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Abstract

Fluoride dentifrice has been accepted widely for use in caries prevention and its
effectiveness has been confirmed. In order to enable the use of fluoride dentifrice
effectively in daily brushing, the present study was performed to examine the relationship
between fluoride uptake and the amount of fluoride dentifrice used and brushing time
for adults. We examined the relationship between fluoride uptake into the surface layer
(4-6 um)of enamel and the active fluoride concentration ¢n vitro and the relationship
between the amount of fluoride dentifrice (1,000 ppmF) used and the fluoride concen-
tration in oral fluid in vivo. It became clear that fluoride uptake into the enamel was
increased at the concentrations of 300 ppmF or more. Fluoride uptake at 300 ppmF was
increased for 2min and became saturated thereafter. The results of the relationship
between the fluoride concentration in the oral fluid and the amount of fluoride denti-
frice used indicated that the amount of dentifrice that could maintain the mean fluoride
concentration at 300 ppm or more for 2min was 1.0g or more. From these results, the
recommended amount of fluoride dentifrice (1,000 ppmF) is 1.0g or more for adults.

Key words:  Fluoride dentifrice—Fluoride uptake—Amount of fluoride dentifrice—
Fluoride concentration in oral fluid

Introduction Policy Bureau, Ministry of Health and Welfare,

Japan, DMFT, an indicator of caries preva-

Recently, according to the Report on the lence, in children aged 12 years, was not more
Survey of Dental Diseases (1999) by the Health  than 3 in Japan, which was also the case in

This study presented in part at the 54th meeting of Japanese Society for Dental Health, 18th September
2004 at Morioka. (J Dent Hlth 54(4): 413, 2004)
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Europe”. It has been reported that the caries
incidence might be decreasing, because the
number of DMFT reached to the target of
WHO, “DMFT should be decreased to 3.0 or
less before a child becomes 12 years old.”
Thus, successful decrease of caries prevalence
in elementary school-age children has been
achieved. However, the caries prevalence
rate in junior high and high school students
increases markedly with increasing age".

The market share of fluoride dentifrice
in Japan in 2003 is about 88%", indicating
that the usage of fluoride dentifrice as home
care (self-care) has become popular. At least
judging from the questionnaire about the
frequency of tooth brushing, once-a-day tooth
brushing habit is popular. Nevertheless, in
people aged 13 to 18 years at puberty with the
high caries prevalence rate the trend has kept'.

In Japan, water fluoridation for systematic
application of fluoride, one of the means of
fluoride applications for caries prevention,
has not been conducted. The use of fluoride
mouthrinse has been carried outin only 3.1%
or less of the population even in schools' and
market development of fluoride mouthrinses
has not been done. This means that access to
fluoride mouthrinse is poor and that in the
present social circumstances, fluoride mouth-
rinse is not widely accepted for caries pre-
vention, even if there is knowledge about the
caries prevention through health education.
Based on the present status of widely of fluo-
ride application, it can be considered that
the effective application of fluoride dentifrice
that is used daily for topical application of
fluoride contributes most importantly to
prevent caries.

To achieve effective application of fluoride
dentifrice for caries prevention at puberty, it
may be necessary to reexamine the contentand
method of the existing information about
such dentifrices. In other words, the present
scientific understanding of the action of fluo-
ride dentifrice is insufficient. For example,
optimal method for usage of such denti-
frice has not been determined. Therefore, it
remains necessary being scientifically based
information concerning preventing caries to
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people engaged in dental medicine and to
users of health information, and such infor-
mation must be understandable and practi-
cally useful.

In Japan, however, there is almost no
research on the effective daily amount of
fluoride dentifrice. In the present study, in
order to make it possible use fluoride denti-
frice effectively, we examined the effective
amount of fluoride dentifrice and the appro-
priate application time by studying the rela-
tionship between fluoride uptake into enamel
and the active fluoride concentration and the
time-course of changes of the amount of den-
tifrice used and of the fluoride concentration
in oral fluid.

Materials and Methods

1. Study design

This study consisted of two different exper-
iments (Fig. 1). In experiment 1, fluoride
uptake into bovine enamel, active concen-
tration of fluoride and optimal treatment
time of fluoride dentifrice were examined
in vitro. In experiment 2, the relationship
between the amount of fluoride dentifrice
used and fluoride concentration in oral fluid
was examined with the actual application
of fluoride dentifrice. From these two experi-
ments, the effective amount of fluoride denti-
frice and the optimal application time were
obtained by clarifying the fluoride action to
prevent caries.

2. Experiment 1. Fluoride uptake into

bovine enamel with fluoride solutions

in vitro
1) Preparation of specimens

Gum and root membrane etc. of bovine
anterior teeth (Black Cattle in Japan, aged 2
years) were carefully removed from teeth. The
enamel specimen surface was polished using an
aluminum wrapping film with 40-um particle
size (Aluminum oxide: Imperial wrapping
film sheet, 3M) to smooth the enamel sur-
face, and a final polishing was done with the
same film with 3-um particle size. The teeth
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In vitro experiment
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In vivo experiment

Fluoride uptake into bovine
enamel with fluoride solutions

Actual fluoride concentration
of fluoride dentifrice with
brushing

A 4

Y

Matrix of fluoride concentration
and reaction time

Matrix of amount of fluoride
dentifrice and brushing time

Optimal amount of 1,000 ppm fluoride dentifrice
daily use with brushing teeth

Fig. 1 Flow diagram of experiments

were divided in coronal and root sites using a
diamond cutter. A coronal site of enamel was
cut into 6 specimens using the cutter. The
enamel specimen was attached to the tip of an
acrylic bar (diameter: 8mm, height: 11 cm)
with epoxy putty (GSI Ceros Hobby Depart-
ment). After the putty hardened, a window
(5mm X5 mm) was made with nail varnish.
2) Preparation of fluoride solution and

the treatment method

Fluoride solutions were prepared by dissolv-
ing NaF (special grade sodium fluoride, Wako
Pure Chemical Industries, Osaka, Japan) in
ion exchange-purified water to make concen-
trations of 100, 300, 500 and 1,000 ppmkF.
Taking into consideration typical daily tooth
brushing times, 30sec, and 2 and 5 min were
employed as treatment times. The experiment
was performed using undertaken in matrix of
the above 4 fluoride concentrations and 3
treatment times with 5 samples for each combi-
nation. The fluoride treatment was carried out
by gently shaking the samples in the solutions
and the samples were washed for 30sec with
ion exchange-purified water. In the control
group, 5 untreared samples were employed.
3) Acid etching of bovine enamel after

reaction

The treated samples were decalcified for

10sec in 0.4 ml of 0.5M perchloric acid (ana-
Iytical grade, Wako Pure Chemical Industries)
and the decalcification reaction was termi-
nated by adding 1.6 ml of 0.5M sodium citrate
solution. Immediately after the completion of
decalcification, the reaction was stopped by
adding 1.6 ml of 0.5M sodium citrate solution,
which adjusted the pH of the solution to 5.6.
4) Determination of fluoride (F) and

calcium (Ca) in decalcification solutions

The concentrations of F in decalcification
solutions were determined by the fluoride ion
selective electrode method. A combination-
type F ion electrode (9606 BN, Thermo) and
an ion meter (940 A, Orion) were employed.
The F concentrations of standard fluoride solu-
tions were 10, 1.0 and 0.1 ppm, which were
prepared by dissolving NaF in the mixture
of 0.5M perchloric acid and 0.5M sodium
citrate at the ratio of 1 to 4. Solutions with
extremely low concentrations, 0.05, 0.02 and
0.01 ppm, were prepared by diluting 0.1 ppm
standard solution at each determination. A
portion of decalcification solution was diluted
appropriately in 1N-HC1/0.5% La solution to
determine Ca by an atomic absorption method
(Hitachi Model 508).
5) Measurement of enamel surface area

The specimens were photographed using a
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digital camera and the surface areas were
obtained from the image by using image
analysis software (WinROOF verb, Mitani Co.).
6) Calculation of fluoride concentrations in
bovine enamel
The amount of enamel and fluoride con-
centrations in each layer were measured
based on the assumption that the calcium
content in bovine enamel and the enamel
specific gravity were 37%” and 2.95”, respec-
tively. The used for equations calculation were
as follows:
Amount of F in enamel (ug)
=F ion concentration (ug/ml) X2ml
Amount of enamel (ug)
= Amount of decalcified Ca (ug) X 100/37
F concentration in enamel (ppm)
=Amount of F (ug)/amount of enamel
(ng) X2.95
Depth of enamel (um)
=Amount of F (ug)/(2.95g/cm’) X Area
of enamel surface tested (mm”®)
7) Statistical analysis
The statistical analysis among the test groups
and between each test group and the control
group was performed by PLSD of Fishers’ test
and ANOVA, or the multi-comparison test
method (Tukey Kramer test). A p value of not
more than 5% was considered statistically
significant (Statview Ver. 5.0).

3. Experiment 2. Relationship between
amount of fluoride dentifrice
(1,000 ppmF) and fluoride concentration
in oral fluid in vivo

1) Subjects and preparation of fluoride
solution
The subjects enrolled in this study were 8

adults (male and female aged 24 to 45 years).

Liquid fluoride dentifrice was prepared by

using NaF to make the final concentration

1,000 ppmF.

2) Brushing with fluoride dentifrice
(establishment of amount of fluoride
dentifrice and brushing time)

Before brushing, the mouth was washed for
10sec with 10ml of ion exchange-purified
water. Then brushing was done in combina-
tion of six different amounts of dentifrice
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(0.1, 0.3, 0.5, 0.7, 1.0 and 1.5g) and four
different brushing times (30, 60, 120 and
180sec).

3) Determination of fluoride concentration
in oral fluid after brushing with fluoride
dentifrice
After brushing, dentifrice in oral fluid was

poured out into a cup. One gram of the fluid

was taken from the cup and mixed with 10 ml

of 1N HCI. The specimen solution was filtered

through a Millipore filter (0.45um), and 2ml
of 1M sodium citrate solution and 3ml of

TISAB II were mixed with 1 ml of the speci-

men solution. The F ion concentration in this

solution was determined by a combination

F ion electrode method (9606 BN, Thermo)

and the fluoride concentration in oral fluid

was calculated.

4) Statistical analysis
The statistical comparison of fluoride con-

centrations in oral fluid after treating with the

various amounts of fluoride dentifrice for

various brushing times was performed by a

multiple-comparison method (Tukey Kramer

test) after applying two-way ANOVA. A p value
of not more than 5% was considered statisti-

cally significant (Statview Ver. 5.0).

Results

1. Fluoride uptake into first layer of enamel
1) Treatment time and fluoride uptake

The fluoride concentration in the surface
layer of control bovine enamel used in the
present study was about 50 ppm. Fluoride
uptake into enamel tended to be increased
with longer treatment time (Table 1). The
results of PSTD of Fishers’ test (Table 2)
showed that there was no significant differ-
ence in fluoride uptake between the control
and 100 ppmF groups at any treatment time.
Therefore, it can be concluded that fluoride
uptake in the 100 ppmF group was very low.
On the other hand, in the 300ppmF and
500 ppmF groups, significant differences in
fluoride uptake were observed between the
300 ppmF/30sec group and the 500 ppmF/
120sec or 300sec group, and between the
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Table 1 Fluoride concentration in the surface layer in bovine enamel (ppm)

Treatment F . . .
concentration 30 (sec) Depth (um) 120 (sec) Depth (um) 300 (sec) Depth (um)
Control 50.5+12.1 5.1 50.5+12.1 5.1 50.5+12.1 5.1
100 ppm 152+10.2 5.6 192+ 39.5 2.4 346 +78.0 2.3
300 ppm 309 +82.0 4.9 716112 4.5 776 +134 4.2
500 ppm 437+43.0 5.2 780 =258 5.9 1,026 =218 6.1
1,000 ppm 813+70.7 4.0 1,235 +502 4.5 1,752+ 487 3.6
Trial, n=5.

Table 2 Statistical analysis of fluoride uptake into the surface layer of enamel between treatment time and

exposure fluoride concentrations

Fluoride Exposure 100 ppmF 300 ppmF 500 ppmF
. . Control
concentration time
(ppm) (sec) — 30 120 300 30 120 300 30 120 300
100 ppm 30 NS —
120 NS NS —
300 NS NS NS —
300 ppm 30 NS NS NS NS —
120 * * * * * —
300 * * * * ® NS —
500 ppm 30 NS NS NS NS NS NS * —
120 * * * * * NS NS * —
300 * * * * * NS NS * NS —
1,000 ppm 30 * * * * * NS NS * NS NS
120 * * * * * * * * * NS
300 * * * * * * * * * *

*p<<0.05 (PLSD of Fishers’ test). NS: non significance.

500 ppmF/30sec group and 300 ppm/300sec
group. With the longer treatment times,
120sec and 300 sec, there was no difference in
fluoride uptake between the 300 ppmF group
and the 500 ppmF group. These results indi-
cate that there was not so much difference in
fluoride uptake between the 300 ppmF and the
500 ppmF group. Concerning the 100 ppmF
and 300 ppmF groups, the 300 ppmF group
statistically significantly higher fluoride uptake
values at 120-sec and 300-sec treatment times.
2) Comparison of fluoride uptake into

enamel among fluoride dentifrices with

different active fluoride concentrations

at 120-sec treatment time

The results of the multiple-comparison test

of fluoride uptake among fluoride dentifrices
with different active fluoride concentrations
at 120-sec treatment time, a typical brushing
time used by ordinary people, are shown in
Table 3. The control group showed signifi-
cantly lower fluoride uptake compared with
all the other groups. Fluoride uptake in the
100 ppmF group was significantly lower com-
pared with that in the 300 ppmF, 500 ppmF
and 1,000 ppmF groups. On the other hand,
there was no difference in fluoride uptake
between the 300ppmF group and the
500 ppmF group. Comparing the 1,000 ppmF
group and 500 ppmF group, the 1,000 ppmF
group showed significantly higher fluoride
uptake.
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Table 3 Multi-comparison test of fluoride uptake into enamel (first layer) on

120-sec exposure time

F treatment Control 100 ppm 300 ppm 500 ppm
Control —
100 ppm NS —_
300 ppm * * _
500 ppm * * NS
1,000 ppm * * * *

Tukey Kramer test, *p<<0.05. NS: non significance.

Table 4 Fluoride concentration in oral cavity brushing with fluoride dentifrice (1,000 ppmF)

Brushing time (sec)

Fluoride
dentifrice (g) 30 60 120 180
0.1 52.1+13.0 39.2+12.2 95.2+8.3 99.9+7.4
0.3 135.7+35.9 110.8+35.0 74.2+20.6 57.2+148
0.5 913.8+63.7 148.6+42.1 101.2+19.9 90.4+95.4
0.7 970.3 +86.2 913.1+54.5 165.9+50.0 112.3+32.0
1.0 382341219 27294587 910.8+69.1 152.9+95.8
15 394.8+67.3 310.2+57.5 931.8+48.4 176.7+38.5

n=38 (aged 2445 years).

Table 5 Multi-variation comparison test to fluoride concentration in oral cavity with 1,000 ppm fluoride dentifrice
Fluoride Significant test, *p<<0.05

dentifrice (g) 01 03 05 o7 o
0.1 —
0.3 * —
0.5 * NS _
0.7 # ® NS .
1.0 # ® % " .
1.5 * * * # NS

*Tukey Kramer test, n=8.

2. Fluoride concentration in oral fluid after
brushing with liquid fluoride dentifrice
The amount of liquid fluoride dentifrice

(1,000 ppmF), and the mean and standard

deviation of the fluoride concentrations in oral

fluid of eight subjects are shown in Table 4.

The mean fluoride concentration in oral fluid

after brushing with liquid fluoride dentifrice

decreased exponentially with the increase of
time of after brushing. At 30-sec brushing,

Reject value: —55.197.  NS: non significance.

the fluoride concentration was minimum,
52.1+13.0 ppm with 0.1g of fluoride denti-
frice and maximum, 394.8+67.3ppm with
1.5 g of fluoride dentifrice. When the amount
of fluoride dentifrice was increased, the
fluoride concentration in the oral fluid was
not increased proportionally. The multiple-
comparison test among fluoride dentifrice
brushing groups (Table 5) showed that a
significant difference in the fluoride concen-
tration in the oral fluid was observed between
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the 0.1 g group and 0.3 g group and between
the 0.7g group and 1.0g group. There was
no statistically significant difference in the
fluoride concentration in the oral fluid
between the 1.0g group and 1.5g group.

Discussion

1. Fluoride concentration in control enamel

The fluoride concentration in the layer of
control bovine enamel was 50.5 ppm, which
was one tenth that in humans'. The reason
why the fluoride concentration in bovine
enamel was so low compared with that in
human enamel was considered to be due to
the abrasion that occurred during polishing
of the sample of bovine enamel surface. This
polishing of bovine enamel surface has been
usually conducted in cariology study with this
enamel. We confirmed no difference between
fluoride uptakes into enamel reacted fluoride
solution (1,000 ppmF) to different baselines.

2. Concentration of fluoride for enhancing
the reaction of enamel with fluoride

The results of analysis of fluoride uptake
into the enamel suggested that the reaction of
fluoride with the enamel surface and with the
layer, and fluoride uptake into enamel were
enhanced at 300 ppmF or higher of active
fluoride concentration and 30sec or more
brushing time. Fluoride uptake into enamel
at 120-sec brushing time, what is very close to
actual typical brushing times, was almost
equal between the 300 ppmF group and the
500 ppmF group, but was different between
the 500ppmF group and the 1,000 ppmF
group. Their findings suggest that the reac-
tion to enamel between using the 500 ppmF
and the 1,000 ppmF is different.

3. CaF, formation by enamel pulus fluoride
solution, and fluoride penetration
In studies of the reaction of fluoride ion
with enamel, it has been confirmed that
CaFlike globular crystals are formed on the
enamel surface at 300 ppm fluoride concen-
tration under the neutral pH condition and
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at 100 ppm under the weak acidic condition
(pH5.0)**™*". Based on this fact, it is con-
sidered that CaF, is hardly formed in the
100 ppmF group under the neutral pH con-
ditions and that CaF, formation may be
possible in the 300 to 500 ppm groups under
such conditions. At 1,000 ppmF or more, the
amount of CaF, formed is considered to be
increased compared with that at the lower
fluoride concentrations™”.

In the 100 ppmF and 300ppmF groups,
fluoride uptake at 300-sec treatment time was
about 3 times that at 30-sec treatment time, and
in the 1,000 ppmF and 1,500 ppmF groups,
fluoride uptake at 300-sec treatment time was
about 2 times that at 30-sec treatment time.
Assuming that the volume capacity for fluoride
uptake in the first layer of enamel is constant,
it is considered that at 1,000 ppmF of active
concentration, fluoride penetrates into the
vacant space of the crystal structure for a short
time due to the steep concentration slope so
that CaF, formation dominates compared
to that in the lower fluoride concentration
groups and that in the lower fluoride con-
centration groups, 100 ppmF and 300 ppmF
groups, penetration is slower because of the
gentle concentration slope.

4. Simulation of mean fluoride concentration

in oral fluid

An approximate expression for the mean
fluoride concentration in oral fluid was
obtained using the actual values of the fluo-
ride concentrations in oral fluid in 8 subjects.
The approximate expression deduced from
data in Table 4 showed that the approxima-
tion with a quadratic function was most
fittable. Therefore, a quadratic regression
equation was obtained and integrated. F(t),
an equation for obtaining mean fluoride
concentration in oral fluid, was deduced by
dividing the integrated equation by an arbi-
trary brushing time (¢).

The quadratic approximate expression is
as follows:

(1) f(t)=at*+bt+C

By integrating this equation by a brushing
time (¢), an equation for the fluoride concen-
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Table 6 Mean active fluoride concentration calculated in oral cavity brushed by 1,000 ppm fluoride dentifrice

Fluoride Approximate Brushing time (sec)

dentifrice (g) from F(t) No. 30 60 120 180
0.1 1 59.2 52.4 41.9 35.7
0.3 2 150 137 114 96.8
0.5 3 241 212 167 141
0.7 4 294 279 255 237
1.0 5 409 367 300 255
1.5 6 428 391 285 285

I(t): Mean active fluoride concentration, ¢: brushing time (sec).

No.1: F(t)=0.0006¢*—0.2828¢+67.18
No.2: F(t)=0.0089¢*—0.5395¢ + 165.8
No.3: F(t)=0.0027¢*—1.2322¢ 4 276.0
No.4: F(t)=0.000967¢*—0.8084¢+310.4
No.5: F(t) =0.0029¢* —1.6455¢ 4+ 459.6
No.6: F(t)=0.00237¢ —1.4475¢ 4+ 469.3

tration at an arbitrary brushing time can be
obtained.

(2) F(t)=[(at®+ bt+ C)dt

(3) F(t) =§t3+gt2+ Ct+C,

Since t is 0 and F'(0) is 0, C, becomes 0. This
is converted to the mean fluoride concentra-
tion at a brushing time (¢).

The conversion equation, MF(t) is as follows:

@) MP(y =L _ap b, o

t 3 2

Equation (4) is a equation that of enables
calculation of mean fluoride concentration
in oral fluid by using the actual values. The
mean fluoride concentration in oral fluid
was used for comparing the groups treated
with fluoride dentifrice in order to a constant
fluoride concentration for fluoride uptake.

Table 6 shows the amounts of the dentifrice
used and the regression equation for each
amount, and mean fluoride concentrations
in oral fluid after 10- to 180-sec brushing time.
The mean fluoride concentration in oral
fluid at 10-sec brushing time was maximal,
455 ppm at 1.5g of dentifrice and minimal,
64.4ppm at 0.1g, indicating that the range of
the mean fluoride concentration was wide.
Even with the usage of 1.0g or 1.5¢g of liquid
fluoride dentifrice (1,000 ppmF), the initial
active fluoride concentration did not reach
500 ppm. At 120-sec brushing time, close to

Fig. 2 Optimal amount of fluoride dentifrice (1g)

an actual typical brushing time, 300 ppm or
higher mean fluoride concentrations were
observed only for the treatment with 1.0g or
1.5g dentifrice. Figure 2 illustrates optimal
amount of fluoride dentifrice (1g) to prevent
coronal caries effectively.

5. Optimal amount of dentifrice for children

(3-6 years old)

We were difficult to determine optimal
amount of fluoride dentifrice for children
because of doing experiment 2. However, in
Japan, Yamaguchi and co-workers reported
that mean amount of dentifrice for 3—4 years
old found 0.29g". From a view point of
developing enamel fluorosis (0.1 mgF/kg) by
fluoride intakes of children, if children swal-
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low 15% of fluoride dentifrice'” (500 ppmF)
and their mean weight is 15kg, the fluoride
intake is 0.022mgF or 0.0015mg/kg, that is
no problem. WHO recommended that amount
of fluoride dentifrice must use with 0.25 g for
six years old below from the same point™.
Also Den Besten found that adequate amount
of fluoride dentifrice for 4-5 years old was
0.25¢”. Therefore, amount of fluoride den-
tifrice for children (six years old below) to
inhibit an incidence of enamel fluorosis
should be used with 0.25g.

Conclusion

The present study was conducted to deter-
mine the optimal amount of fluoride denti-
frice for adults by examining in vitro fluoride
uptake into enamel and the fluoride concen-
tration in oral fluid after treatment with
fluoride dentifrice (1,000 ppmF) and by com-
paring ¢n vitro and in vivo results. The results
showed that at 300 to 500ppm fluoride
concentration near the enamel surface,
fluoride uptake in the layer of enamel (several
pm) ' was remarkably increased. To obtain
300ppm or higher mean fluoride concen-
tration in oral fluid, 1.0g or 1.5g dentifrice
was needed (p<<0.05). It has been reported
that the lowest limit of the concentration of
fluoride for CaF, formation under the neutral
pH conditions is 300 ppm. Therefore, it was
considered that CaF, formation was strongly
involved in fluoride uptake into enamel at
300 ppmF or higher active concentrations. In
conclusion, from these two findings and the
considerations regarding CaF, formation, 1.0 g
or more of fluoride dentifrice (1,000 ppmF)
for adults was recommended as the actual
optimal amount.
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