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Abstract

Objectives The aim of this in vitro study was to compare the caries-preventive effect of various high fluoride- and calcium-
containing caries-preventive agents (>22.000 ppm F~ [ppm]) in adjunct to use of regular (1450 ppm) or high (5000 ppm)
fluoride toothpaste on sound as well as demineralized enamel.

Materials and methods Bovine enamel specimens (n=276; 5 mm X 3.5 mm X 3 mm) having one sound surface [ST] and
one artificial caries lesion [DT] were randomly allocated to 12 groups. Interventions before pH-cycling were no interven-
tion ([SC,/SCs]), application of varnishes/solutions containing NaF (22,600 ppm; Duraphat [NaF,/NaFs]); NaF + tricalcium
phosphate (22,600 ppm; Clinpro White Varnish [TCP,/TCPs]); NaF + CPP-ACP (22,600 ppm; MI Varnish [CPP,/CPPs]);
silver diammine fluoride (35,400 ppm; Cariestop 30%[SDF,/SDFs;]); and NaF + calcium fluoride (45,200 ppm; Biophat[CaF,/
CaF;)). During pH-cycling (28 days, 6 X 120 min demineralization/day) half of the specimens in each group were brushed
(10 s; 2 X /day) with either 1,450 (NaF; named, e.g., TCP)) or 5,000 ppm (NaF; e.g., TCPs) dentifrice slurry. Differences in
integrated mineral loss (AAZ) and lesion depth (ALD) were calculated between values after initial demineralization and
after pH-cycling using transversal microradiography.

Results After pH-cycling, SC,/SCs showed significantly increased AZp/LDpy values, indicating further demineraliza-
tion (p <0.05; paired t-test). Decreased AZy values, indicating non-significant remineralization, could only be observed
in CaF,/CaF; (p> 0.05; paired t-test). Additional use of all varnishes/solutions significantly decreased AAZy/AAZgr and
ALDp/ALDg compared to SC;/SCs (p <0.05;ANCOVA). Between 1450 and 5000 ppm dentifrices, a significant difference
in AAZp/ AAZgr and ALDpy i/ ALDgy could only be observed for SC,/SCs (p <0.05; ANCOVA).

Conclusion Under the conditions chosen, all fluoride varnishes/solutions significantly reduced demineralization. Furthermore,
a significant dose—response characteristic for fluoride varnishes could be revealed. However, no additional benefit could be
observed, when varnishes were combined with high fluoride instead of regular fluoride dentifrices.

Clinical relevance For children and adolescents with high caries risks varnishes containing more than 22,600 ppm should be
further investigated, as they offered higher caries-preventive effects in vitro. Furthermore, there seems to be no difference
in the demineralization-inhibitory capacity of fluoride varnishes when used in combination with either standard or highly
fluoridated dentifrices.
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Introduction

A variety of clinical studies could demonstrate the ben-
efits, safety, and cost-effectiveness of various means of
fluoride delivery [1]. Besides dentifrices, varnishes and
solutions with high fluoride content (>22.000 ppm F~) are
widely used, especially for high-risk patients [2]. Due to
the adherence to the tooth surface for longer periods, they
are supposed to act as slow-releasing fluoride reservoirs
[2]. One of the most widely used varnishes contains 5%
sodium fluoride (NaF) [3]. However, in recent years, the
anti-caries effects of various other formulas have been uti-
lized. For instance, calcium/phosphates have been added
to NaF-containing varnishes. This way, fluoride efficacy
is supposed to be enhanced without compromising fluo-
ride bioavailability [4]. During storage, the interaction of
Ca”* and fluoride is protected by a fumaric barrier. If the
fumaric barrier gets into contact with saliva, it breaks and
Ca®* and F~ are released [5]. Proteins derived from milk
have also been added to NaF-varnish. After incorpora-
tion of these protein complexes (e.g., casein phosphopep-
tide-stabilized amorphous calcium phosphate complexes
(CPP-ACP)), they are supposed to buffer the biofilm pH.
Simultaneously, Ca*" and PO,~ are supposed to dissoci-
ate [6]. Thus, a reservoir for storing bioavailable Ca’ and
PO,™ is formed by adding CPP-ACP. Moreover, different
fluoride compounds have either additionally been added to
NaF (e.g., calcium fluoride (CaF)) to increase the fluoride
deposition [7] and to induce a quicker and deeper initial
interaction or have been used instead of NaF (e.g., silver
diamine fluoride (SDF); [8]). A considerable antibacterial
effect could be observed for SDF [9]. Even under bacteria-
free conditions, it prevented further demineralization in
enamel [10, 11] and dentin [8, 12], indicating a (high)
anti-caries effect.

The remineralizing effects of varnishes/solutions contain-
ing SDF [10, 11], NaF plus TCP [5], or NaF plus CPP-ACP
[5, 13] have been analyzed on enamel in several in vitro
studies. Interestingly, net-demineralizing conditions were
only simulated once when investigating varnishes [13].
However, in this study, firstly, a less sensitive optical coher-
ence tomography method was used to measure mineral los
and, secondly, no significant differences between the nega-
tive (no varnish) and standard control (NaF varnish) could
be observed. Nonetheless, intermittent demineralizing con-
ditions are common in the oral environment. Moreover,
although the anti-caries effect of the formulas was analyzed
on initially demineralized as well as sound (enamel) sur-
faces, none of them analyzed the effect on different baseline
substrate conditions simultaneously.

Thus, the aim of the present study was to com-
pare the demineralizing inhibitory effect of
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various high fluoride—containing caries-preventive agents
(>22.000 ppm F) in addition to the use of either regu-
lar (1450 ppm) or high (5000 ppm) fluoride dentifrices
on sound enamel surfaces as well as on artificial enamel
caries—like lesions under net-demineralizing conditions
using a bacteria-free pH-cycling model. We hypothesized
that no significant differences in mineral loss would be
observed between the fluoride varnishes/solutions but for
all compared with a no-varnish control (standard control).
Furthermore, we hypothesized that a significant correla-
tion between mineral loss and fluoride concentration of
the varnishes would be observed for initially demineral-
ized lesions.

Materials and methods
Specimen preparation

The study protocol conformed to the principles outlined in
the German Ethics Committee’s statement for the use of
human body material in medical research [16].

Bovine incisors were obtained from freshly slaugh-
tered cattle (negative BSE test) and stored in 0.08%
thymol. Teeth were cleaned and 300 enamel blocks
(6§ mm X 3.5 mm X3 mm) were prepared (Exakt 300; Exakt
Apparatebau, Norderstedt, Germany) (Fig. 1). The enamel
blocks were embedded in epoxy resin (Technovit 4071; Her-
aeus Kulzer, Hanau, Germany), ground flat and polished
(grit sizes: 800, 1200, 2400, 4000; silicon carbide, Phoenix
Alpha, Wirtz-Buehler, Diisseldorf, Germany; Mikroschleif-
system Exakt, Exakt Apparatebau, Norderstedt, Germany)
[17].

Lesion formation

Two-thirds of the surface of each specimen was covered with
nail varnish in order to assure enough mechanical and acid-
resistance for the sound control (S) and sound treatment (ST)
areas (Fig. 1). Since S was used as a control to register a
possible damage (e.g., destruction, erosion, abrasive surface
loss) of the specimen during the in vitro study, nail varnish
was not removed at any time. Specimens were stored in a
demineralization solution for 21 days (2.5 ml solution/mm?
enamel surface) to create artificial enamel caries lesions in
uncovered areas (demineralized treatment [DT]). The solu-
tion contained 50 mM acetic acid, 3 mM CaCl,xH,0, 3 mM
KH,PO,, 6 uM methylhydroxydiphosphonate, and traces of
thymol (pH 4.95; 37°C) [18]. During that period, the pH
was monitored daily and, if necessary, adjusted with small
amounts of either 10% HCI or 10 mM KOH to maintain a
constant pH value. After demineralization, artificial caries
lesions with intact surfaces were observed in all specimens.
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Fig.1 Specimen preparation. a Frontal view of bovine incisor and
b—c lines for cutting perpendicular and parallel to the long axis of
the tooth crown; d prepared specimens (5 mmXx3 mmx3.5 mm); e
specimen covered with acid resistant nail varnish (sound control area
(S) (red); sound treatment area (ST)); f initially demineralized speci-

In order to calculate baseline mineral loss and lesion depth,
thin slices of 100 um (£ 10 um) of each partially demineral-
ized enamel specimen were cut perpendicularly to the sur-
face, as described below. Subsequently, photographic images
of the specimens were taken and 286 specimens were chosen
from the 300 specimens originally prepared [19].

Power calculation

The number of specimens per group was calculated based
on previous studies (non-published data). The a-error was
set at 5%. Considering the differences (SD) between the SC,
and Scs (AAZpr: mean difference of 350 (360) vol% X pum;
AAZgr: mean difference of 1878 (310) vol% X um), the
statistical power calculated for AAZy was 85% and for
AAZgr 100%. Dropout rate was assumed not to exceed 20%.
Approximately 23 specimens should have been enrolled into
the study for analyses of at least 18 specimens per group.
Since the retro-perspective power analysis for the small-
est difference (difference between SC; and Scs) with 16
specimens has still provided a power of at least 100% for
AAZyr (mean difference: 904 (406) vol% X um), 100% for
AAZgp (mean difference: 751 (178) vol% X pm), 90% for
ALDpy; (mean difference: 20 (17) um), and 100% for ALDgy
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g f

nail varnish

pre-demineralization
(pH 4.95, 21 days)
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TMR analysis
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men (demineralized treatment area (DT)) and thin section after initial
demineralization for transversal microradiographic analysis; g speci-
men covered with nail varnish (yellow); h specimen after the applica-
tion of the agents; i preparation of the thin sections after pH-cycling
for transversal microradiographic analysis

(mean difference: 35 (10) um); no additional specimens were
included in the study.

Treatments

Specimens were randomly allocated to twelve experimental
groups (n=286). Interventions before pH-cycling were as
follows:

e No intervention (standard control [SC])

e Application of a varnishes/solutions containing sodium
fluoride [NaF]

e Sodium fluoride plus tricalcium phosphate [TCP]

e Sodium fluoride plus casein phosphopeptide-stabilized
amorphous calcium phosphate complexes (CPP-ACP)
[CPP]

e Silver diammine fluoride [SDF]

e Sodium and calcium fluoride [CaF] (Table 1)

This first level of intervention (application of a varnish)
is indicated by the capital letters. The second level of inter-
vention (brushing with a dentifrice) is indicated with lower
script letters. Meaning the groups combined with brushing
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(ppm F7)

N (negative control)

NaF

22,600

CP GABA GmbH, Hamburg, Germany
Clinpro White Varnish Mint
3 M ESPE, St. Paul, USA

Duraphat
MI Varnish

NaF (standard control)

NaPF,
TCP

NaF,

22,600

TCP

22,600

CPP

CPP-ACP
SDF

GC Corporation, Tokyo, Japan

Cariestop 30%

35,400

Biodindmica Quimica E Farmacéutica LTDA

Biophat

SDF

NaF +
CaF,

45,200

CaF

(22,600 +22,600)

Biodindmica Quimica E Farmacéutica LTDA, Ibi-

pora, Brasil

#According to the manufacturer

with a 1450 ppm F~ fluoride dentifrice got the reference
number 1 (e.g., NaF,) and the ones combined with 5000 ppm
F~ got the reference number 5 (e.g., NaFs) as lower script
letters.

Before application, specimens’ surfaces were cleaned
using a Pro-Cup (Pro-Cup Nr. 990/30, Hawe Neos Dental,
Bioggio, Switzerland) for 20 s, rinsed using distilled water
for 30 s, and dried [12]. Subsequently, the respective var-
nish/solution was applied according to the manufacturer’s
instructions with the exception of a prolonged application
time (5 min instead of 3 min as partially instructed) [12].
Thereafter, specimens were immersed into distilled water
for 2 h, before pH-cycling started (first phase: 2 h demin-
eralization). Thus, the minimally recommended treatment
period was simulated since the varnishes/solutions remained
undisturbed on the specimens for 4 h before the first brush-
ing procedure. As done previously (e.g., [12, 13]), varnishes/
solutions have not actively been remove before pH-cycling
and simulated toothbrushing. Since in some groups small
amounts of the varnishes could be observed even after the
pH-cycling period, further information on the influence of
not removing the varnishes/solutions can be found in the
discussion.

pH-cycling conditions

A computer-controlled pH-cycling and brushing machine
[19] was used to simulate oral pH-fluctuation patterns and
daily oral care. The pH-cycling lasted 28 days and conditions
were chosen with a daily schedule of 6 cycles. Specimens
were consecutively subjected to a demineralizing (60 min), a
rinsing (30 s), a remineralizing (120 min), and again a rins-
ing (30 s) phase. During a 6-h “night” period, the specimens
were subjected to a remineralizing solution. The reminerali-
zation solutions contained 1.5 mM CaCl,, 0.9 mM KH,PO,,
and 20 mM Hepes, pH 7.0. The demineralization solution
contained 0.6 uM methylhydroxydiphosphonate, 3 mM
CaCl,, 3 mM KH,PO,, and 50 mM acetic acid adjusted to
pH 4.87 [18]. The pH-cycling solutions were refreshed with
every cycle. The amounts of each solution were large enough
to prevent the solutions from becoming saturated with or
depleted of mineral ions (0.7 ml solution/mm? enamel sur-
face per cycle).

Twice daily, after the first and last demineralizing phase,
the specimens in each group were brushed for 10 s (Oral-
B Indicator; Proctor & Gamble, Schwalbach am Taunus,
Germany) with either regular fluoride dentifrice (1,450 ppm
F~ [ppm] as NaF; Blend-a-med Frisch, Procter & Gamble,
Schwalbach am Taunus, Germany) (group name, e.g., NaF,)
or a high fluoride dentifrice (5000 ppm as NaF; Colgate
Duraphat 5000 ppm Fluoride Toothpaste, Colgate-Palmolive
Ltd, Guildford, UK) (e.g., NaFjs) dentifrice slurry (Table 2).
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Table 2 Description of dentifrices, fluoride content, active, and inactive ingredients

Group Dentifrice Fluoride content  Free fluoride pH# pH* Active Inactive ingredients#
(ppm F) # content (SD) ingredients”
(ppm F) *
Regular fluoride dentifrice Blend-a-med Frisch, 1450 1538 (35) nm 6.9 NaF Sorbitol, aqua, hydrated
Procter & Gamble, [116 (2) %] silica, sodium lauryl
Schwalbach am Taunus, sulfate, trisodium phos-
Germany phate, flavor, sodium
phosphate, cellulose
gum, carbomer, sodium
saccharin, titanium
dioxide, blue 1
High fluoride dentifrice Colgate® Duraphat® 5000 5367 (96) nm 8.1 NaF Liquid sorbitol (non-
5000 ppm Fluoride [107 (2) %] crystalising), dental type

Toothpaste, Colgate-Pal-
molive Ltd, Guildford,
UK

Silica, dental type silica
(precipitated), macrogol
600, tetrapotassium
pyrophosphate, xanthan
gum, sodium benzo-

ate (E211), sodium
lauryl sulfate, apearmint
flavoring (containing
peppermint oil, carvone,
spearmint oil, menthol,
anethol, and lemon oil),
saccharin sodium, bril-
liant blue FCF (E133)
and purified water

# According to the manufacturer. * According to the present measurements (SD, standard deviation). nm, not measured

To simulate the recommended brushing time of 2 min,
specimens were perfused with distilled water to remove
the slurry after another 110 s. The machine was adjusted
to a constant brushing frequency of 60 strokes/min and a
constant brushing load of 1.5 N. These settings ensured the
prevention of brushing abrasion in the present study and
simulated a relatively realistic brushing sequence at the
lower end of the range [20]. Dentifrice slurries were pre-
pared with deionized water in a ratio of 1:3 parts by weight
(toothpaste:water) and refreshed every 2 days.

Determination of free fluoride and pH in the slurries

For the fluoride-containing dentifrices, total soluble [F~] in
the slurries and their pH were determined as described pre-
viously [21, 22]. Two hundred milligrams of the toothpaste
slurries (1 part toothpaste to 3 parts mineral solution, by
weight) were diluted in 100 ml distilled water at room tem-
perature. Four milliliters of the diluted slurries were centri-
fuged at 10,000 g for 10 min and 1 ml of the supernatant was
added to 1 ml TISAB II (Thermo Fisher Scientific, Beverly,
Mass., USA). To calibrate, the electrode four fluoride solu-
tions (3.8 mg/l, 1.9 mg/l, 0.38 mg/l, and 0.19 mg/l) were
prepared, since these concentrations are in the same range
of the expected sample concentrations. After calibration, the
fluoride concentration of the toothpastes were determined

using a fluoride-sensitive electrode (type 96—09 BNC;
Thermo Fisher Scientific). Analyses were made in triplicate.

Transversal microradiographic analysis

Slices of approximately 300 pm thickness from each speci-
men were obtained after initial demineralization (Baseline)
and after the pH-cycling (pH-cycle) (Exakt GmbH, Norder-
stedt, Germany). Subsequently, the slices were ground and
polished to a thickness of 100 pm (& 10 um) using water-
proof silicon carbide papers (FEPA grit sizes: 800, 1200,
2400, 4000; Struers). Microradiographical images of the
slices were obtained as described previously (20 kV and
20 mA) [22].

Calculation of integrated mineral loss, lesion depth

Mineral loss (AZp,getine/ AZpy.cycte) and the lesion depth
(LDgyseline/LDph-cycle) Were calculated by using the transver-
sal microradiography (TMR) software (Version 5.25 by Joop
de Vries, Groningen, the Netherlands). The average mineral
content of sound enamel was assumed to be 87 vol%, and
the mineral density of sound enamel to be 2.88 g/cm?, as
measured by previous studies [23, 24]. The lesion depth was
calculated using a threshold of 95% of the mineral content
of sound enamel (i.e., 82.7%). Thus, integrated mineral loss

@ Springer
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(AZ), lesion depth (LD), and “R”-value (being the ratio of
mineral loss (AZ) to lesion depth (LD)) could be calculated
[25, 26].

Baseline mineral loss (AZg,jine) and lesion depth
(LDg,geline) Of initially demineralized surfaces were sub-
tracted from the respective values after pH-cycling
(AZ,y cycle> LDphecyere) [17, 27]. Changes in mineral
loss (AAZ = AZp,getine—AZph.cycre) and lesion depth
(ALD =LDg,jine—LDpp_cycle) Were then calculated. For a
more intuitive reading, AAZgr and ALDg were calculated
as well, although values for sound surfaces were measured
only after the pH-cycling [12]. For this, baseline values were
assumed to be zero. Furthermore, graphics of mean mineral
density profiles were prepared for all groups with the TMR/
WIM Calculation Program.

A 1000.0

n= 19 18
500.0

16 20 21 21 18 17 21 19 20 20

0.0

-500.0 =+

-1000.0 +— 4 - =+

-1500.0
-2000.0

AAZyy [vol%xpum]

-2500.0

-3000.0

A* B BC BC BC C a* ab bc abc abc ¢
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o \\'5"’,\(?"02?"50‘0 &~ Lo «5‘(‘:«@6 d?sso?s o
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RE. Ej‘”%
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-1500 %
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i

AAZgt [vol%xpum]
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Fig.2 Means with confidence intervals (95%) of the changes in min-
eral loss (AAZ; A and B) and lesion depths (ALD; C and D) of ini-
tially demineralized surfaces (AAZp/ALDpp) and sound surfaces
(AAZg/ALDgy). Different letters indicate significant differences
between treatments among specimens being brushed with 1450 ppm
(e.g., SC)) (large caps) and with 5000 ppm (e.g., SCs) (small caps)
(p<0.05; ANCOVA). For initially demineralized specimens, a sig-
nificantly lower change in mineral loss could only be observed for
CaF, compared with the high fluoride dentifrice (SCs), whereas for
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Statistical analysis

Data were analyzed using SPSS statistical software (SPSS
25.0; SPSS, Munich, Germany). Variables were tested for
normal distribution (Shapiro—Wilk test). Within one experi-
mental group, changes in mineral loss and lesion depth after
initial demineralization (AZg,.jine/LDpyseline) and after pH-
cycling (AZy_cycie/LD i cycle) Were analyzed using paired
t-tests. Analysis of covariance (ANCOVA) for the regular
and high fluoride dentifrices was used to detect differences
in changes of mineral losses (AAZpy, AAZgy) and lesion
depths (ALDypy, ALDgyp). For this, TMR and treatment were
defined as fixed effects. Since for pre-demineralized lesions
(DT), a correlation between AAZ and [F~] was shown
graphically in Fig. 2, evaluation was carried out using the
Spearman rank correlation coefficient for pre-demineralized
lesions. For this, only groups N [0 ppm], NaF [22600 ppm],

n= 19 18 16 20 21 21 18 17 21 19 20 20

20 - -

-40

ALDpr [um]

-60

-80

-100

-120

o s,gx"(gs d?s‘p?x cg‘w s 6,6%9«(39 d?ssos‘«, Ca\'(t,

-20

$ 14

-60

ALDgr [um]
=

N
o
o

N
N
=]

-140
A* B B B B B a* b c c c c

-160

sound enamel surfaces the combined use of the regular fluoride denti-
frice and all varnishes/solutions induced a significantly lower change
in mineral loss compared with SCs. A single asterisk (*) indicates
significant differences between regular and high fluoride dentifrices
within one varnish treatment. Negative AAZ values indicate dem-
ineralization, positive AAZ values indicate remineralization. For a
more intuitive reading, AAZg/ALDg; values were calculated as well,
although the values were measured only after pH cycling. For this,
the baseline values were assumed to be zero
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SDF [35200 ppm], and CaF [45200 ppm] were used. All
tests were performed at a 5% level of significance.

Results

After initial demineralization, treatment groups didh not
differ significantly in mineral loss (p>0.05; ANCOVA)
and lesion depth (p>0.05; ANCOVA). Mean (95%
CD) AZp,setine.pT Was 1879 (1734; 2024) vol% X um and
LDyuseline.pr Was 97 (91; 102) um. Due to losses during
preparation, final TMR analysis was performed with 16-21
specimens per group (Table 3).

TMR—mineral loss

For mineral loss, significantly increased values between
before and after pH-cycling were observed in SC;, NaF,,
TCP, and SCs, NaFs, SDF; indicating further deminerali-
zation (p < 0.05; two-tailed paired z-test; Table 3), whereas
only CaF, and CaFs showed (non-significantly) decreased
AZpr values (p > 0.05; two-tailed paired #-test; Table 3).
For comparisons between the groups, initially deminer-
alized specimens of all interventions (except NaFs, CPPs,
and SDFs) showed significantly lower further mineral
loss (AAZpr) than SC; and SCs, respectively (p <0.05;
ANCOVA; Fig. 2). Furthermore, specimens of CaF, and
CaF; showed significantly lower changes in mineral loss
(AAZpyp) than NaF, and NaFs, respectively (p <0.05;
ANCOVA; Fig. 2). For AAZgr, all groups with additional

interventions showed significantly lower further mineral
loss (AAZpr) than SC; and SCs, respectively (p <0.05;
ANCOVA; Fig. 2). For comparison between regular and
high fluoride dentifrices, a significantly lower change in
mineral loss (AAZpr and AAZgy) for the high fluoride den-
tifrice could only be observed in the dentifrice only group
(SC, vs. SCs) (p<0.05; ANCOVA; Fig. 2).

TMR—Iesion depth

For lesion depth, significantly increased values between
those after initial demineralization and after pH-cycling
were observed in SC;, SDF, and SC;, CPPs, SDF; (p <0.05;
two-tailed paired #-test; Table 3). For comparisons between
the groups, specimens of SC; and SC; showed a signifi-
cantly higher changes in lesion depths (ALDp and ALDgr)
compared to all interventions (except for initially demin-
eralized specimens of SDFs) (p <0.05; ANCOVA; Fig. 2).
For comparison between regular and high fluoride denti-
frices, a significant lower increase in lesion depths (ALDpy
and ALDygy) for the high fluoride dentifrice could only be
observed in sound surfaces in the dentifrice only group
(p <0.05; ANCOVA,; Fig. 2).

TMR—mineral density profiles.

All specimens revealed subsurface lesions without
abrasive surface losses (Fig. 3, Supplementary Informa-
tion Fig. 1, Supplementary Information Fig. 2). After pH-
cycling, a second layer of demineralized tissue could be
observed in initially demineralized specimens of SC;, SCs,

Table 3 Mean (95% confidence interval) mineral losses and lesion depths after initial demineralization (AZ,,jine/LDpasciine) and after pH-

CyClil’lg (AZpH-Cycle/LDpH-cycle)

Intervention N AZ, yeetine [VO1% X um] AZ 1 cyete [VOI% X um] pP* LDypaseline [Mm] LDpy.cycle [HM] P*

N, 19 1687  (1239;2134) 3550  (2706; 4395) <0.001 388 (61; 116) 159 (133;185) <0.001
NaF, 18 1571 (1181;1961) 2583 (1758;3408) 0.048 91 (74;107) 111 (78;144) 0.385
TCP1 20 1987  (1451;2523) 2416 (1932;2900) 0.030 103 (85;120) 120 (96;143) 0.053
CPP1 21 1735 (1138;2332) 2127 (1544;2710) 0.120 90 (65;115) 106 (83;130) 0.149
SDF1 21 1629  (1155;2102) 1986  (1589;2382) 0.069 90 (73;107) 116 (95;137) 0.019
CaF1 16 2094  (1388;2799) 2027  (1615;2439) 0.654 94 (68;120) 115 (96;134) 0.188
N5 18 1999  (1356;2641) 3244 (2649;3838) <0.001 99 (83;116) 164 (140;187) <0.001
NaF5 17 1687  (1183;2191) 2682  (1745;3619) 0.024 91 (70;112) 118  (79;157) 0.294
TCPS 19 2129  (1530;2728) 2359 (1763;2955) 0.958 102 (87;118) 119 (90;147) 0.484
CPP5 20 2255 (1763;2748) 2607  (1964;3250) 0.228 111 (99;122) 129 (110;148) 0.046
SDF5 20 1716  (1325;2107) 2370 (1858;2883) 0.046 96 (84;109) 128 (103;153) 0.025
CaF5 21 2088  (1507;2668) 1926  (1571;2280) 0.653 108 (94;122) 106 (86;126) 0.796

“Bold p values indicate significant differences in mineral losses and lesion depths before and after pH-cycling (two-tailed paired r-test)

Additional application of a varnish containing sodium fluoride (NaF); sodium fluoride plus tricalcium fluoride (TCP) (TCP); sodium fluoride
plus CPP-ACP (CPP); silver diammine fluoride [SDF]; sodium fluoride plus calcium fluoride (CaF); and no additional varnish intervention
(negative control (&V))

Index 1 (e.g., NaF)): toothbrushing with a regularly fluoridated dentifrice [1450 ppm as NaF] Index 5 (e.g., NaFs): toothbrushing with a highly
fluoridated dentifrice [5000 ppm as NaF]
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«Fig.3 Mean mineral density profiles of the initially demineral-
ized enamel surfaces before (baseline, DT) and after pH cycling
(pH-cycle, DT) as well as the profiles of sound surfaces (pH-cycle,
ST). Left diagrams: combined use of regular fluoride dentifrices
[1450 ppm as NaF] and fluoride varnishes. Right diagrams: com-
bined use of regular fluoride dentifrices [S000 ppm as NaF] and fluo-
ride varnishes. Lesions were assessed using the TMR/WIM calcula-
tion program. In initially demineralized specimens, a second layer of
demineralized tissue could be observed in specimens of SC;, SCs,
and NaFs. For sound surfaces, a second lesion body could only be
observed in specimens of SC;

NaFs, and CPPs. For sound surfaces, a second lesion body
could only be observed in specimens of SC,.

TMR—correlation analysis

A significant moderate correlation could be found between
AAZyr and F concentrations of the varnishes (0; 22,600;
35,400; 45,200) for both, the regular (rpp=0.493) and the
highly (rpr=0.404) fluoridated dentifrices (p <0.001).

Free fluoride content and pH of the dentifrice
slurries

The mean free fluoride content (SD) [and the percentage of
free fluoride in relation to given fluoride (SD)] were 1538
(35) ppm [116 (2) %] for the regular fluoride dentifrices
and 5367 (96) ppm [107 (2)%] for the regular fluoride
dentifrices (Table 2). The pH values were 6.9 and 8.1,
respectively. As regards the fluoride content of the var-
nishes, values are given in the Table 1.

Discussion

The present study compared the effects of highly fluo-
ride- and calcium-containing caries-preventive agents
(>22.000 ppm F, varnishes and solutions) being used in
combination with either regular or high fluoride dentifrices
on sound enamel and on artificial enamel lesions under net-
demineralizing conditions. Compared with the standard con-
trol, the additional use of all fluoride varnishes and of a SDF
solution significantly prevented further mineral loss in sound
surfaces as well as in artificial caries lesions. However, for
sound surface and for demineralized specimens, application
of CaF (containing 45,200 ppm as NaF and CaF,) yielded
to significantly less demineralization compared with the
“conventional” NaF (containing 22,600 ppm as NaF) var-
nish partially rejecting our first hypothesis that no significant
differences in mineral loss would be observed between the
fluoride varnishes/solutions.

In the present study, the use of fluoride varnishes/solu-
tions being used in combination with either regular or high

fluoride dentifrices significantly hampered further mineral
loss compared to the dentifrice only groups (SC; and SCs).
Although only a few (in vitro) studies compared different
fluoride compounds for fluoride varnishes this is in line with
a previous review on 13 clinical trials, showing a preventive
fraction of 43% for fluoride varnishes when compared to
placebos or no treatment [3]. Interestingly, until now, there
is no data on the demineralization inhibiting effects of the
combined use of high fluoride dentifrices (5000 ppm F~) and
fluoride varnishes or SDF solution in vivo.

In recent in vivo [28], in situ [29], and in vitro [21] stud-
ies, a significantly higher caries-preventive effect could be
observed for high fluoride dentifrices when compared to
regular fluoride dentifrices. This is in line with the present
results. Although several studies analyzed fluoride-free and
regular fluoride dentifrices in combination with additional
fluoride agents in different concentration [30, 31]; to our
knowledge, regular and high fluoride dentifrices have not
been compared on enamel before when additional fluoride
agents (e.g., gel or varnish) have also been used. However,
one in vitro study compared high fluoride dentifrice and
regular fluoride dentifrices in combination with an addi-
tional application of fluoride gel on dentin [8] and two stud-
ies compared high fluoride dentifrices compared to regular
fluoride dentifrices in combination with an additional appli-
cation of fluoride gel [8, 32]. In both studies, no significant
differences in the change of mineral losses between the high
fluoride dentifrice (alone) as well as the regular fluoride den-
tifrice and the high fluoride dentifrice both in combination
with fluoride gels could be observed. However, for all three
groups, a significant difference could be observed when
compared to regular fluoride dentifrices (alone). Thus, the
results of the previous studies on fluoride gels/solutions [8,
32] and the present study on varnishes/solutions challenges
the assumptions of an additional benefit when fluoride var-
nishes/solutions/gels are used in combination with high fluo-
ride dentifrices instead of regular fluoride dentifrices. Fur-
thermore, based on the results of the three studies, it seems
plausible that patient preferences (i.e., additional efforts and
costs to acquire the agents, taste of the available products)
should be included when deciding for either high fluoride
dentifrices (alone) or the combined use of regular fluoride
dentifrices and further fluoride agents (e.g., gel or varnish).

In recent studies, the used pH-cycling brushing machine
was capable to reveal a dose-response characteristic in
bovine enamel [33] and dentin [21] similar to the anticipated
clinical effects when dentifrices were investigated. Signifi-
cant fluoride dose-responses between fluoride and change in
mineral loss could be observed for highly as well as lowly
demineralized enamel lesions in the range 0, 1100, and
5000 ppm [33] as well as for sound dentin surfaces and ini-
tially demineralized dentin lesions in the rage 0, 1450, 2800,
5000, and 12,500 ppm [21]. In the present study, a fluoride
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dose-response in the range 22,600, 35,400, and 45,200 ppm
could also be observed under net-demineralizing condition
after the single application of varnishes/solutions. However,
this could only be observed for initially demineralized speci-
mens and only in combination with the regular fluoride den-
tifrice, partially confirming the hypothesis that for initially
demineralized lesions a significant correlation between min-
eral loss and fluoride concentration of the varnishes would
be observed. Nonetheless, the results are in agreement with
a previous pH-cycling study [34]. Although the present
in vitro study (also) demonstrated a fluoride dose—response
up to 45,200 ppm, the clinical implication of that finding
remains unclear since until now a dose-response for fluo-
ride varnishes (or gels) of different fluoride concentration
have not been analyzed or observed in vivo [3]. This lack of
knowledge might be explained by the unknown risks asso-
ciated with a long-term use of such a regime (e.g., fluoride
intoxication), especially considering the daily use of the high
fluoride (5000 ppm F™) toothpastes. Even that accidental
ingestion of fluoride is for sure more common by young
children, the risks of such an intensive fluoride application
approach has to be weighed against the additional anti-caries
effect. Moreover, when using this approach, patients have to
be clearly instructed to avoid frequently accidentally swal-
lowing of the toothpaste.

Although the present model revealed a dose—response
characteristic for varnishes, the dentifrices did not only dif-
fered in fluoride content but also in other inactive ingredi-
ents. It might, thus, be speculated that the remineralizing
capacity of the varnishes was influenced by other ingre-
dients (e.g., antimicrobial or abrasive ingredients) of the
dentifrices. However, all specimens revealed subsurface
lesions without abrasive surface losses and no antimicro-
bial interferences are expected in a chemical caries model.
Nonetheless, it would be interesting to test dentifrices dif-
fering only in their fluoride content. In the present study,
bovine enamel specimens were used to analyze anti-cario-
genic effects and the initial caries lesions were created using
a method described by Buskes et al. [1985]. Compared to
natural initial caries lesion in human enamel, the lesion of
the present study shows the same characteristics. However,
they present normally more porous, though intact surface
layer, covering a demineralized subsurface area, presenting
10-70 vol% of mineral content [35]; characteristics which
were also observed here. On the one hand, they, thus, present
higher rates of mineral changes, diffusion rates, and faster
lesion formation [36, 37]. On the other hand, bovine teeth
are easier to obtain, present the same mechanism of caries
formation, and have a more homogeneous mineralization
pattern, which results in a more consistent experimental
response [38]. Therefore, they are considered as suitable
substrate for anti-caries in vitro and in situ studies [22].

@ Springer

In previous anti-caries [5, 10] and anti-erosive [39] stud-
ies, varnishes were actively removed within 6-24 h after
application. This is in contrast to the present study in which
varnishes/solutions were not actively removed. However,
currently a few pH-cycling studies can be found in the lit-
erature, in which varnishes were also not removed from the
sample surfaces (e.g., [12, 13]) as it was done here. The
present regime was used to simulate the clinical situation,
in which varnishes are not actively removed by the dentist.
They rather get removed by the natural action of occlusal
contact to antagonists and the mechanical action of the
brushing procedure. Furthermore, to simulate the real clini-
cal situation as closely as possible controlled and constant
linear strokes with brushing forces of 1.5 N were used twice
daily. It seemed reasonable to assume that the varnishes
would get removed from the specimen surfaces after some
hours of simulated toothbrushing. Although linear strokes
could be observed in vivo [40] and were used in vitro [41],
the adjusted brushing force was at the lower range of previ-
ous in vitro (1.5-2.5 N [41]) and in vivo (1.5-3 N [40]) stud-
ies. Nonetheless, our (non-published) pre-studies indicated
that in the used pH-cycling machine forces higher than 1.5 N
would result in enamel surface abrasions. However, the
brushing regime did not result in the same level of “clean-
liness” in all groups. Due to differences in the “adhesive
properties” of the varnishes in some groups (NaF, TCP, and
CPP), small amounts of the varnishes could be observed
even after the pH-cycling period. Thus, it might be specu-
lated that in these groups slow-releasing fluoride depots—
being physical barriers as well—were present the entire pH-
cycling period. Although this has also been observed in a
previous study [12], it has, consequently, to be highlighted
that higher brushing forces or the removal of the varnishes/
solutions prior pH-cycling would probably result in a lower
enhancement of the demineralizing inhibitory effect as it has
been observed here. Furthermore, it might be speculated that
due to the observed differences in the “adhesive properties”
of the varnishes/solutions the described effect would vary
between the groups.

In conclusion, under the in vitro conditions chosen, all
fluoride varnishes and the SDF solution significantly pre-
vented further demineralization when compared with the
standard control. Furthermore, a significant dose-response
characteristic regards the fluoride content in fluoride var-
nishes could be revealed. A varnish with 45,200 ppm F as
NaF plus CaF revealed the highest caries-preventive effect
on enamel caries—like lesions under chosen net-demineral-
izing conditions. Furthermore, there was no difference in
the demineralization-inhibitory capacity of fluoride varnish
and the SDF solution when used in combination with either
standard or high fluoride dentifrices.
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