From: The Norwegian Institute of Den-
tal Research, (Director: Dr. philos.

B. NvGaarp-Ostay)

EFFECT OF LACTATE BUFFERS
ON DENTAL ENAMEL IN VITRO
as observed in polarizing microscope
by

Emxar Havrs!

Tormop Monrcu?

HaraLp F. Saxp!

INTRODUCTION

A carious defect in the enamel may result either from removal
of the minerals or from complete destruction of the organic
matter. It is well known from histological studies that it is
difficult to preserve the organic stroma when the enamel is de-
calcified, and if the organic stroma is destroyed the enamel loses
the tissue connecting the prisms and becomes brittle. The usual
appearance of caries at an advanced stage is a macroseopic de-
fect — a loss of both inorganic and organic substance. Accord-
ing to Miller (1890) both components are destroyed by the
carious process, the inorganic elements through acid dissolution,
the organic elements through proteolysis.

However, a study of the macroscopic defect tells us nothing
about the initial lesion (the first changes in the normal enamel
surface). Miller believed that the primary lesion was an effect
of acid. For a long time his theory has been uncontested, and
even today it has the largest number of supporters. Recently,
however, there has been considerable discussion concerning the
primary stage. A group of investigators maintains that the organic
component is attacked first (Pincus, 1940, Gottlieb, 1944, Nuckolls
& Frisbie, 1946). Supporters of this theory agree that acid disso-
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lution of the inorganic elements takes place, but lhey consider
this process 1o be secondary, made possible only by the preced-
ing altack on the orgunic elements. Thus, in both theories the
effect of acid is regarded as an important factor.

Since no definite proof of either of these theories has been
produced, a study of the effect of acid on enamel seems justified.

The importance of the effect of acid in the primary stage can
hest be studied in nivo, i.e. on the living tooth in the mouth. In-
vestigations of this kind present many difficulties. On the other
hand, many of the problems involved may be studied by experi-
menls in oilro. This is true, for instance, of such problems as
the significance of the concentration of the acid, its acidity, and
the duration of its action on the enamel. Such experiments in
pitro will form the basis for later studies in vivo and will be a
great help in interpreting the results of the latter. Valuable in-
formation may be gained by comparing the resulis obtained by
the two methods. Tt should also be mentioned that material for
in pitro experiments is more easily obtainable.

REVIEW OF LITERATURTE

Summaries on the subject have heen given by Rosebury (1938),
Fosdick & Starke (1939), and Bagnall (1950).

Zarlier laboratory experiments with the effect of acid on the
enamel surface have primarily been undertaken in order to in-
duce caries in vitro. Other experiments have attempled to es-
tablish the pH range in which the enamel can be decalcified and
the time of exposure necessary for decaleification.

The earliest experiments were handicapped by the fact that
the acid used was quickly neutralized by salts from the fooih.
Ihrensberger (1930) improved the method by using buffer solu-
lions. According lo her a slow process of decalcification (often
lasting several months) resulted in an opaque spot with no sur-
fuce break of the enamel. In these cases the organic matter was
preserved. If the decalcification proceeded more rapidly a ecavity
was formed. Characteristic opaque spots appeared in experi-
ments with lactic acid — Na-lactate buffer, pH 4.6-—5.0. Decalci-
leation also oceurred at higher pH-values with & correspondingly
longer lime of exposure, and even with distilled water. The
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hydrogen ion concentration was not the decisive factor, as dif-
ferent solutions with the same pH-value gave widely varying
degrees of decalcification.

More recently also IEnright, Friesell, and Trescher (1932) have
employed lactate buffers (pH 4.0 8.0), which all caused disso-
tation of the enamel. They found thal buffers presumably sua-
turated with calcivm and phosphate had less decalcifying power,
and they maintain that lactate and citrate buffers, previously
saturated with caleium phosphate, above pH 5.0 only caused a
barely discernible decalcification. This pH-value appears in later
literature as the so-catled critical pH-value, ahove which enamel
in vivo cannot be decalcified. But Besic (1953) argues that the
buffers nsed hy Enrigh! and his collaborators were nol saturated
with ealeium and phosphate ions. He claims to have produced
saturated buffers and finds that these do not dissolve the enamel
even ai pH-values down {o 3.04.

The amount of dissolved enamel increases with the concen-
tration of H-ions, Rosebnry (1938) has shown that five times
as much enamel is dissolved af pH 3.5 as at pH 4.5, According
to Fosdick & Starke (1939, it is impossible to determine ac-
curafely the solubility product for enamel. In order {o gel a
definite solubility produet for a compound, il must be purve and
musl have a definite chemical formula. Dobbs (1932) points oul
that extracled teeth, immersed in n 0.75 % lactic acid solulion,
are first decalcified on the smooth, worn surfaces. Unerupted
teeth do not have a surface resisting property simiiar to that of
erupted teeth. Several investigators claim to have found greal
individual variations in the ability of enamel to resist the effeels
of acid (Melntosh et al., 1925, Enright et al., 1932),

In the earliest decalcification experiments the whole tooth was
immersed in the acid. Recently the use of isolated experimental
areas has been preferred (Brudevold, 1948, Keil, 1949, Besic,
1953). The latter method offers several advantages.

Enright et al. (1932) state that the microscopic investigation
”is the most delicate method for detecting action of acids on
enamel”. Keil (1949) strongly emphasizes the advantages of
polarized light. Polarized light was also employed by Syrrist
(1949) for studies of changes in the enamel surface layer follow-
ing application of fluorides. It may be mentioned thal Gustafson
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et al. (1947) used this methaod for investigation of natural hypo-
caleifications of the enamel.

While Ehrensberger (1930), Enright et al. (1932), and Besic
(1953) claim that changes in the enamel effected by means of
pure acids and bufifers correspond to real caries, others, e.g.
Fasoli & Manicardi (1926), and Cox (1950) maintain that these
changes represent unspecific decalcification.

In short, it appears that the problem of the effect of acid
on enamel has not yet been fully clarified. Since different in-
vestigators have employed ditferent methods without always
describing their techniques adequately, it is difficult to evaluate
earlier findings.

In this paper a series of experiments will be described, in which
clearly defined methods were used.

MATERIAL AND METHODS

The material in the present study consisted of newly erupted
premolars extracted in the course of orthodontic treatment of
school children, aged 10--14 years. Immediately after extraction
the teeth were placed in physiological saline solution and used
within a few days. By means of a dissecting microscope a selec-
tion was made of teeth that appeared to have a normal and in-
tact enamel surface. A number of teeth with early stages of
‘aries were selected for the purpose of comparison.

A small area of the enamel was isolated, using a modification
of Brudevold’s "window” technique (1948). The tooth was quick-
ly dried with filter paper, and a circular, macroscopically intact
enamel area, about 3 mm in diameter, was walled off with blue
inlay wax, while the rest of the tooth was covered with Tenax
wax. The experimental areas were mainly chosen on the buccal
and lingual surfaces of the teeth. Over the isolated area, and at
an angle of 90°, a wax cylinder with an internal diameter equal
to the diameter of the experimental area was mounted. The
length of the cylindrical tube was about 12 mm. During the
mounting of the tube, the enamel surface was kept moist with
physiological saline solution.

The solutions used for decalcification were placed in the tubes
which were sealed with wax. Some of the experiments were per-
formed at room temperature, others in a thermostat at 37°C.
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After preliminary experiments lactate buffers, pH 3.51 to 5.70
were chosen for the final series. The lactate buffers were pre-
pared by mixing 0.5 M lactic acid and 0.5 M Na-lactate. Thus,
all the buffers had the same ionic strength. The pH-values were
controlled by means of a glass eleetrode. The composition and
pH-values of the buffers are shown in Table 1.

In experiments lasting more than two days the buffer solution
in the wax tube was changed every 48 hours. 119 experiments
were included in the final series.

80 preliminary experiments were conducted with lacate buffers (pH 2.0—
4.75), which had a different composition and varying ionic strength. For
this reason the preliminary experiments were not included in the present
study, and will only be briefly mentioned in the following discussion.

Table 1
Composition of the lacate buffer solutions and their pH-values.

} Lactic Sodium
acid lactate pH
12 8 3.51
12 3.91
7 13 1.00
6 14 4.12
5 15 4.22
4 16 4.31
3 17 448 |
1 i 19 4.93 }
1 i 34 5.12
1 50 5.25
1 90 543
I T 570

After varying time of exposure all wax was mechanically re-
moved from the tooth surface, which was then studied under a
dissecting microscope. Without embedding, ground sections of
the teeth (through the centers of the experimental areas) were
prepared. The main emphasis was put on the microscopic investi-
gation in polarized light, since this method proved superior to
examination in ordinary light. Fig. 1 presents a ground section
imbibed in Canada balsam, as seen in an ordinary microscope.
Fig. 2 shows the same specimen in polarized light. Fig. 3 shows
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the same specimen in polarized light, but imbibed in water. It is
obvious that polarized light yields a far more differentiaied
picture than ordinary light. Furthermore it is evident that by
imbibition in water more delicate details are disclosed than by
imbibition in Canada balsam. On the basis of these comparisons
the present work was carried through as an investigation of
water-imbibed specimens in polarized light.

According to the pioneer studies by Schmidt (1923, 1938) the birefringence
of the enamel is the result of interaction betwecen the negative intrinsic hire-
fringence of the erystallites, (micells), and the positive form birefringence
of the intermicellary areas. In the early stages of the development of the
tooth, when the crystallization has just begun in the newly formed enamel,
this enamel will exhibit positive biretfringence when studied in a polarizing
microscope. (It is assumed that the specimen has been imbibed in distilled
water and that the prisias are oriented with their longitudinal axes diagonal
through the positive quadrants). Due to the scarcity of crystallites at this
carly stage, the positive form birefringence of the intermicellary areas will
dominate. As the minceralization progresses the amount of erystallites will
increase at the expence of the intermicellary areas. Thus, the positive bire-
fringence in the enamel will gradually decrease until it reaches a point
where the positive birefringence of the intermicellary areas and the negative
birefringence of the crystallites are equally strong and balance cach other.
At this point the enamel will appear isotropic (pseudo-isotropic). When the
amount of crystallites increases further the cnamel will show negative bi-
refringence, most strongly in the fully mineralized part of the enamel. In-
completely mineralized enamel can be imbibed in fluids of different refractive
indices, whereby the intermicellary areas will be filled. The birefringence
will then change from positive, through isotropic, to negative — or in the
opposite direction, depending on circumstances. Gustafson et al. (1947)
ascribes the form birefringence to preformed spaces in the enamel matrix.
For details on the method of polarization microscopy the reader is referred
to Schmidt (1938).

Since the process of decalcification may be considered the reversed process
of mineralization, the same stages can be observed, but in reversed order,
i.e. the birefringence will change from negative through isotropic to positive.
This behaviour has been utilized in the present investigations.

It is generally recognized that the enamel cuticle cannot with
certainty be observed in ground sections. In view of this fact we
have preferred to describe our enamel specimens without any
special regard to the cuticle. That a cuticle is present in our
specimens is, however, quite likely, since we are dealing with
teeth from young persons and with tooth areas that have not
been in contact with opposing teeth.
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Fig. 1. Canada balsam. Ordinary light. Defect: Outer spot (Ia). Not to be
clearly distinguished.!

RESULTS

c
presents a schematic view of the enamel in an unstained ground
section of a tooth viewed in polarized light with crossed nicols and
with application of a eompensator (gypsum, red, 1st order). The
prism boundaries are indicated by fine lines. When a compen-

In our experiments two types of defects appear. Fig. 4 a

TAll the pictures represent ground sections. Fig. 1 is derived from in-
vestigation in an ordinary microscope. Figs. 4, 5, and 18 are derived from
investigations in a polarizing microscope with the use of a gypsum com-
pensator. The rest ot the figures are from investigations in a polarizing
microscope without this compensator.

Abbreviations:

surface of the enamel.
striae of Retzius.
inner spot.

outer spot.

dentine.

positive birefringence.
negative birefringence.
isotropy.
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sator is used, areas with negative birefringenece appear yellow.
Blue color indicates areas with positive birefringence, i.e. areas
with strong dissolution of the submicroscopic crystallites. Finally,
red color indicates isotropy (pseudo-isotropy), i.e. areas which
represent an intermediate stage between the two other stages
with regard to degree of decalcification (negative and positive
birefringence neutralize one another). In Fig. 4a the polarization
colors show that a strong dissolution of the mineral component
(blue color) has taken place from the surface. A less decalcified,
narrow zone (red color) separates the affected area from the
interior, apparently intact, enamel (yellow color). The super-
ficial layer of the enamel is preserved in spite of decalcification
of the deeper layer. Under the dissecting microscope this defect
will appear as a distinet white area. Fig. 4b shows a condition
representing a further development of the defect just described.
A cavity has been formed, bordered by a narrow positive zone,
which in turn is separated from the deeper, negative areas of
the enamel by an isotropic zone. The loss of substance will norm-
ally be detectable in the dissecting microscope, and the periky-
mata will no longer be seen. In the following these types of defect
will be referred to as types Ia and Ib, respectively.

The second muain type, type 11, is seen in the drawing in Fig. 4c.
In this case the defect does not seem to develop in the outer
zone of the enamel but just below and parallel to it. The defect
has a positive central area, surrounded by an isotropic border
zone. A narrow zone of negative enamel separates the defect
from the enamel surface. Examinations both with the fluores-
cence microscope and with incident light also indicate that the
degree of mineralization in this zone is about the same as that
of the rest of the negative birefringent intact enamel.

The prisms proper in this outer zone appear to be intact, but
the effect of acid can be observed in the prism sheaths and in the
interprismatic substance. These changes can also be observed
on the other side of the defect, towards the inner part of the
enamel. Type II shows great similarities to hypocalcificalions
of developmental origin in the enamel. In the dissecting micro-
scope this type appears as a faint white spot with a shiny sur-
face.
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Fig. 2. Same section as in Fig. 1. Canada balsam. Polarized light. Outer spot
to be distinguished.

Fig. 3. Same section as in Fig. 1. Distilled water. Polarized light. Defect
shows differentiation (outer zone -+, border zone o, intact enamel =).
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Maeroscopically both types of defect resemble the opaque
spot indicative of initial caries (German: Kreidefleck). “Spots”
must therefore be considered an appropriate term, since it also
describes their appearance in the polarizing microscope (see
Figs. 7, 11a and 18a). Consequently, the types I and II will be
referred to as ’outer spots’ and ’inner spots’, respectively. The
two main types of defects have here been described in their most
characteristic appearance. But, if we consider different stages
in the development of the main types, a series of ’subtypes’ may
be recognized.

The following stages of the two main types are conceivable
and have, in fact, all been observed in the material under study:——

Type I — Outer spots:

Type  Surface zone Intermediate zone ' Inner zone

fa isotropic ! negative
Ia positive isotropic ‘ negative
1 Ib L cavity positive negative

isotropic ; |

Type II — Inner spots:

i Surface zone i Intermediate zone Inner zone |
negative 1 isotropic negative ‘

| |
negative isotropic —- negative

positive -
isotropic |

We are in a position to present cases where an inner defect
becomes an outer one. Both types can be imbibed. Experiments
with imbibition (Figs. 11a and b) show that the positive form
birefringence is present as well in the isotropic as in the positive
zones. This seems to show that the structure of the organic
stroma is preserved in these zones. The resulis of the experi-
ments with respect to the appearance of outer or inner spots are
given in Table 2.
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Table 2. Type of decalcification in relation to pl and time
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4.93 | 5 1 1
1.93 | 6 2 2 ‘
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| 5.4 1 1 ; 1|
| b2 2 | 13 T A P
i 5.12 3 3 3
‘ 5.1 5 : 2 2
5.12 7 2 2
5.25 ' 2 1 1
. 5.2 - 4 | i
| 548 | B 12 1 1
| 543 22 1
\ 5.43 1 1 ‘ 1
‘ ; i 2 7 7
‘ } ‘ 3 3 3
‘ | i l 6 27 i 2 e -
2 1 1
: ‘ 3 9 ‘ 2

Total | 119 | 81 38 |
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Table 2 shows that three different pH-ranges can be distin-
guished with regard to the relation between pH and type of de-
calcification:

. At pH 3.51—-4.00 only outer spots appear.

2. At pH 4.12-—5.25 both inner and outer spots appear. The
inner spots were seen in relatively short experiments only.
This will be discussed later.

3. At pH 5.43-—5.70 once again only outer spots appear.

Ad 1. Three experiments were carried through at pH 3.51,
with the time of exposure varying from thirty minutes to two
days. All the experiments resulted in the appearance of an outer
spot with cavity in the surface (Ib. See Fig. 6). Ten experiments
were made at pH 3.91, with approximately the same times of
exposure as at pH 3.51. When the time of exposure was less than
two hours an outer spot without cavity in the surface was pro-
duced (Ia, Fig. 7). When the time of exposure exceeded two
hours, type Ib appeared. At pH 4.0 only two experiments were
carried out, both of brief duration and both resulting in an outer
spot without a cavity. An outer spot at a very early stage is
presented in the drawing in Fig. 4d. In the preliminary experi-
ments the same result was obtained at pH 3.0 with a 2 minutes
exposure. The affected area contains small, positive double-re-
fractive fields, triangular in form, with the apex pointing in-
wards, and separated from the negative enamel by a narrow iso-
tropic zone. These fields have developed in the areas between
the striae of Retzius, which apparently have resisted destruction.
It appears that the course of the striae of Retzius determines
the shape of these fields. To the left the striae of Retzius run
steeply towards the surface. To the right their course to the
surface is more oblique, with the result that the distance between
the striae is greater here than to the left. The defects, too, are
broader here, since they develop in the enamel between the striae.
When the time of exposure is prolonged, the defects coalesce,
but a somewhat wavy line of separation from the intact enamel
remains. This wavy line is also seen in inner spots (Fig. 8) and
in outer spots obtained at higher pH-values (Fig. 9).

Ad 2. An inner spot appeared only within the pH-range 4.12—
5.25. It was noticed that this type of spot was produced at each
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Fig. 4. Schematic drawing. Types of defect. Polarized light (compensator).

Distilled water. The prisms oriented with their longitudinal axes diagonal

through the positive quadrants. Yellow = —, blue = 4, red = o, a: outer

spot (Ia), b: outer spot (Ib), ¢: inner spot (II). Prisms in a, b, and ¢ drawn

as faint lines. d: outer spot at very carly stage. Relations fo strine of Retzius.
Prisms not drawn.

Fig. 5. Schematic drawing. Development of an inner spot (a and b). Change
to an outer spot (c¢).
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of the pH-values in this range only when the time of expo-
sure was below a certain time limit dependent on the pH-value.!
When this limit was exceeded an outer spot appeared, i.e. the
original inner spot became an outer spot. The time limit is
determined by the pH-value of the buffer: the higher the pH,
the longer the time of exposure needed before the spot changes
from an inner to an outer one. The fact that sometimes inner,
somelimes outer spots appear before this limit is reached, prob-
ably depends on individual variations in the composition of the
enamel.

Table 3 shows how the time limit varies with the pH-vaiue,
as well as the relationship between the number of inner and
outer spots within this time limit. We notice that the time limit
increases from pH 4.12 to 5.25. It should be mentioned that
one of the five experiments at pH 4.48 gave a deviating result,
inasmuch as an inner spot appeared (see Table 2). Outer spots
predominated, however, in the five day experiments at this pH-
value (3:1). In experiments lasting two days or more only outer
spots appeared; the ratio in the one day experiments was 1:1.

Table 3

e T T e A T
Duration of Duration of | lime limit
: . for change
experiments |No. of experiments |No. of] |

s . . : Inner | Outer et . from

- pH resulting in  |experi-] "}~ """ | resulting in lexperi-

\ both kind ments spots | spots | outer spots t inner to ‘

s pots | ments| o
[ ' of spots § only spot |
| ! , “ ‘
412 "10—20 min. | 10 3 I 7 I30 min,— | | |
- B - | i 2 days | 1330 min. |

R e e 2
422 130—15 min, 3 1l e Do N hrs. |
: T e -

4.31 {45 min.—4 hres. 8 ' 4 1 12 days J 5 ‘ 2 days
! Sl U O P e
J-£43 2 hrs.—5 (Ll)%l 8 3 ‘ 5 ‘ 29—5 days | 6 | 2 days' |

e e e &y
}_ 493 ;8 hrs.—2 days. 7 5 2 | 5—12 days . 4 5 days ’
' 52 ‘ 2—5 days 120 11 | 1| 7 days 2 17 days ‘

| 5.25 | 2—idays 2 | 2 0 | [

[ I

! One case deviates (5 days).

t At pH 5.25 the time of exposure was apparently not sufficient to produce

an outer spot.



100 EINAR HALS, TORMOD MORCH AND HARALD F, SAND

The experiments at pH 4.93 particularly demonstrate how an
inner spot develops and changes into an outer spot as a result of
exposure (Fig. 5). Fig. 5a shows the result of an 8 hour exposure:
a narrow isotropic zone is separated from the enamel surface
by a negative double-refractive zone (inner spot, first stage).
In the 19 hour experiment (Fig. 5b) the isotropic zone widened,
and a positive eentral area with isotropic border zones developed.
After an exposure of 12 days (Fig. 5¢) the outer negative zone
was decalcified and an outer spot with a cavity developed.

At pH 5.12 the inner spot always appeared only as an isotropic
zone. (Fig. 10). Inner spots at maximum development, ie. with
maximum width of the central, positive area, appeared at pH
4.31—4.48. (Figs. 11a and 18 bh). The fact that pH 4.12 is the
lowest value at which an inner spot has appeared in our experi-
ments, does not exclude the possibility that decalcification of
the enamel at even lower pH-values starts as this type of defect.
But with such high concentration of H-ions the time of exposure
must be quite short. This, in turn, means that the affected enamel
zone becomes so narrow that a histological determination of this
type of defect is impossible. It has been found that the negative
zone peripheral to the inner spot becomes gradually narrower
as the pH-values decrease from 5.12 towards 4.12.

3. One surprising result of the experiments was that only
outer spots appeared at pH-values above 5.43. The destruction
caused by the buffers at these pH-values was very slight (Fig. 9)
and in many cases only a narrow isotropic zone in the surface
of the enamel was evident.

A three day experiment at pH 5.70 resulted in a defect that
as  partly an outer, partly an inner spot (not included in
Table 2). The peripheral intact zone was, however, extremely
narrow, thus differing distinetly from the corresponding zone
at pH 5.25, the nearest lower value at which an inner spot was
observed.

It is known from earlier publications that enamel is decalcified
also at pH-values above 5.70. We have not, however, extended
our experiments above this value, since higher pH-values could
only be obtained by changing the concentration of the components
of the buffer, which would mean that the resulls would not have
been directly comparable with those reported here.
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Fig. 6. Distilled watev. Polarized light. Part of outer spot (Ib. Sce Fig. 4 b).

Fig. 7. Distilled water. Polarized light. pH 3.91. Time of exposure: less than
2 hours. Outer spot (Ia).
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DISCUSSION

Ehrensberger (1930) in experiments similar to ours obtained
changes in the enamel. She ciassified these as two types of de-
feet:

1. Defects with cavity in the surface.

2. Defects with intact surface.

Gore (1940) makes the same distinction. Their classification
is based on examination in ordinary light.

The classification of the two types of defect, as inner and outer
spots, is based on our findings in polarized light. Our division is
made possible by the fact that the polarizing microscope gives a
more differentiated picture of ground sections than an ordinary
microscope. The inner spot, as we have described it, does not cor-
respond to any of the conditions found by earlier investigators
in similar experiments.! Both FEhrensberger and Gore used a
long time of exposure. This probably explains why they did not
observe an inner spot. It seems that it is not the outline of the
enamel surface — whether it is intact or not —- that is the deter-
mining criterion, but solely the dissolution of the ealcium salts,
as it manifests itself in polarized light. Apparently intact sur-
faces occur not only with inner spots but also with one of the
types of outer spots (Ia). Our findings show that the inner spot
represents a certain phase of the decalcification process, a phase
which occurs only under certain conditions, viz. within a certain
pH range and within a relatively brief period of exposure. Gore
states that in the cases where he found an intact surface, the
decalcification was limited to the interprismatic substance. In
our inner spots we have been able to observe also a dissolution
of the calcium salts in the prisms proper.

It is not easy to explain how an inner spot develops. The de-
calcification of enamel is undoubtedly a complicated process,
influenced by several factors. IFhrensberger explains her results
by adopting the view of Gysi (1921) who assumed that hyper-
calcified zones occurring in caries resulted from remineralization.
According to this view the acids which penetrate into the enamel
become saturated with calcium salts which may be precipitated

t Keil (1949) presents a picture of a defect similar to our inner spots. This
is, however, produced by bread-saliva mixture.
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Fig. 8. Distilled water. Polarized light. Inner spot with a wavy line of
separation from the intact enamel.
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Fig. 9. Distilled water. Polarized light. pH 5.43. Time of exposure: 2 days.
Narrow outer spot with relation to striae of Retzius.

Fig. 10. Distilled water. Polarized light. pH 5.12. Time of exposure: 2 days.
Inner spot only as an isotropic zone.
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in other areas of the enamel, for instance in the previously de-
calcified enamel surface. This may be valid for real caries and
also for in vitro experiments with intermittent exposure to the
acid. But in experiments with continuous exposure the conditions
necessary for remineralization are not present. Even if we assume
that the penetrating buffer becomes saturated with ealeium salts
in a certain layer inside the enamel, we must also assume that
the dissolved salts diffuse inwards as well as out of the enamel.
The salts diffusing outward meet the entering buffer and move
towards an increasing concentration of H-ions. This means
that the degree of saturation decreases towards the surface, and
it is therefore inconceivable that precipitation of the dissolved
salts can take place in the enamel surface, Consequently, the
negative double-refractive zone bhetween the inner spot and the
surface of the enamel can hardly be due to continuous re-
mineralization.

We have tried to explain the development of the inner spots
by simplifying the problem, considering only the factors that
are assumed to be most important in the process of decalci-
fication: —

As Table 2 shows, the so-called inner spots appeared in our
experimments only within a certain pH range (4.12—5.25). Out-
side this range only outer spots were observed. It is further
evident from Table 2 that within this pH range the type of
defect depended on the time of exposure. But even under experi-
mental conditions generally resulting in development of an inner
spot, an outer spot did occasionally appear. As mentioned earlier
this must be assumed to he due to variations in the composition
of the enamel, i.e. normal variations which always may occur
in biological material.

The type of spot is thus primarily determined by the following
factors:

1. The pH-value of the buffer.

2. The time of exposure.

3. The composition of the enamel.

Conditions quite similar to the inner spots we have observed
in our experiments, are found in developmental hypocalcification
of the enamel, as well as in early stages of caries. In our experi-
ments an inner spot appears at pH-values corresponding to those
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Fig. 11. Inner spot. pH 4.31. Time of exposure: 45 min.
a. Distilled water. Polarized light. Maximal width of central positive area.
See Fig. 4 ¢.

b. The same specimen in anilin. Polarized light.

Fig. 12. Fig. 13.

Fig. 12, Distilled water. Polarized light. Caries in the enamel.

Fig. 13. The samec specimen as in Fig. 12. Cinnamon oil. Polarized light.
Positive arcas partly disappeared.
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found in plaque (Stephan, 1940, 1944, Strdlfors, 1948). Both the
early stages of caries and the inner spots we have induced are
imbibable.t There are, in other words, several points of similarity
between our inner spots and caries. Since an inner spot does not
only appear under the conditions of our experiments, we may
assume that it is due to conditions in the enamel itself.

In order to act in the depth an acid must penetrate into the
enamel. In principle penetration and free diffusion are processes
so closely related that they can be subject to the same mathe-
matical treatment.

The formula for free diffusion is:

o Iy
C= k-C(,(l——»-dw- /é—yzdy)
V.,

where y = X
2yDt

Adair (1920) has shown that the formula also is valid when
the diffusion takes place in a gel, and we may assume that it
also is valid for penetration of the enamel. In the formula C
is the concentration of the diffusing substance, at a certain
distance, x, from the boundary, after the time t. The constant k
depends on the conditions of the experiment. If the diffusion
oceurs from a solution into an equally large volume of the pure
solvent, the concentration of the dissolved substance will, when
equilibrium has been established, be the same throughout the

)

40

whole system, viz. . In this case k = %. In our experiments

the volume of the buffer has been large in relation to the amount
which penetrated the enamel. The concentration outside the
enamel may therefore be considered constant = Cy, and k is
consequently = 1.

The decalcification is caused by the H-ions only. It must be

t Keil (1937) mentions that natural caries, contrary to hypocalcifications,
cannot, or only with great difficulty, be imbibed. We have found that this
distinction cannot be maintained, since all ground section specimens of
13). Recently Keil (1934), too, has

enamel caries are imbibable. (Figs. 12
found natural caries to be imbibable.
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assumed that H-ions and lactate-ions penetrate with equal speed.
Therefore, C may represent the concentration of H-ions.

If certain values for x are chosen, and t is varied, a calculation
of C according to the formula above will give a set of curves.
Each curve represents a given value of x and shows how the
concentration of H-ions at a given distance from the boundary
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Fig. 14.

(enamel surface) varies with the time of exposure. Fig. 14 shows
the result of such a calculation. The value of D in our experi-
ments is not known. Therefore, an arbitrary value for D has
been chosen. Whatever value is assigned to D the curves will
have the same form. Different values for D will merely cause dif-
ferent slopes of the curves.

Thus, if we consider an area of the enamel at a certain distance
from the surface, C will increase with the time. Therefore, the
reaction between the H-ions and the apatite may be regarded
as a reaction of zero order. Consequently, in a certain area of the
enamel the amount of minerals dissolved per time unit will be
proportional to the concentration of H-ions in this area. In the

8 -— Acta odonlol. Scandinavic. Vol. 13
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period t =90 to t=1 the amount dissolved in the outermost
layer of the enamel, from the surface to the distance x =1, will
be proportional to the area delimited by the ordinates t = 0 and
t = 1, and by the curve connecting the points (to, Xo), (t;5, X5
(t, x1). The amount dissolved in the same layer in the period

=
|t
P
-

///

N NR N

/|
A
/|

QL

N Ne

Awmount dissolved.

[/l

]

N
]

SH

4 Q 3 4 £ Distance {rom swface.
Fig. 15.

between t =1 and t = 2 may be calculated in the same way.
In the course of two time units the amount dissolved is pro-
portional to the sum of the two areas. The amount dissolved in
each layer after different lengths of time may be calculated in
the same way. The result of such a calculation is shown in
Fig. 15.

The curves t;, t2, t3, etc. represent the amount dissolved after
1, 2, 3 etc. time units.

The graph also includes a curve marked 'min.’. As mentioned
above, the organic stroma of the enamel is positively double-
refractive, while the mineral component is negatively double-
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refractive. The curve marked ’min.” on the graph represents the
excess amount of minerals, i.e. the amount over and above the
amount needed to compensate the positive form birefringence.

This curve shows that we assume the enamel to be more
strongly mineralized in the surface and the amount of minerals
to decrease inwards. This assumption agrees with the findings
of Thewlis (1934, 1937) and Sullivan (1954). It appears from
Fig. 15 that in the time t =1 so small quantities of the enamel
are dissolved that an excess of minerals remains in all layers, giv-
ing negative birefringence. With a short time of exposure, there-
fore, the enamel appears unaffected. At t —= 2 we see that the
dissolution curve touches the mineral curve at the point x = 1.
At this point, in other words, the amount dissolved is exactly
the same as the excess of minerals — that is, at the distance
x =1 from the surface we will find an isotropic line. Both closer
to the surface and further inside, the enamel will exhibit nega-
tive hirefringence. At t =23 we see that the dissolution curve
twice crosses the mineral curve. Again, the points of intersection
represent isotropic zones, one at x = 0.2, the other at x = 2.2
on the graph. Between these two points the amount dissolved
has exceeded the excess of minerals needed for negative bire-
fringence. This range represents a zone with positive birefrin-
gence. A small excess remains in the areas outside and inside
the two points of intersection. The specimen, then, will present
the following sequence of zones from the exterior to the interior:
a narrow negative zone (apparently intact surface), then a narrow
isotropic zone, a broader positive zone, a narrow isotropic zone,
and finally, the rest of the enamel, again negative. At t=14 it
is noticed that the most exterior negative zone has disappeared,
the outer isotropic zone has extended to the surface, the positive
zone has widened and is bordered on the interior side by a
narrow isotropic zone, which is next to the deeper, still
negative, enamel. At t:==25 the isotropic surface zone has dis-
appeared, the positive zone has extended to the surface and is
on the interior side separated by an isotropic zone from the
deeper enamel, which still remains negative. At this stage,
in other words, the inner spot has become an outer spot. From
the diagram Fig. 15 different conditions may be deduced, which
all have been observed in our experiments. Under the given
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Fig. 16. Fig. 17,

Fig. 16. Distilled water. Polarized light. pH 4.31. Inner spot and outer spot
in the same experiment.

Fig. 17. Distilled water. Polarized light. Outer spot (Ia). Rest of inner spot
is seen. Note: Background made white for better contrast.

conditions the type of decalcification is determined by the length
of the time of exposure. With the use of a buffer with a suitable
pH-value, an inner spot will appear only within a certain length
of time. At shorter exposure there will be no apparent effect.
At Jonger exposure an outer spot will appear. The graph also
shows that an inner spot appears only when the dissolution
curves rise in such a manner that they intersect the mineral
curve at two points. If the slopes of the dissolution curves are
steeper than the slope of the mineral curve, only an outer spot
will appear. In our experiments only outer spots were produced
at pH-values below ca. 4.10 and above ca. 5.30. It is evident that
the dissolution proceeds more rapidly at lower pH-values. At
a low pH-value the concentrations of H-ions in the surface is
very high; we may, therefore, get a strong dissolution in the
surface before the H-ions have time to penetrate the enamel.
It is possible that an inner spot may occur at very short exposure,
but we have not succeeded in observing an inner spot at such a
low pH-value,



b

Fig. 18. Distilled water. Polarized light (compensator).
a: regular inner spot at high magnification (compare Fig. 4 ¢). In the central
area of the defect cross striations of the prisms are visible.

b: both inner and outer spot in the same experiment. Because the prisms
in this specimen are oriented through the negative quadrants the polarization
colours are complementary to those shown in a and also to those shown in
Figs. 4 and 5.
Blue = -, red = o, yellow = 4.
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It is more difficult to explain why only outer spots appear at
higher pH-value. One possibility is that the electric charge of
the enamel proteins is a factor in this pH range. The diffusion
of ions will take place most easily at the iso-electric point. Ac-
cording to Klein (1932), the iso-electric point of enamel lies at
about pH 4.3. At pH-values above the iso-eleciric point the
proteins will be negatively charged and thus capable of binding
H-ions. In buffers with a high pH the concentration of H-ions
is low already at the start, but it will suffice to cause dissolution
of minerals in the surface. A considerable part of the H-ions
penetrating into the enamel may be bound to the negatively
charged proteins. The concentration of H-ions will thus decrease
quite rapidly with the distance from the surface. This decrease
will manifest itself as a very steep slope of the dissolution curve.
This means, as already mentioned, that the conditions for the
development of an outer spot are present. We cannot, at the
present moment, tell whether this theory is correct, but we have
been unable to find any other plausible explanation.

In making our calculations we have simplified the problem,
and we want it to be understood that the diagrams represent a
simplified model only.

As mentioned, the decalcification is a very complicated pro-
cess. As the H-ions penetrate into the enamel, part of them react
with the apatite. This will cause a drop in concentration in
addition to the decrease calculated from the diffusion formula.
Since we have used buffer solution, this effect may, however,
be small.

Apparently, the prism sheaths are more permeable than the
prisms proper. The penetration will, therefore, first occur in
the prism sheaths. The penetration into the prisms will, thus,
occur both from the prism sheaths and from the surface of the
enainel.

The penetration probably takes place in the organic material,
while the crystallites present obstacles to the penetrating ions.
As the crystallites are dissolved, it may be assumed that the
enamel as a whole becomes increasingly permeable. Thus, the
penetration coefficient D, in the formula, will increase with
time.
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When the calcium salts are dissolved, the buffer inside the
enamel will become more or less saturated, and, therefore, the
action of the H-ions is diminished.

The calcium salts dissolved in a certain layer of the enamel
will diffuse inwards as well as out of the enamel. Thus, the action
of the acid will depend not only on the penetration of the H-ions,
but also on the diffusion of calcium salts out of the enamel.

All these factors have not been considered in our calculations,
as this would have made a mathematical treatment impossible,
However, since all the possibilities that may be deduced from
the diagram agree with those observed, it may be assumed that
our model does give a fair picture of the decalcification under
certain conditions.

From the diagram we have deduced that an inner spot occurs
in a certain time interval. When the time of exposure is longer,
the inner spot changes to an outer one. This transformation
depends on a widening of the inner spot until it reaches the sur-
face. It is also possible, under certain conditions, that the de-
calcification in the superficial layer of the enamel reaches such
a degree that this layer shows isotropy or positive birefringence
before the inner spot reaches the enamel surface. In other words,
both an inner and an outer spot may be formed in the same
experiment. This has in fact been observed and such a condition
is shown in Figs. 16 and 18b.

In Fig. 17 is shown a defect which must be classified as an
outer spot without cavity. Here the outlines of a previous inner
spot can be clearly seen. In this case, however, it is impossible
to tell how the transformation from an inner to an outer spot
has taken place.

Our explanation concerning the development of an inner spot
is based on the assumption of a higher degree of calcification
in the outer layer of the enamel. If this were not true, our ex-
planation would not hold. We have tried to test this experiment-
ally. On four teeth the superficial enamel was ground off and
the ground surface polished. As in the other experiments an
area of the enamel was then exposed to buffer, under conditions
which in the other experiments most consistently resulied in
inner spots (pH 5.12, 2 days). In all ground teeth exclusively
outer spots appeared.
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CONCLUSIONS

It was found that polarized light is superior for microscopic
examination of defects caused by acid decalcification of the
enamel.

By action of the described lactate buffers two main types of
defects were observed in polarized light, with imbibition in
distilled water. These two types were classified as ’outer spots’
and ’inner spots’.

In the main type of outer spots the originally negative bire-
fringence of the enamel has changed to positive in the super-
ficial layer of the defect. The outer spots appear with, as well
as without the formation of a cavity in the surface. The inner
spots never show a break of the surface. In the main type the
negative birefringence persists in the superficial layer of the
enamel. Inside this layer appears a positive area bordered by
isotropie zones.

The type of spot depends primarily on the pH of the buffer.
In the pH range 4.12—5.25 either type may develop, while at
pH-values above 5.25 and below 4.12 only outer spots appear.
In the pH interval 4.12—5.25 the type of spot depends on the
time of exposure. An inner spot develops at a relatively short
time of exposure. When the time of exposure is prolonged the
inner spot gradually changes to an outer one. The time limit for
the change from an inner to an outer spot depends on the pH.
The higher the pH, the longer is the time needed for this change.
Furthermore, the type of spot occuring in this pH range seems
to depend on the composition of the enamel. It is believed that
the condition necessary for the formation of an inner spot is a
higher concentration of calecium salts in the surface than in the
deeper zones of the enamel.

The inner spot and hypomineralized zones of developmental
origin as well as early stages of natural caries show several
similarities.

An attempt has been made to explain the development of an
inner spot by means of the diffusion formula, considering the
factors which are assumed to be most important. The course of
the decalcification has been illustrated by a diagram. From this
diagram different stages in the development of an inner spot
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have been deducted. These stages were actually observed in the
experiments. The iso-electric point of the enamel (Klein, 1932)
falls within the pH range in which inner spots appear. The oc-
currence of outer spots above pH 5.25 may depend on the electric
charge of the proteins. At a pH above the iso-electric point the
proteins will be negatively charged and therefore able to hind
H-ions.

A relation exists between the inner boundary of the defects
and the striae of Retzius, as the areas between the striae are
most strongly attacked. In an outer spot this is observed even
in the earliest stage of decaleification.

From experiments with imbibition may be concluded that even
in highly decalcified zones, for instance in the positive zone of
an inner spot, the structure of the organic matter is preserved.

SUMMARY

The present investigation was undertaken in order to study
the very first stages of the decalcification of human dental
enamel.

For the experiments newly erupted premolars were selected
and used immediately after extraction. On these teeth experi-
mental surface areas were isolated by the Brudewvold technique.
Over the experimental areas wax-tubes were fitted which were
filled with lactate buffer solutions, the ionic strength of which
was constant. The pH range was 3.51—>5.70. The time of exposure
was varied from 15 min. to 12 days. A series of 119 experiments
is reported. The main emphasis was laid on examination of
ground sections in polarized light.

On examination in polarized light with imbibition in distilled
water two main types of defects were observed which could be
characterized as inner spots and outer spots. Both principal
types could be further subdivided. The outer spots manifested
themselves macroscopically as dull whitish areas, with or with-
out a loss of substance. On the microscopic examination an
outer spot without loss of substance showed positive birefringence
in the external zone of the enamel, separated by a narrow iso-
tropic zone from the intact negative double-refractive enamel
lying deeper. With short exposure to the lactate buffers the
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alteration of the enamel in some cases was only a narrow iso-
tropic zone in the surface layer of the enamel. In the case of an
outer spot with loss of substance it was limited by a narrow
positive double-refractive zone with an isotropic border zone.
The inner spots manifested themselves macroscopically as slight-
ly opaque spots with a shiny, apparently intact surface. On
microscopic examination of inner spots the enamel showed a
surface layer of varying width where the negative birefringence
was retained. Inside this layer the real defect was found which
in its characteristic form consisted of a positive central area
with isotropic border zones.

It appeared that the type of spot was dependent on the pH of
the buffer and the time of action. Below pH 4.12 and above pH
5.25 only outer spots appeared, independent of the time of expo-
sure. Inner spots appeared only when buffers with pH from 4.12
to 5.25 were used, and then only with short time of exposure.
A longer time of exposure produced outer spots also within this
pH range. The time necessary for the development of an outer
spot increased with rising pH.

The inner spots were in some respects similar to hypomine-
ralized zones in the enamel and to early stages of caries.

The formation of the inner spots is explained by means of
the diffusion formula. The main factors which are supposed to
influence the course of decalcification have been taken into
consideration. A graph of the course of such decalcification
showed that it was possible to deduce all the various phases
which were observed in the development of the inner spot.

RESUME

I’EFFET DE SOLUTIONS TAMPONNEES DE LACTATE
SUR I’EMAIL DENTAIRE IN VITRO

observé au microscope polarisant

Les recherches effectuées par les auteurs ont pour but d’¢lu-
cider le probléme des premiers stades de la décalcification de
I’émail dentaire humain.

Des prémolaires, en place sur I'arcade dentaire depuis peu et
soigneusement sélectionnées, sont ntilisées immédiatement apres
extraction. Des tubes en cire sont adaptés sur des plages d’essais
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choisies 4 la surface des dents, préalablement préparées selon la
technique de Brudevold. Ces tubes sont remplis de solutions tam-
ponnées de lactate &4 pH constant. Le pH des solutions utilisées
s’étend de 3,61 a 5,70. Les surfaces traitées furent soumises &
I’action des solutions pendant une période variant de 15 minutes
a 12 jours. 119 essais ont ainsi été réalisés. I’examen des coupes
minces minéralogiques, usées a la meule, en lumicre polarisée,
a fait I'objet d’un soin tout particulier.

Deux types principaux d’altérations ont été observées au micro-
scope polarisant sur des coupes lmbibées d’eaun distillée: d’une
part des taches internes et d’autre part des taches externes.

Les taches externes se présentent macroscopiquement comme
des zones opaques blanchatres, avec ou sans perte de substance.
L’examen au microscope polarisant d’une tache externe sans
perte de substance montre une biréfringence positive dans la
couche externe de I’émail qui est séparée de 1’émail indemne
sous-jacent, a biréfringence négative, par une zone isotropique.
Dans certains cas, ou le contact avec des solutions de lactate a
été de courte durée, on observe qu'une étroite zone isotropique
4 la surface de ’émail. L’éxamen d’une tache externe avec perte
de substance montre une étroite zone a biréfringence positive
bordée en dedans par une couche isotropique.

Les taches internes se présentent macroscopiquement comme
des zones faiblement opaques a4 surface brillante et apparemment
intacte. A D'examen microscopique dune telle tache, I’émail
présente une couche superficielle, d’épaisseur variable, a biré-
fringence négative. C’est & lintérieur de cette couche que l'on
rencontre I'altération réelle dont 'aspect caractéristique consiste
en une zone centrale positive entourée par des zones isotropiques.

1l semble que le type de tache obienue dépend du pH de la
soluticnn tampon et de son temps d’action. Les taches externes
apparaissent au-dessous d’un pH de 4,12 et au-dessus d’'un pH
de 5,25, indépendemment de la durée de I'épreuve. Par conire
les taches internes n’apparaissent qu’a des pH variant entre 4,12
et 5,25 et aprés une attaque de courte durée. En effet & ces
derniers pH, si I'on prolonge la période d’action de la solution
tampon, on obtient des taches externes. Le temps nécessaire pour
produire une tache externe augmente avec I'accroissement du pH.

Les taches internes présentent une similitude avec les zomues
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hypo-calcifiées de P'émaijl et les premiers stades de la carie
dentaire.

Les auteurs expliquent P'apparition des taches internes par
les lois de la diffusion. Les principaux facteurs intervenant au
cours de la décalcification ont été analysés. On peut déduire les
différentes phases observées au cours du développement des
taches internes & partir d’un graphique représentant les différents
phénoménes se succédant dans une telle décalcification.

ZUSAMMENFASSUNG

EINWIRKUNG VON LAKTATPUFFERN AUF DEN
ZAHNSCHMELZ IN VITRO

im Polarisationsmikroskope untersucht

Diese Untersuchungen bezwecken eine Abklirung der Verhilt-
nisse in den allerersten Stadien des Dekalzinierens des mensch-
lichen Zahnschmeizes.

In den Versuchen wurden neulich hervorgebrochene Pramolare
gleich nach der Extraktion angewandt. An diesen Zihnen wur-
den Probeflichen nach Brudevolds Technik isoliert. Tber den
Probeflachen wurden Wachstuben montiert, die dann mit den
Saure-Probelosungen gefiillt wurden. Als Probeldsungen wurden
Laktatpuffer mit konstanter Ionenstirke benutzt. Das pH-Gebiet
der Puffer war 3,561—5,70. Die Einwirkungszeit wurde von 15
Min. bis auf 12 Tagen variiert. Der Bericht umfasst eine Serie
von 119 Versuchen. Das Hauptgewicht ist auf die Untersuchung
von Schleifschnitten in polarisiertem Lichte gelegt worden.

Es traten zwei Haupttypen von Defekten auf, die bei Unter-
suchung in polarisiertem Licht als innere und &dussere Flecke
bezeichnet werden kénnen. Die Schnitte wurden in destilliertem
Wasser imbibiert. Beide Haupttypen kénnen in Unterabteilungen
eingeteilt werden. Ein dusserer Fleck erscheint makroskopisch
als ein mattes, weisses Gebiet, mit oder ohne Substanzverlust.
Beil der mikroskopischen Untersuchung zeigte ein dusserer Fleck
ohne Substanzverlust positive Doppelthrechung in der Ausseren
Zone des Schmelzes, von dem weifer nach innen gelegenen un-
versehrten (negativ doppeltbrechenden) Schmelz durch eine
schmale isotrope Zone abgegrenzt. Bei einer Einwirkung von
kurzer Dauer bestand die Verinderung in einigen Fillen nur in
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einer schmalen isotropen Zone in der Oberflichenschicht des
Schmelzes.

Reim Ausseren Fleck mit Substanzverlust wird die Begrenzung
der Kavitit von einer schmalen, positiven Zone mit isotoper
Ubergangszone ausgemacht.

Die inneren Flecke zeigten sich makroskopisch als schwiichere,
undurchsichtige Stellen mit schimmernder, anscheinend unver-
sehrter Oberflache.

Bei mikroskopischer Untersuchung innerer Flecke zeigte der
Schmelz eine Oberflichenschicht wechselnder Breite, wo die
negative Doppeltbrechung beibehalten war. Innerhalb dieser
Zone wurde der eigentliche Defekl gefunden, der in seiner meist
charakteristischen Form aus einem positiven Zentralgebiet mit
isotropen Randzonen bestand.

Es stellte sich heraus, dass der Flecktypus von dem pH des
Buffers und der Einwirkungszeit abhingiy war. Unter pH 4,12
und iitber 5,25 traten nur dussere Flecke, unabhingig von der
Einwirkungszeit, auf.

Im pH-Gebiet 4,12—5,25 traten innere Flecke bei kurzer Ein-
wirkungszeil auf. Bei langer FEinwirkungszeit traten auch in
diesem Gebiet dussere Flecke auf. Die notwendige Zeit, um den
dusseren Fleck hervorzurufen, nahm mit steigendem pH zu.

Der innere Fleck zeigte verschiedene Ahnlichkeiten mit hypo-
mineralisierten Zonen in dem Schmelz und mit frithen Stadien
von wirklicher Karies.

Die Bildung des inneren Fleckes wird aus den Gesetzen fiir die
Diffusion heraus erklart. Dadurch wurde Riicksicht auf die Fak-
toren genommen von denen angenommen werden muss, dass sie
sich fiir den Verlauf des Dekalzinierens i Schmelz am meisten
geltend machen. Eine graphische Darstellung des Verlaufs zeigte,
dass es moglich war alle die verschiedenen Phasen, die bei der
Entwicklung des inneren Fleckes heobachtet wurden, aus dem
Diagram herzuleiten.



EFFECT OF LACTATE BUFFERS ON ENAMEL 121
REFERENCES

Adair, G. §.: The penetration of electrolytes into gels. Biochem. J. 14: 762,

1920.
Bagnall, J. St.: Bibliography on caries research. Nat. Res. Counc., Ottawa,
1950.

Besic, F. C.: Carieslike enamel changes by chemical means. J. Dent. Res.
32: 830, 1953.

Brudevold, F.: A study of the phosphate solubility of the human enamel
surface. J. Dent. Res. 27: 320, 1948.

Cox, G. J.: Oral environment and dental caries. Publ. 225, Nat. Acad. Science,
Washington, 1950, p. 243.

Dobbs, E. C.: Surface resistance of human enamel to acid decalcification.
J. Dent. Res. 12: 581, 1932,

Enright, J. J., H. E. Friesell and M. O. Trescher: Studies of the cause and
the nature of dental caries. J. Dent. Res. 12: 759, 1932,

Ehrensberger, Martha: Uber kiinstlich erzeugte Caries incipiens des Schmelzes
und die Remineralisationsmoglichkeit der natiirlich entstandenen
Caries incipiens. Ziirich, 1930.

Fasoli, G. and G. Manicardi (1926): Cited by Bagnall, 1950.

Fosdick, L. H. and A. C. Starke: Solubility of tooth enamel in saliva at
various pH levels. J. Dent. Res. 18: 417, 1939.

Gore, J. T.: Saliva and enamel decaleification. IV, J. Dent. Res. 19: 455, 1940.

Gottlieb, B.: A new concept of the caries problem and its clinical application.

J. Amer. Dent. Assoc. 37: 1489 and 1598, 1944.

Gustafson, G., P. Nystrém and E. Stelling: Five cases of pronounced enamel
hypocalcification within the same family. Odont. Tidskr. 55: 183, 1947.

Gysi (1921): Cited by Ehrensherger, 1930.

Keil, A.: Der menschliche Zahuschmelz im karidsen Zustand. Deatsche Zahn-,
Mund- u. Kieferheilk. 4: 60, 1937.

Keil, A.: Uber die Initialstadien der Schmelzkaries und ihre Erzeugung in
Kaubrei-Versuchen in vitro. Deutsche Zahnirztl. Zeitschr. 4: 947, 1949,

Keil, A. (1954) : Personal communication.

Klein, H.: Physico-chemical studies on the structure of dental enamel. VIIL
The determination of the isoelectric point of enamel by means of
membrane potential measurements. J. Dent. Res. 12: 95, 1932,

McIntosh, J., W. W. James and P. Lazarus-Barlow: An investigation into the
etiology of dental caries. IV. Brit. J. Exper. Path. 6: 260, 1925,

Miller, W. D.: Microorganisms of the human mouth. 8. 8. White Dent. Mfy.
Co., 1890.

Nuckolls, J., and H. E. Frisbie: Caries of the enamel. J. Amer. Coll. Dent.
13: 84, 1946.

Pincus, P.: A new theory of the cause of caries. 111, Dent. J. 9: 80, 1940.

Rosebury, T.: The problem of dental caries. Dent. Science and Dent. Art.

Lea and Feabiger, 1938, p. 269.



129 EINAR HALS, TORMOD MORCH AND HARALD F. SAND

Schmidt, W. J.: Doppelbrechung und Feinbau des Zahnschmelzes. Sitz.-Ber.
niederrhein. Ges. Natur-w. Heilk. Naturwiss. Abt., 1923, p. 1.

Schinidt, W. J.: Polarisationsoptische Analyse des submikroskopischen Baues
von Zellen und Geweben. Abderhaldens Handb. d. biol. Arbeitsmetho-
den, Abt. V, Teil 10, p. 435.

Stephan, R. M.: Changes in H-ion concentration on tooth surfaces and in
carious lesions. J. Amer. Dent. Assoc. 27: 718, 1940.

Stephan, R. M.: Inter-oral hydrogen-ion concentration associated with dental
caries activity. J. Dent. Res. 23: 257, 1944.

Stralfors, A.: The acid fermentation in the dental plaques in situ compared
with lactobacillus count. J. Dent. Res. 27: 576, 1948.

Sullivan, H. R.: The solubility of enamel surfaces. J. Dent. Res. 33: 504, 1954.

Syrrist, A.: Histological studies on the effect of sodium fluoride on human
dental enamel. Odont. Tidskr. 57: 395, 1949,

Thewlis, J.: X-ray examination of human teeth. Brit. Dent. J. 57: 457, 1934.

Thewlis, J.: The calcification of enamel and dentine. Brit. Dent. J. 62: 303,
1937.





