review of the literature. Pediatr Dent
2002;24:393–414.

80. Söderling E, Isokangas P, Pienihakkinen K, Tenovuo J. Influence of maternal xy-
litol consumption on acquisition of mutans streptococci by infants. J Dent Res
2000;79:882–887.

81. Stern RJ, Driscoll WS, Korts DC. Enamel Biopsy Results Of Children Receiving
Fluoride Tablets (Abstract). J Dent Res 1976;55(91):119.

82. Swift EJ Jr. The effect of sealants on dental caries: a review. J Am Dent Assoc
1988;116:700–704.

83. Ten Cate JM, Duisters PPE: Influence Of Fluoride In Solution On Tooth
Demineralization. I. Chemical Data. Caries Res (1983a);17:193–199.

84. Ten Cate JM, Duysters PPE: Influence Of Fluoride In Solution On Tooth
Demineralization. Ii. Microradiographic Data. Caries (1983b);Res 17:513–519.

85. Theuns HM, Van Dijk JWE, Driessens FCM, Groeneveld A: The Influence Of
The Composition Of Demineralizing Buffers On The Surface Layers Of
Artificial Carious Lesions. Caries Res 1984;18:509–518.

86. Theuns HM, Van Dijk JWE, Driessens FCM, Groeneveld A. The Surface Layer
During Artificial Carious Lesion Formation. Caries Res 1984;18:97–102.

87. Thewlis, J. (1940): The Structure of Teeth as Shown by X-ray Examination.
Spec. Rep. No. 238 of the Medical Research Council, London: HMSO.

88. Thylstrup A, Featherstone JDB, Fredebo L:Surface Morphology and Dynamics
of Early Enamel Caries Development. In: Demineralization and Remineralization
of Teeth, S.A. Leach and W.M. Edgar, Eds., Oxford: IRL Press, 1983;165–184.

89. Thylstrup A, Fredebo, L.: A Method for Studying Surface Coatings and the
Underlying Features in SEM. In: Surface and Colloid Phenomena in the Oral
Cavity, R.M. Frank and S.A. Leach, Eds., Oxford: IRL Press,1982;169–184.

90. Thylstrup A, Holmen L, 6gaard B: Histologic Features During Development Of
White Spot Lesions In Vivo (Abstract). Iadr 1984;62:760.

91. Van Dijk JWE, Borggreven JMPM, Driessens FCM: Chemical And Mathe-
matical Simulation Of Caries, Caries Res 1979;13:169–180.

92. Von Bartheld F. Decalcification In Initial Caries, Tijdschrift Voor
Tandheelkunde 1958;65:76–88.

93. Von Bartheld F. Membrane Phenomena In Carious Dissolution Of Teeth. Arch
Oral Biol (Spec Suppl) 1961;6:284–303.

94. Weatherell JA, Hallsworth AS, Robinson C. The Effect Of Tooth Wear On The
Distribution Of Fluoride In The Enamel Surface Of Human Teeth. Arch Oral
Biol 1973;18:1175–1189.

95. Wenzel A, Verdonschot EH, Truin GJ, Konig KG. Accuracy of Visual In-
spection, Fiber-optic Transillumination, and Various Radiographic Image
Modalities for the Detection of Occlusal Caries in Extracted Non-cavitated
Teeth. J Dent Res 1992;71(12):1934–1937.

96. Westerman GH, Hicks JM, Flaitz CM, Powell LG. In vitro caries formation in
primary tooth enamel – Role of argon laser irradiation and remineralizing solu-
tion treatment. J Am Dent Assoc 137;5:638–644.

97. Yang J, Dutra V. Utility of radiology, laser fluorescence, and transillumination.
Dent Clin North Am. 2005;49(4):739–52.

98. Yassin OM. In vitro studies of the effect of a dental explorer on the formation
of an artificial carious lesion. ASDC J Dent Child. 1995;62(2):111–7.

99. Young DA. New caries detection technologies and modern caries management:
merging the strategies. Gen Dent. 2002;50(4):320–31.

100. Young DA, Featherstone JDB. Digital Imaging Fiber-Optic Trans-Illumination,
F-speed radiographic film and depth of approximal lesions. J Am Dent Assoc
136;12:1682–1687.

101. Zahradnik RT, Moreno EC, Burke EJ. Effect Of Salivary Pellicle On Enamel
Subsurface Demineralization In Vitro. J Dent Res 1976;55:664–670.

102. Zahradnik RT, Propas D, Moreno EC. In Vitro Enamel Demineralization By
Strep. Mutans In The Presence Of Salivary Pellicles. J Dent Res 1977;56:
1107–1110.

103. Zimmerman SO. A Mathematical Theory Of Enamel Solubility And The Onset
Of Dental Caries. Iii. Development And Computer Simulation Of A Model Of
Caries Formation. Bull Math Biophys 1966;65:(I 11)28:443–464.

156

Corresponding author:

Romana Ivančaková, M.D., Department of Dentistry, University Hospital, 
Sokolská 581, 500 05 Hradec Králové, Czech Republic; e-mail: ivancakovar@lfhk.cuni.cz

Submitted June 2008.
Accepted September 2008.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


