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Abstract: Dental caries is a widespread issue impacting global oral health. White spot
lesions, the earliest stage of caries, compromise enamel’s esthetics and integrity. Remineral-
ization therapies, both fluoride and non-fluoride based, aim to restore enamel, but limited
comparative data exist on their effects on lesion depth and microhardness. Thus, the aim
of this systematic review was to evaluate the efficacy of remineralizing agents on lesion
depth and microhardness of human teeth. The literature search included the following five
databases: PubMed, Web of Science, Scielo, SCOPUS, and EMBASE from the period 2012
to October 2022. Studies evaluating lesion depth and microhardness in human teeth after
the application of a remineralizing agent were considered for review. The meta-analysis
was performed using RevMan 5.4 (The Cochrane Collaboration, Copenhagen, Denmark).
A random effect model was used to pool estimate of effect and its 95% confidence intervals
(ClIs) for surface microhardness and depth lesion. Subgroup analyses were performed con-
sidering the presence of fluoride or not in the remineralization agent. Thirty-three studies
were included in the qualitative review. Of these, twenty-six studies were included in the
meta-analysis. The main risks of bias associated with the studies included a lack of blinding
of the test operator and failure to obtain sample size. To conclude, fluorinated agents are
more effective in remineralizing artificially induced white spot lesion than non-fluoride
remineralizing agents.

Keywords: casein phosphopeptide-amorphous calcium phosphate; hardness; lesion depth;
meta-analysis; remineralization; varnish; white spot lesion
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1. Introduction

A white spot lesion (WSL) is the initial clinical manifestation of an early caries lesion
in dental enamel, presenting with subsurface porosity. It is characterized by its opacity,
reduced fluorescence brightness, and loss of enamel translucency [1]. The white appearance
of these lesions is due to an optical phenomenon caused by the loss of minerals on the
surface and below the surface, modifying the result in the refractive index [2].

When a WSL progresses into a cavitated lesion, various strategies are considered to re-
pair or reverse the earliest signs of enamel demineralization. According to the International
Caries Detection and Assessment System (ICDAS), WSLs are classified as Code 1 when
visible only on dry surfaces and Code 2 when visible on wet surfaces. Remineralization
therapy has emerged as a popular approach for treating these lesions. Notably, under
physiological conditions, factors in the oral environment—such as saliva—play a protective
role in maintaining a balance in the demineralization-remineralization (DES-RE) process
on enamel surfaces, which is influenced by fluctuations in pH levels [3].

A WSL is considered highly responsive to early intervention aimed at reversing dem-
ineralization. Treatment goals focus on restoring the lesion’s depth, hardness, and mineral
content, which are impacted by this initial stage of enamel injury. The mineral-deficient
substrate of a WSL makes it susceptible to therapies designed to halt progression and
encourage remineralization, potentially returning the enamel to a healthier, more resilient
state [4]. The application of fluoride is one of the strategies to prevent and control the
appearance of carious lesions, since it interacts with saliva on the surface and adjacent
subsurface layers of tooth enamel, which combines with phosphate and calcium ions, to
form fluorhydroxyapatite crystals, optimizing remineralization. Many reports indicate that
fluoride is the gold standard for preventing and controlling WSL [3,5]; however, various
remineralization therapies have been developed to address white spot lesions (WSLs) using
advanced agents like casein phosphopeptide-amorphous calcium phosphate (CPP-ACP),
arginine, xylitol, Novamin technology, and nano-hydroxyapatite. These agents, either inde-
pendently or in combination with fluoride, show promise by acting as reservoirs of calcium
and phosphate. This reservoir effect supports enamel remineralization by delivering essen-
tial ions directly to the lesion, thereby promoting the restoration of mineral content and
potentially reversing the effects of early demineralization [6,7]. As the number of products
to choose from increases and with limited public information about the preventive bene-
fits of fluoride on dental health, people may turn to toothpastes with low remineralizing
capacity and unproven benefits, often due to concerns over fluoride cytotoxicity.

There is a meta-analysis study that explores the differences between remineralizing
agents from clinical studies [7], while leaving aside the large number of in vitro contribu-
tions that have been reported. Therefore, the objective of this study was to compare the
effectiveness of remineralizing agents with fluoride and without fluoride on artificial caries
lesions. This aims to update and reinforce the information available regarding therapeutic
options for white spot remineralization and how these agents affect the composition and
physical-mechanical properties of enamel. This comparison will help discern between
fluoride and non-fluoride agents and contribute to establishing clinical protocols for the
remineralization of WSLs. Accordingly, the null hypothesis tests that there is no significant
difference in the effectiveness of remineralizing agents with fluoride compared to those
without fluoride on artificial caries lesions.

2. Materials and Methods

Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement guide-
lines were followed for review [8]. Registration was carried out at the Open Science Frame-
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work platform under the identifier 10.17605/OSFIO/HR2VG. The Population, Intervention,
Comparison, Outcome, and Study design method are presented in Table 1.

Table 1. Study design with PICOS format.

Component Description

Population White Spot Lesion on permanent and deciduous teeth

Intervention Chemical Remineralizing agent (non-organic agents).

Comparison Distilled and deionized water

P without treatment with subsequent application of distilled water

Depth of injury

Outcome Microhardness

Study desing In vitro studies

2.1. Search Strategy and Selection of Studies

A comprehensive electronic search for in vitro studies was conducted in five databases,
and the search results are summarized in Table 2. Studies evaluating WSL depth and micro-
hardness in human teeth from 2012 to October 2022 were considered for review. The
inclusion criteria encompassed articles assessing the effect of different remineralization
agents using methods such as Polarized Light Microscopy (PLM), Confocal Microscopy,
and Vickers Hardness testing. Case reports, clinical studies, abstracts, editorials, review
and meta-analysis articles, articles not in English, studies using animal tooth samples, and
those without a control group were excluded. It is important to note that studies employing
Energy-Dispersive X-ray Spectroscopy (EDX) were included only in the systematic review
to aid in the characterization of remineralizing agents but were excluded from the meta-
analysis due to their inability to assess lesion depth and microhardness. Reference articles
were retrieved and exported to Mendeley Desktop 1.13.3 software (Elsevier. Mendeley Ltd.,
London, UK) [9].

Table 2. Search strategy of the study.

Articles
Database Search Strategy Retrieved
PubMed (White spot lesion on enamel OR Early enamel lesion OR Artificial enamel caries 1911
OR) AND (Enamel Remineralization) AND (Lesion depth OR Microhardness)
Web of Science TS = (White spot lesion on enamel OR Early enamel lesion OR Artificial enamel 1470
caries) TS = (Enamel Remineralization) TS = (Lesion depth OR Microhardness)
Scielo TS = (White spot lesion on enamel OR Early enamel lesion OR Artificial enamel 62
caries) TS = (Enamel Remineralization) TS = (Lesion depth OR Microhardness)
ALL (“White spot lesion on enamel” OR “Early enamel lesion” OR “Artificial
SCOPUS enamel caries” AND ALL (“Enamel Remineralization”) AND ALL (“Lesion depth” 1867
OR “Microhardness”)
EMBASE ‘White spot lesion on enamel” OR ‘Early enamel lesion” OR “Artificial enamel 126

caries” ‘Enamel Remineralizing” ‘Depth of injury” OR ‘Microhardness’

2.2. Data Extraction

Two reviewers (A.J.M.-A and R.B.) screened the titles and abstracts of each study based
on the criteria and extracted data. They independently re-verified the full text of the selected
studies. Any disagreement between the two was resolved by a third reviewer (C.E.C.-S.). Data
collected for each study included information related to the year of publication, authorship,
remineralizing agent used, control group, DES-RE protocol, artificial caries formation,
pH cycling process, and type of test applied.
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2.3. Risk of Bias Assessment

A customized risk assessment tool was designed using the Office of Health Assessment
and Translation risk of bias tool [10] and checklist for reporting in vitro study guidelines [11].
All included studies were independently assessed by two review authors who verified the
identification specifications of the articles. Each item was classified as low risk, unclear,
and high risk. The Cochrane risk of bias assessment tool was used to generate the graph
and summary [12].

2.4. Statistical Analysis

Data were analyzed using RevMan 5.4 (The Cochrane Collaboration, Copenhagen,
Denmark). Heterogeneity between estimates was assessed using the Cochrane test
(I test) at o = 0.10. I?> > 50% indicated high heterogeneity [13]. A p (two-tailed) < 0.05 was
set to test the hypothesis. The effectiveness of remineralizing agents with fluoride versus
without fluoride on the decrease in lesion depth and change in surface microhardness of
artificial WSL of primary and permanent teeth over the period of 5 to 21 days was evaluated.
The treatment effect was summarized by means difference and standard deviations. A
randomized effects model was used to combine studies due to heterogeneity across studies.
A pooled estimate of the effect and its 95% confidence intervals (CI) were calculated for
lesion depth and surface microhardness. Data from eligible studies were extracted into
RevMan software and a forest plot was generated for graphical presentation. Meta-analysis
was not performed for the mineral loss/gain, roughness, and color parameters due to
differences in measurement results.

3. Results
3.1. Study Selection and Description

Through the literature search, 5436 studies were identified, including 1247 duplicates.
In total, 4189 articles were identified after excluding duplications. A total of 4082 articles
evaluating the efficacy of remineralizing agents were excluded after reading abstract.
Full-text articles were retrieved for 107 relevant studies. From these, 74 articles were
excluded after full-text reading. Finally, 33 studies that met the inclusion criteria were
considered (Figure 1). The review evaluated two different outcomes: lesion depth and
surface microhardness. When evaluating the effectiveness of remineralizing agents in
reversing WSL, studies often assess the outcomes over a period of 5 to 21 days in comparison
to control groups. This time frame allows researchers to monitor the changes in enamel
remineralization and texture improvement. Results of 26 studies were synthesized using
forest plot, and 7 studies were analyzed only qualitatively.

3.2. Study Characteristics

Thirty-three relevant studies published between 2012 and 2022 (October) were found.
Ten studies were reported from India, nine from Thailand, three from China, three from
Turkey, and one from Poland, Serbia, Alappuzha, Iran, Brazil, Germany, USA, and Pujab.
The studies were conducted on 1057 extracted permanent human teeth, 458 deciduous
teeth, and 138 that only mentioned extracted humans. These studies reported intervention
on molars, premolars, and anterior teeth. The methods for the evaluation of surface
microhardness mostly included Knoop and Vickers Hardness. To evaluate the depth of
the lesion, a polarized light microscope and Diagnodent were used. In studies evaluating
the effectiveness of remineralizing agents for WSL, the test group typically consists of
any remineralizing agent applied to the lesions. These are compared to one or more
control groups, which may include options such as no treatment, or the use of distilled and
deionized water. The follow-up period ranged from 5 to 21 days (Tables 3 and 4).
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Identification of studies via databases and registers

5436 records identified
from databases search.

Studies identified by
database:

PubMed: 1911.

Web of Science: 1470.
Scielo: 62.

SCOPUS: 1867.
EMBASE: 126.

1247 duplicates
removed.

4082 records excluded on
the basis of the title
or abstract.

4189 records
screened.

74 studies excluded:

- 8 were out of the period of

time determined.

- 2 studies published in other
languages.

" - 4 studies without full access

107 articles evaluated - 31 studies lacked of control

by full text group.

- 1 study was performed in

bovine teeth.

- 26 studies did not perform

pH cycling.

- 2 studies evaluated different

outcomes.

33 studies included in
the qualitative analysis.

I

26 studies included in
the quantitative analysis.

( Included ) ( Elegibility ) (Screening ) (Identiﬁcation)

Figure 1. Diagram of review methodology.

Table 3. Characteristics of included studies.

Author/Year/Country

Sample Teeth

Making White Spot Lesion

Intervention Group (1)

Comparison Group (1)

Follow-

Method

Up R

Period

Aline Laignier
Soares/2020/Brazil [14]

Human primary teeth

early caries lesions

5% NaF (16)
5% NaF with CPP-ACP (16)
5% NaF with TCP (16)

purified water (16)

8 days

Polarized Light Microscopy
(PLM)
Knoop Hardeness (KHN)

Aras, A./2019/Turkey [15]

Fifty freshly
extracted third molar teeth

artificial incipient enamel
caries

CPP-ACPF MI Paste Plus
cream (10)
NovaMin-fluoride
toothpaste (10)
Xilitol-fluoride cream (10)

without treatment and
washed with desionized
witer (10)

9 days

Vickers Microhardness
(VHN)

Aras, A./2019/Turkey [16]

Fourty-four extracted,
impacted human wisdom
teeth

artificial incipient enamel
caries 9 days

Fluoride gel: Topex® APF
gel. (10)

CPP-ACP MI Paste (10)
CPP-ACPF MI Paste Plus
(10)

Sensodyne-
NovaMin-Fluoride
toothpaste (10)
Ksilitol-Hydroxyapatite-
Fluoride cream (10)
Ozone-Fluoride (10)

without treatment and
washed with distilled water
(10)

9 days

Laser Fluorescence
(DIAGNOdent)

Bajaj, M./2016/India [17]

Ten primary molars

demineralizing solution for
96 h to produce artificial
caries like lesions,
approximately 150200 pm
thick

CPP-ACP MI Paste (10)
f-TCP (Clinpro Tooth Creme)
(10)

Remin Pro (10)

without treatment and
washed with desionized
water (10)

10 days

Polarized Light Microscopy
(PLM)

Chandru, T./2020/India [18]

Sixty-two permanent
maxillary and
mandibular incisors

initial enamel lesions, after
72 h of demineralization

Colgate Sensitive Plus®
Pro-Argina (15)

Regenerate Enamel Science
tooth paste NR-5 Technology
(15)

BioRepair® tooth paste (15)
Spectrum Reagents and
Chemicals (15)

deionized witer (15)

12th days

Vickers Hardness (VHN)

Cheng, X./2015/China [19]

Sixty human permanent
molars

early artificial enamel
carious lesions

0.5% arginine solution (8)
Arginine/NaF solution (2.5%
arginine, 500 ppmF) (8)

NaF solution (500 ppmF) (8)
Toothpaste A slurry (8)
Toothpaste B slurr (8)

deionized water (8)

10 days

Polarized Light Microscopy
(PLM)
Knoop Hardness (KHN)

Cherian, N.-M./2020/India [20]

Forty extracted human
permanente premolar teeth

Artificial lesion for 4 days

CPP-ACP MI Paste (10)
Remin Pro (10)

f-TCP (Clinpro Tooth Creme)
(10)

Without treatment and
washed with desionized
witer (10)

21 days

Scanning electron
microscopy with an energy
dispersive X-ray analysis

Gangwar, A./2019/India [21]

Forty freshly extracted
sound human primary
anterior teeth

artificial carious lesions

Novamin (10)

without treatment and
washed with desionized
witer (10)

10 days

Vickers Hardness (VHN)
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Table 3. Cont.

Author/Year/Country

Sample Teeth

Making White Spot Lesion

Intervention Group (1)

Comparison Group (1)

Follow-
Up Remineralization Period

Examination Methods

Sixty teeth Permanent

enamel lesions

BAG Novamin nHAp (12)
f-TCP (Clinpro Tooth Creme)

Vickers Microhardness

Joshi, C./2020/India [22] premolars for 48 h 12 distilled witer (12) 21 days (VHN)
GSE: Fluoride (1000 ppm) (12)
Nano-HA toothpaste (15)
. I f-TCP (Clinpro Tooth Creme) . . L
Juntavee, A./2021/Thailand [23] Sixty extrfmted human carious (15) deionized witer (15) 10 days Polarized light microscopy
premolars lesion on the enamel for 12 h . (PLM)
Fluoride toothpaste (1000
ppm) (15)
0.22% sodium fluoride (NaF)
or 1000 ppm F toothpaste (10)
. for 4 days to produce 60-100 non-fluoridated toothpaste
IIS?;%];;(?{.:’] d 4] Flfly corc')na‘l parts of sound um CaGP and CL (10) deionized water (10) 7 days Vickers Hardness (VHN)
. aran primary Incisors depth of carious lesion CPP-ACP MI Paste (10)
non-fluoridated toothpaste
containing NHA (10)
Sixty intact human caries-like lesions on the Duraphat varnish (15) without treatment and
Kooshki, F./2019/Iran [25] rc_fnolars u C;\an:‘h ;or :wo o N Nano Paste (15) washed with desionized 10 days Vickers Hardness (VHN)
P € ys CPP-ACP MI Paste (15) water (15)
Monofluorophosphate
. . ) dentifrice (30) without treatment and . .
Kumar, K./2018/Alappuzha  Thirty maxillary first and lesion formation for 72 h CPP-ACPF MI Paste Plus (30)  washed with distilled water 5 days Confocal Laser Microscopic
26] second premolars . . ’ Analysis
Calcium Sodium (30) Y
Phosphosilicate (CSP) (30)
CPP-ACP MI Paste (10)
. . . . Calcium Sodium .
o . % .
Lei/2014/China [27] Fifty caries-free human enamel lesion formation (34% 0 o Citicate (CSP) (10) distilled and 10 days Vickers Hardness (VHN)
upper premolars phosphoric acid for 15 s) Sodium Fluoride varnish deionized water (10)
(NaF) (10)
Flor-Opal Varnish White (10) without treatment and
Majithia, U./2016/India [28] Forty premolars enamel lesions Premier Enamel Pro (10) washed with desionized 5 days Vickers Hardness (VHN)
MI Varnish (10) witer (10)
Ninety human extracted enamel lesions according to NHAPF-Apa Cared
Mielczarek A./2014/Poland [29] teeth Y the Carbopol method as toothpaste (30) distilled water (30) 3-week Vickers Hardness (VHN)
ee described by White F-Blend-a Mede toothpaste (30)
CPP-ACP MI Paste (35) ithout treatment and
Oliveira, G.M. Thirty-five extracted human artificial white ot lesions F5000 wi }?‘3 rg;\l;\en. an d 30 days QLF andlisis
S./2014/United States [30] third molars artificial white spot fesions ControlRx (35) g f(gg’;‘ esionize ays anaiists
CPP-ACPF MI Paste Plus (35) "¢
Ten buccal or lingual CPP-ACP MI Paste (10) without treatment and
Peric, T.O./2014/Serbia [31] z‘;é‘\’c;i‘r’g“e‘;‘;ite A third artificial carious lesion UCEEQAISII;};IZACI‘AI’;?:FT‘;SD%O) washed with distilled water 10 days (‘Cg‘g)s Microhardness
.05%
molars 205) (10) (19
CPP-ACPF MI Paste Plus (10) without treatment and
Rai, PM./2019/India [32] S‘r’;;{t:::“;:g‘“‘"ary artificial caries formation Ef‘;;gfz g::r’“’) 10 washed with desionized 14 days X)ﬂ‘;r; Microhardness
P (R)é . Fy };(10) water (10)
Silverstone’s cariogenic Infiltrante de resina (Icon f:;r;;\;z\gpe;e‘f]tir:})‘nan energy
Eighty extracted caries-free solution for four Infiltrant) (10) without treatment and dispersive X-ray analysis
Rana, N./2021/Punjab [33] sty < . CPP-ACPF MI Paste Plus (10)  washed with desionized 14 days P yanay
permanent premolars weeks to induce artificial X . attachment (SEM-EDAX)
N P NovaMin-fluoride water (10) .
demineralization toothpaste (10) testing
Pas Vickers Microhardness (VHN)
CPP-ACP MI Paste (20)
CPP-ACPF MI Paste Plus (20)
Two hundred -forty tificial demi lizati amine fluoride Polarized Light Mi
Reise, M./2021/Germany [34] caries-free human teeth ?r lllfg emineralization (ElmexCariesProtection 1400 distilled wéter (20) 7 days (POL?\;—II)R 18 1Croscopy
(thirdmolars) or ays pp) (20)
NaF (Sensodyne Pronamel
1450 ppm) (20)
Forty-eight sound extracted ® .

. L . N Duraphat™ Varnish (12) i i i
Rirattanapong, or naturally caries like lesion formation rap 5 " — N Polarized Light Microscopy
P./2014/Thailand [35] exfoliated human primary 60-150 p1m deep ClinproTM White Vamnish (1) deionized water (12) 7 days (PLM)

P TCP-fluoride varnish (12)
incisor
Rirattanapong, Thirty-six sound human artificial caries lesion 0.05%NaF plus TCP (12) - Polarized Light Microscopy
P./2015/Thailand [36] primary incisors formation 60-100 pm deep 0.05%NaF (12) deionized water (12) 7 days (PLM)
0.05% sodium fluoride 20

. P . e . . ppm tricalcium phosphate
Ruattanapon.g, - .Th‘."y six human primary arhﬁcla}l caries lesion mouthrinse (12) deionized water (12) 7 days Vickers Hardness (VHN)
P./2015/Thailand [37] incisors formation 0.05% sodium fluoride

.05%
mouthrinse (12)
CPP-ACP MI Paste (10)
0.11% Sodium fluoride (500
ppm F) Toothpaste
(Colgate® Ultimate
Spiderman, Colgate
Palmolive Ltd., New York,

. artificial carious lesions NY, USA) (10) N . .
gl/r;(tjtla g‘;%?:iin d[38] Fifty anterior teeth approximately 60-100 pm Nonfluoridated children deionized water (10) 7 days ;;ﬁ?%zed Light Microscopy

: . deep toothpaste containing DCPD,

calcium lactate, and calcium
pyrophosphate (Pureen®,
AmLion Toothpaste) (10)
TCP toothpaste (Faculty of
Dentistry, Mahidol
University, Thailand) (10)
artlﬁclz?l caries lesion 1000 ppm F dentifrice (10)

. . formation for 4 days to e . . .
Rirattanapong, Forty human primary 500 ppm F+TCP dentifrice (10) .- i Polarized Light Microscopy
P./2017/Thailand [39] incisors produce 1000 ppm F+TCP dentifrice ~ Qcionized water (10) 7 days (PLM)

! carious lesions 60-100 pm (10)

deep

5 . . for 4 days to produce carious 0.02% sodium fluoride . . .

Rirattanapong, Thirty-six human sound lesions with a depth of mouthrinse (12) deionized water (12) 7 days Polarized Light Microscopy

P./2019/Thailand [40]

primary incisors

60-100 pm

0.05% fluoride mouthrinse (12)

(PLM)
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Table 3. Cont.

Author/Year/Country

Sample Teeth

Making White Spot Lesion

Intervention Group (1)

Comparison Group (1)

Follow-Up

Remineralization Period Examination Methods

Twenty sound human

CPP-ACP MI Paste (10)
Nano-Hydroxyapatite paste

without treatment and

Sebastian, R./2022/India [41] . incipient lesions for 2 days (nano-HAP) (10) washed with distilled water 7 days Knoop Hardeness (KHN)
primary molars N o
Calcium Sucrose Phosphate (10)
paste (10)
5% sodium fluoride with
ACP (Enamel Pro®) single
- . Thirty human primary . i . application (10) - . Vickers Microhardness
Siripipat, J./2017/Thailand [42] incisor white spot lesion formation 5% sodium fluoride with distilled water (10) 7 days (VHN)
ACP (Enamel Pro™) three
applications (10)
Colgate Cavity Protection (20)
. Sensodyne Rapid Relief (20) DIAGNOdent laser
Tulumbadi, F./2019,/ Turkey [43] ge\:en:y primary al:‘? - tificial cari GC MI Paste Plus (20) deionized water (20) Jweek fluorescence
lumbadi, F, urkey [43 e: 821 ydpem;anen reshly artificial caries Clinpro Tooth Creme (20) eionized water weel Polarized Light Microscopy
extruded molar Clinpro 5000 (20) (PLM)
Sensodyne Repair and Protect (20)
white spot lesions for a
period of 96 h CaSP (20 Vickers Microhard
Veeramani, R./2021/India [44] Sixty Premolars (demineralization a5P (20) distilled witer (20) 21 days 1ckers Microhardness

cycle) to produce lesions of
02 % 10~ mm mmdepth

CaSPp0.2% NaF (20)

(VHN)

Vyavhare, S./2015/India [45]

Twenty-six freshly extracted
human permanent

early artificial carious
lesions, according to Ten

Nano hydroxyapatite 10% (24)
CPP-ACP MI Paste (24)

deionized witer (24)

3,6,9y 12 days Vickers Microhardness

maxillary incisor teeth Cate and Duijsters Fluoride 1000 ppm (24) (VHN)
38% SDF solution (Saforide)
six days to create subsurfa followed by 5% NaF varnish
Yu, 0.Y./2018/China [46] Forty-eight human enamel Zm f{“‘; reate SubsUTace (Duraphat; Colgate-Palmolive deionized water (12) 21 days SEM, EDS, XRD, TEM, XPS
aries fesions Co.) (12) 38% SDF solution (12)
5% NaF varnish (12)

Table 4. Characteristics of included agents.

Agent Company Presentation Active Ingredient
® i o
® Duraphat™, Colgate-Palmolive GmbH, Waltrop, — 5% NaF
Duraphat Germany varnish Sodium Fluoride (500 ppmF)
5% NaF with CPP-ACP
MI Varnish™ MI Varnish™, GC Corporation, Hongo, Tokyo, Japan) varnish Sodium Fluoride (500 ppmF) with Casein Phosphopeptide Amorphous Calcium
Phosphate
) . T™ . 5% NaF with TCP
White Vanish Vanish ™., 3M ESPE, St. Paul, MN, USA varnish Sodium Fluoride (500 ppmF) with Tri-calcium Phosphate with Sodium Fluoride
CPP-ACP
MIPaste GC, Tokyo, Japan mousse 10% Casein Phosphopeptide Amorphous Calcium Phosphate
CPP-ACPF
MI Paste Plus GC, Japan mousse 0.2% (w/w) (900 ppm) Sodium Fluoride in addition to 10% Casein
Phosphopeptide Amorphous Calcium Phosphate
. Haleon, N Fluoride estanoso
Sensodyne Repair and Protect GlaxoSmithKline, Brentford, UK toothpaste Contains NovaMin Technology
Sensodyne Rapid Relief Haleon, toothpaste Fluoride estanoso
yne tap GlaxoSmithKline, UK P
Cli 3M NaF/fTC
npro ESPE cream 0.21% sodium fluoride with Tri-calcium Phosphate
. 3M NaF/fTC
Clinpro 5000 ESPE cream 1.1% sodium fluoride with Tri-calcium Phosphate
. NaF/NHA
ReminPro Voco, DE cream Fluoride (1450 ppm), Hydroxyapatite and Xilitol
o e . X
Colgate Sensitive Plus Pro-ArginTM Colgate-Palmolive toothpaste f:;li :\i‘{:ne bicarbonate, sodium monofluorophosphate, and 1450 ppm calcium
Colgate® Cavity Protection (Regular) Colgate-Palmolive toothpaste NaF
8 4 gula 0.22% sodium fluoride or 1000 ppm F
Colgate® Ultimate Spiderman Colgate Palmolive toothpaste NaF
olgate ate Spiderma g P 0.11% Sodium fluoride (500 ppm F)
Regenerate Enamel Science NR-5 Technology Grupo Unilever toothpaste Calcium silicate, sodium phosphate, and sodium
monofluorophosphate
BioRepair® Biobel toothpaste Zinc hydroxyapatite crystals
N P National Basic e o, .
2.5% arginine solution Rescarch Program of China solution 2.5% arginine
National Basic .
NaF Research Program of China solution 500ppm F
Arginine with Sodium Fluoride National Basic solution 2.5% arginine/NaF 500 ppmF
Research Program of China : i
Novamin SHY NM, Group Pharmaceuticals Ltd., Mumbai, India toothpaste CSP. . .
calcium sodium phosphosilicate
. NaF/NHA
Nano-HAP paste FGM Brezil toothpaste Hydroxyapatite and 9000 ppm of fluoride
Topcx® APF gel Sultan Healtcare Fluoride gel 2.0% Sodium Fluoride 0.9% Fluoride Ion
Fluor Opal Varnish White Ultradent varnish xylitol sweetened, 5% sodium fluoride

Enamel Pro

Laboratorios Zeyco S.A. de C.V.

professional prophylactic paste

NaF/ACP
% sodium fluoride with and amorphous calcium phosphate
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Table 4. Cont.

Agent Company Presentation Active Ingredient

Apa; gard® Sangi, Tokyo, Japan toothpaste ;:Iaa:t:':; roxyapatite

Pureen® AmLion Toothpaste Mfg., Petaling Jaya, Malaysia nonfluoridated children toothpast 8% Xylitol, calcium lactate, and calcium pyrophosphate
Dokbuaku® Kids, Twinlotus Co., Ltd., Bangkok, Thailand non-fluoridated toothpaste g:ﬁi:‘gl;::erophosphate (CaGP), an organic polyphosphate
Apa Cared Flassiger Zahnschmelz toothpaste A AP + 1450 ppmE/ NeE

Blend-a Mede Blend-a Mede toothpaste 1450 ppm F/NaF

F5000 ControlRx 3M ESPE toothpaste i\lla; NaF dentifrice, 5000 ppm

Enafix Global Calcium toothpaste gzlscl:um Sucrose Phosphate

Curasept ADS 205 Curaden International AG, Kriens, Switzerland mouthwash NaF

0.05% NaF and chlorhexidine 0.05%

3.3. Risk of Bias Assessment

A score of 1 was assigned to each risk of bias item, if mentioned. The overall risk level

of each study was subsequently classified as low risk, moderate risk/unclear risk, and high

risk (if the score was 6 or more, 3 or more, and <3 of the eight categories, respectively).

Scores were averaged for each included study. No score was given when the risk of bias

element was not clearly mentioned. For example: there is no mention of sample size

calculation; blinding and multiple samples prepared from the same sample [16]. Overall,
26 [17-43] of the 33 included studies [44-50] were at moderate risk. The types of bias of
the included studies are summarized in Figure 2a,b. The main risks of bias associated with

these studies included not mentioning aspects such as sample randomization, sample size

calculation, sample standardization, and operator blinding.

Anmet 2019
Aling 2020
Aras 2018
Bajaj 2016

Chand 2020

Cheng 2015

Randomization of samples

sample size

Standardization of samples

Identical experimental conditions

Adequate and standardized testing procedures
Blinding ofthe test operator

Stalistical analysis

Reporting study outcomes

Cherian 2020
Gangwar 2018
Jinmei 2014
Joshi 2020
Juntavee 2021
Kasemkhun 2021
Kooshki 2019
Kurar 2018

Majithia 2016

0%

+ Mielczarek 2014
50% 8%

=
S
®

‘ [ Lovw risk of bias [Junetearrisk of bias

[ High risk of bias

Oliveira 2014

Peric 2014

o
)

Praphasri 2015
Rai2019

Rana 2021

Reise 2021
Rirattanapong 2014
Rirattanapong 2015
Rirattanapong 2016
Rirattanapong 2017
Riatianapong 2019
Sebastian 2022
Siripipat 2017
Tulumbaci 2018
Veeramani 2021
Wyavhars 2015

Yuz018

fsamples

:
H
®
®
®
®
®
®
@
®
®
°
®
®
®
°
®
®
®
°
®
®
®
°
®
®
®
®
®
®
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®
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°
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Figure 2. Cochrane risk of bias of the included studies (a) graph, (b) summary [14-46].
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3.4. Summary of Results—Effect of the Interventions
3.4.1. Lesion Depth
Primary Teeth Treated with Fluoride Agents

There is a statistically significant difference (p < 0.00001) in the effectiveness of rem-
ineralizing agents with fluoride on primary teeth, compared to the control group (Figure 3).
Of the eight studies, one study [17] did not show results in favor of the remineralizing
agent, and one [43] did not show any difference between groups. Fluorinated agents
showed a superior remineralizing effect, reducing the lesion depth compared to no treat-
ment [14,35,37-40,43].

Control Experimental Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aline 2020a 95.2 227 16 5.2 1.7 16 3.2% G0.00 [47.49, 72.51] —
Aline 2020k 95.2 227 16 49.2 22 16 2.8% 46.00 [30.51, 61.49] E—
Aline 2020¢ 95.2 227 16 8.3 121 16 3.2% 56.90 [44.30, 69.50] I—
Bajaj 2016 4.61 1.36 10 7.22 2.09 10 4.5% -2.61 [-4.16,-1.06] =
Rirattanapong 2014a 428,97 37.84 12 229.43 144 12 1.9% 200.54 [177.61, 223.47] 4
Rirattanapong 2014b 428,97  37.84 12 22242 2147 12 1.8% 207.55[183.02, 232.09] 4
Rirattanapong 201 4¢ 42987 3784 12 21821 1881 12 1.8% 214.76 [190.85, 238.67] 4
Rirattanapong 2019a  178.03 9.93 12 120.85 8.04 12 4.0% 47.48 [60.25, 64.71] -
Rirattanapong 2018k 178.03 9.93 12 1216 1058 12 3.9% 06.43 [48.22, 64.64] —
Rirattanapong 2016a  140.41 9.82 10 116.86 1059 10 3.8% 33.85 [24.60, 42.50] -
Rirattanapong 20160 160.41 9.82 10 118.88 10485 10 3.8% 31.82 [22.569, 40.49] —
Rirattanapong 20173 14385 1291 10 88.07 6.38 10 3.8% 9578 [46.85, 64.71] I
Rirattanapong 2017k 14385 1291 10 84.58 7.94 10 3.7% 5926 [49.687, 68.69] —
Rirattanapong 2017¢ 14385 1281 10 7484 1286 10 3.4% B9.31 [58.02, 80.60] —
Rirattanapong 2019a 180,79 1093 12 136.81 9.04 12 3.9% 43.98 [35.85, 52.01] —
Rirattanapong 2018 180,79 1093 12 1206 1058 12 3.8% 6018 [51.58, 68.80] i
Tulumbaci 20193 1675 1.372 20 147 21485 20 4.5% 1.08 [-0.07, 2.17] T
Tulumbaci 2019aa 191.7 19.598 20 18564 16424 20 3.4% B.06 [-5.15,17.27] e
Tulumbaci 2018b 18758 1.372 20 1245 2305 20 4.5% 3.30[2.12, 4.48] -
Tulumbaci 20180k 191.7 19.598 20 167.41 17.698 20 3.4% 2428 12,72, 35.86] —
Tulumbaci 2018¢ 18758 1.372 20 134 1635 20 4.5% 2.35[1.41, 3.29] "
Tulumbaci 2018¢ce 191.7 19.598 20 17015 21.829 20 3.2% 21.55([9.69, 34.41] m—
Tulumbaci 20154 18758 1.372 20 13.3 1.78 20 4.5% 2.451[1.48, 343 -
Tulumbaci 201 9dd 191.7 19.598 20 163.06 19.722 20 3.3% 28.64 [16.45, 40.83] E—
Tulumbaci 20159e 18758 1.372 20 146 1569 20 4.5% 1.16[0.24, 2.06] r
Tulumbaci 20159ee 191.7 19.598 20 181.84 1847 20 3.3% 1016 [-1.585, 21.87] I
Tulumbaci 201597 18758 1.372 20 11.8 1277 20 4.5% 4.25[3.43,5.07] -
Tulumbaci 20181 191.7 159.5598 20 14998 24445 20 3.0% 41.71 [27 .88, 55.44] —
Total {95% CI) 432 432 100.0% 38.90 [34.71,43.09] L ]

it Tau?= - ChiE= - Ee 1 \ )
Heterogeneity: Tau?= 100.75; Chi*= 2327.40, df= 27 (P = 0.00001); F= 98% Ko T 5 s o0

Testfor overall effect: Z=18.20 (P = 0.00001)

Favours [control]

Favours [experimental]

Figure 3. Forest plot of comparison: Lesion Depth Primary Teeth, Fluoride Agents [14,17,35-40,43].

Primary Teeth Treated with Fluoride-Free Agents

Fluoride-free remineralizing agents behave the same as the control group on primary

teeth, without a statistically significant difference (p = 0.07) (Figure 4). Of the two studies
analyzed, one study [17] shows results in favor of the control group, and the results of one
study [38] favor the experimental group.

Control Experimental Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Eajaj 2016a 461 1.36 10 8.1 326 10 26.6% -3.49[-5.68,-1.30]
Bajaj 2016k 461 1.36 10 9.41 2495 10 26.6% -4.80[6.81,-2.79]
Rirattanapong 2016a 15041 9.82 10 12329 742 10 23.2% 2F12[19.49, 34.74] =
Rirattanapong 2016k 15041 9.82 10 12813 BA6 10 23.6% 21.28[14.10, 28.46] =
Total (95% CI) 40 40 100.0% 9.12[-0.84, 19.07]
Heterogeneity: Tau®= 9587, Chi®=105.590, df= 3 (P = 0.00001}; F=97% = ahn b T to

Test for averall effect Z=1.80{P=0.07)

Favours [control] Favours [experimental]

Figure 4. Forest plot of comparison: Lesion Depth Primary Teeth, Fluoride-Free Agents [17,38].

Permanent Teeth Treated with Fluoride Agents

The remineralization of the lesion depth of the WSL is favored by agents with fluoride
in permanent teeth, when compared with the control group, with a statistically significant
difference (p = 0.00001) (Figure 5). The results of four studies were compared. Three
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articles [19,26,43] are favored in the same way by the control and experimental groups. The
results of different agents from three studies [19,34,43] favor the experimental group.

Control Experimental Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Cheng 2015a BO.E41 2278 B 31601 2278 B 6.0% 20.04 [26.48, 31.62] -
Cheng 20150 60641 2.278 6 29.324 2.862 8 6.0% 31.32 [29.57, 34.086] -
Cheng 2014¢c 60641 2.278 6 20.498 1.883 8 6.0% 40.14 [37.73, 42.56] -
Cheng 2015d B0.641 2,278 6 58648 1.993 B 6.0% 1.99[0.43, 4.41] -
Kumar 2018 16,449.2 7a8,7431 30 73712 23378589 a0 0.0% 9078.00 27536585, 293521.85] + +
Reise 2021a el 18 20 a0 14 20 5.0% 19.00 [9.01, 28.59] I
Reise 2021k el 18 20 63 14 20 5.0% 36.00 [26.01, 45.99] I
Reise 2021c 99 18 20 a8 14 20 5.0% 41.00[31.01, 50.99] —
Tulumbaci 2019a 16.2 2353 20 15875 1.482 20 B.1% 045077, 1.67]
Tulumbaci 2019aa 194.14 26.663 20 183497 16.486 20 4.3% 1017 [3.587, 23.891] T
Tulumbaci 20190 16.2 2.353 20 13.3 1.838 20 6.1% 2.90[1.599, 4.21] =
Tulumbaci 20190k 194.14 26.663 20 16436 23.383 20 4.0% 29.78 [14.24, 45.37] —
Tulumbaci 2019¢ 16.2 2353 20 1345 1.67 20 B.1% 270[1.44 3.96] ~
Tulumbaci 2019cc 194.14 26.663 20 170.84 2863 20 AT% 23.30[6.15, 40.44] I
Tulumbaci 2019d 16.2 2.353 20 1325 1.372 20 6.1% 2.95[1.76, 4.14] =
Tulumbaci 2019dd 194.14 26.663 20 1639 23.383 20 4.0% 30.23 [14.69, 45.77] —
Tulumbaci 20198 16.2 2.353 20 147 2028 20 6.1% 0.50 [-0.86, 1.86]
Tulumbaci 2019ee 194.14 26.663 20 181.54 1817 20 4.3% 1260 [1.54, 26.74] T
Tulumbaci 20197 16.2 2.353 20 1275 1.773 20 6.1% 345216, 4.74] -
Tulumbaci 2019ff 19414 26.663 20 14582 24.042 20 4.0% 48.32 [32.58, 64.05] —
Total {95% Cl) 354 354 100.0% 17.94 [12.66, 23.23] L 2
Heterogeneity, Tau?= 118,77, Chi*= 1776.77, di= 19 (P = 0.00001); F= 99% I &4 |

Testfor overall effect 7= 6.66 (P = 0.00001)

-50
Favours [control]

=100 100

Favours [experimental]
Figure 5. Forest plot of comparison: Lesion Depth Permanent Teeth, Fluoride Agents [19,26,34,43].

Permanent Teeth Treated with Fluoride-Free Agents

Fluoride-free agents show superior efficacy on the depth of injury in permanent
teeth, when compared with the control group (Figure 6), showing a statistically significant
difference (p = 0.00001). The results of two studies [19,34] favor the experimental group,
while the results of a study [26] do not show difference between groups.

Control Exper\memal Mean Difference Mean Difference
Study or Subgroup Mean SD Total _Mean SD Total Weight IV, Random, 85% CI IV, Random, 95% CI
Cheng 2015a 60,641 2278 6 45552 1.708 6 95.1% 15.08 [12.81,17.37]
Kumar 2018a 16,4492 759,7431 30 57761 129470.8 30 0.0% 10673.10[265111.84, 286458.04] 4 *
Kumar 2018h 16,4492 759,7431 30 38741 1072826 30 0.0% 12575.10[-261987.60, 287137.80] * *
Reise 2021 99 18 20 86 14 20 48% 13.00 [3.01, 22.89]
Total (95% CI} 86 86 100.0% 14.99 [12.76, 17.21] *
Heterageneity: Tau®= 0.00; Chi*= 017, df= 3 (P = 0.98); F= 0% k + !

Testfor averall effect: 7=13.22 (P = 0.00001}

\
-35
Favours [control]

25
Favours [experimental]

50

Figure 6. Forest plot of comparison: 3 Lesion Depth Permanent Teeth, outcome: 3.2 Fluoride-Free
Agents [19,26,34].

3.4.2. Surface Microhardness
Primary Teeth Treated with Fluoride Agents

The microhardness of primary teeth treated with remineralizing agents contain-
ing fluoride does not show significant improvement when compared to control groups
(p = 0.10, Figure 7). The results of three studies demonstrated positive outcomes with the
use of remineralizing agents [24,37,42], while one study found no significant difference
between the groups treated with these agents and the control group [14].

Control Experimental Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aline 20203 67578 22747 16 4,098.4 140789 16 0.2% 2659.40[13458.60, 3970.20] 4
Aline 20200 B,7a7.8 22747 16 4,098.4 14079 16 0.2% 2659.40[1348.60, 3970.20] 4
Aline 2020¢ 6,757.8 22747 16 41832 15272 18 0.2% 257460123211, 3917.09] 4
Kasemkhun 2021 103.337 2167 10 194,665  25.98 10 201% -91.33 F112.11,-70.55] =
Rirattanapong 2015a  179.318 255083 12 225101 19.986 12 20.3% -45.78 [64.16,-27.41] =
Rirattanapong 2015k 179.318 25503 12 231.848 18728 12 20.2% -62.83[-70.47,-34.589] =
Siripipat 2017a 2608 4111 10 381.04 3286 10 19.4% -120.24 [-152.86,-87.62] -
Siripipat 2017k 2608 411 10 46339 3974 10 19.5% -202.49[-233.94,-171.04] -
Total (95% CI) 102 102 100.0% -B5.77 [-144.03, -27.50] L )
Heterogeneity: Tau®= 4282.36; Chi*=136.17, df= 7 (P < 0.00001); F= 95%

Testfor overall effect: Z= 289 (P =0.004)

500 1000
Favours [experimental]

-500
Favours [control]

1000

Figure 7. Forest plot of comparison: Microhardness Primary Teeth Fluoride Agents, Fluoride
Agents [14,24,37,42].
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Primary Teeth Treated with Fluoride-Free Agents

Primary teeth treated with fluoride-free agents do not benefit in changes in micro-
hardness when compared to the control group (Figure 8), showing a statistically significant
difference (p = 0.00001). Six results of different agents in two studies [24,41] favor the
control group, and one study [21] does not favor any group.

Control Experimental Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Gangwar 2019 291 5.4 10 3122 346 10 1.0% -21.20[235.68, 183.28] I
kKasemkhun 2021a 103337 21.67 10 163176 3287 10 156% -59.84 [[84.29,-35.39] -
Kasemkhun 2021b  103.337 21.67 10 160.304 38.83 10 148%  -56.97 [84.53,-29.41] -
Kasemkhun 2021c 103.337 21.67 10 156.888 44.62 10 140% -53.55[-84.30,-22.81] -
Sehastian 2022a 6.34 634 10 52.85 1853 10 183% -46.51 [58.65,-34.37] -
Sebastian 2022b 6.34 634 10 39.91 2276 10 178% -33.57[4821,-18.83] -
Sebastian 2022¢ 6.34 634 10 96.28 144 10 186% -89.94 [99.69, -80.149] =
Total (95% CI) 70 70 100.0% -56.65[-78.47, -34.83] L
Heterogeneity: Tau® = 640.52; Chi®= 52 66, df= 6 (P = 0.00001); F= 89% 1_500 _2150 D 2%0 5001

Test for overall effect: Z=5.09 (P = 0.00001)

Favours [control] Favours [experimental]

Figure 8. Forest plot of comparison: Microhardness Primary Teeth Fluoride Agents, Fluoride-Free
Agents [21,24,41].

Permanent Teeth Treated with Fluoride Agents

The efficacy of remineralizing agents with fluoride to permanent teeth on WSL micro-
hardness favors the control group when compared to the experimental group (Figure 9),
with a statistically significant difference (p = 0.00001). From the pooled data of nine stud-
ies, in three [19,22,31] no difference was obtained between groups, one study [32] favors
the experimental group, and eight studies [16,19,22,23,25,27,28,31] benefit more from the
control group.

Control Experimental Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aras 2019 2531 308 10 364 361 10 52% -63.00 [92.45,-33.55] -
Cheng 2015a 56.3 3.9 g 1175 4 g 5.8% -61.20 [F66.10,-596.30] -
Cheng 2015k 86.3 3.9 8 1168 37 g 5.8% -B0.60 [-64.33, -56.87) -
Cheng 2015¢ 6.3 39 8 547 28 B 58% 1.60[1.77, 4.97]
Cheng 2015d 6.3 39 g8 1183 43 B 58% -62.00 [-66.02,-57.98] .
Joshi 2020z 32367 2202 12 33133 1485 12 56% -7.66 [-22.62, 7.30] -
Jashi 20200 323.67 22.02 12 3695 2081 12 5.6% -45.83 [62.89,-28.77) -
Juntavee 2021a 7338 144 18 164.26 19.44 15 5.6% -40.88 [104.81,-76.95] -
Juntaves 2021b 7338 195 15 18178 217 15 56%  -BBA40[103.16,-73.64) -
Kooshki 2018 61.07 1933 15 119 125 15 57% -57.93 [69.58, -46.28) -
LEl Jinmei 2014 3386 1031 10 28463 1933 10 G9.6% -251.07 [264.65,-237.49) -
Majithia 20162 300.25 27.02 10 33885 2623 10 5.4% -38.60 [61.94 -15.26) -
Majithia 2016k 300.25 27.02 10 34085 28.991 10 5.3% -40.60 [-65.16,-16.04] -
Majithia 2016 300.25 27.02 10 33965 32735 10 53% -39.40 [65.71,-13.09] -
Peric 2014a 8654 984 10 89583 616 10 57% -9.39 [16.59,-2.19] -
FPeric 201 4h g6.54 9.84 10 11699 1215 10 8.7% -30.45 [-40.14,-20.76] -
Rai2019a 3408 1871 10 33158 359 10 5.3% 9.30 [-16.08, 34.68] T
Rai 20180 3408 19.71 10 2815 3994 10 52% 59,30 [31.70, 86.90) -
Total (95% CI) 191 191 100.0% -49.28 [-70.03, -28.52] L 3
Heterogeneity: Tau®= 1941.14; Chi*= 2070.68, df= 17 (P = 0.00001}; F= 99% I—sun _2%0 5 2:%0 500’

Test for overall effect: £=4.65 (P = 0.00001})

Favours [control] Favours [experimental]

Figure 9. Forest plot of comparison: Microhardness Permanent Teeth Fluoride Agents, Fluoride
Agents [16,19,22,23,25,27,28,31,32].

Permanent Teeth Treated with Fluoride-Free Agents

The microhardness of the WSL in permanent teeth treated with fluoride-free agents bene-
fited from the control group compared to the experimental group (Figure 10), with a significant
statistical difference (p = 0.001). Data from eight studies were included for this analysis, of which
one [32] is favored by the experimental group and seven [16,19,22,23,25,27,31] are favored by
the control group.
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Control Experimental Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Aras 2019a 2531 309 10 3072 255 10 TE% -54.10 [78.93,-29.27] -
Aras 2018k 2531 309 10 3037 147 10 TE% -50.60 [71.81,-29.39] -
Cheng 2015 a96.3 3.9 g B9.6 2 g 7.8% -13.30 F16.34, -10.26] "
Joshi 2020a 32367 2202 12 36733 203 12 TT% -43.66 [60.61,-26.71]
Joshi 2020k 32367 2202 12 37575 18.93 12 7% -52.08 [68.51,-35.65] -
Joshi 2020¢ 32367 2202 12 34883 1772 12 TT% -25.16 [-41.15,-9.17] -
Juntavee 2021 7338 195 15 16029 186 15 TT% -86.91 [100.55,-73.27] -
Kooshki 2019a 61.07 1833 15 186.93 1402 15 77% -12586[137.94,-113.78] -
Kooshki 2019k 61.07 1833 15 181.07 2091 15 F.7% -120.00[134.41,-105.59] -
LEl Jinrnei 20143 3356 10.31 10 257.86 1562 10  7.7% -224.30[23590,-212.70] -
LEI Jinrnei 2014b 3356 10.31 10 26232 124 10 77% -228.76[238.75-218.77] -
Peric 2014 8654 984 10 111.94 11.41 10 TT% -25.40[34.74,-16.06] -
Rai 2019 3408 19.71 10 336 2272 10 77% 27.20 [8.56, 45.84] I~
Total (95% CI} 149 149 100.0%  -78.81[-126.83,-30.80] . 2
Heterogeneity: Tau= 7739.67; Chi®= 3025.24, df= 12 (P < 0.00001); = 100%

500 -250 0 250 500

Testfor overall effect 2= 3.22 (P = 0.001) Favours [control] Favours [experimental]

Figure 10. Forest plot of comparison: Microhardness Permanent Teeth Fluoride Agents, Fluoride-Free
Agents [16,19,22,23,25,27,31,32].

4. Discussion

This systematic review with meta-analysis highlighted the important remineralizing
effect of fluorinated agents compared to non-fluorinated agents in primary and permanent
teeth. The term remineralization has been used to describe mineral gain, including mineral
precipitation on glazed surfaces [47,51]. Most in vitro studies have shown that fluoride-
based remineralizing agents are more effective at reversing WSL than non-fluorinated
agents. However, a few studies have presented contradictory findings regarding the
effectiveness of these agents.

The results of this study demonstrate the effectiveness of remineralizing agents on
the depth of WSL in permanent teeth, both with fluorinated and non-fluorinated agents.
However, primary teeth showed no significant effect on lesion depth when non-fluoride
agents were applied. Thus, the null hypothesis tested in this manuscript is partially
rejected. It is important to note that there are fewer studies examining the effectiveness of
remineralization with non-fluorinated agents.

Greater effectiveness has been demonstrated with the combination of remineralizing
agents, since it increases the incorporation of fluoride into saliva, plaque, and superficial
enamel, unlike agents that only contain fluoride [48].

Studies of primary teeth included in this review involve applications of sodium fluo-
ride in toothpaste, varnish, and mouthwash, as well as the combination of agents such as
fluoride with functionalized Tri-calcium Phosphate (fTCP) in toothpaste, varnish, mouth-
wash, Fluoride with Casein Phosphopeptide Amorphous Calcium Phosphate, and varnish,
as well as fluoride with novamin technology, which is an active biocrystal containing
Calcium Sodium Phosphosilicate (CSP) and stannous fluoride. On the other hand, the
agents used for permanent teeth mostly come in fluoride-based toothpaste, CPP-ACP, CSP,
and other components such as arginine.

Fluoride-based agents are largely studied, and a variety of combinations exist, causing
substantial clinical heterogeneity. Tooth hardness depends on the ratio between dem-
ineralization and remineralization [49]. According to the results of microhardness, the
meta-analysis showed significant differences in the results that favor the control group,
which demonstrates that agents with fluoride and without fluoride, in paste, varnish, or
rinse, do not show changes in the lesion of the WSL in a period of 5 to 21 days, whether
on primary or permanent teeth. It is also noted that more studies have been carried out
on the effectiveness of remineralizing agents with fluoride and without fluoride on the
microhardness of the WSL of permanent teeth unlike primary teeth.

Shanbhog et al., demonstrated that a 1400 ppm fluorinated toothpaste is more effective
than a 1000 ppm fluorinated toothpaste and non-fluorinated toothpaste in increasing the
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surface microhardness of enamel [50]; unlike the results of this review, fluoride-based
toothpastes failed to effectively remineralize and recover the microhardness of the WSL in
primary and permanent teeth.

The limitations of this study stem from the fact that the pieces where the samples were
obtained are from recently extracted central, premolar, and permanent teeth. It was verified
that the primary caries lesion will be caused artificially mostly under the same protocol,
according to the Carbopol method as described by White [51], where the same solution of
calcium chloride and acetic acid adjusted to the same level of pH for either 72 h or 96 h, at
37 degrees Celsius. However, some variations in methodology included the use of lactic
acid, hydrochloric acid, and phosphoric acid, which led to minor discrepancies in the initial
caries lesion formation. These lesions are referred to in some studies as non-cavitated
superficial caries or WSL. It is worth mentioning that the in vitro preparation of a primary
caries lesion in the enamel provides a lesion of approximately the same depth in all samples,
which provides a standard to compare between different remineralizing agents [52]. It was
confirmed that all studies used the pH-cycling model as a method to simulate plaque acid
challenges in the demineralization process. This approach provides a valid simulation of
caries progression and is considered more reliable for replicating the clinical conditions
of the DES-REM process [4]. Despite the use of different numbers and durations of cycles
in some studies, all samples were stored in artificial saliva to replicate the remineralizing
conditions of the oral environment and were rinsed with deionized water between each
cycle change to improve standardization. Another limitation stems from the units used to
present results for the measured variables; while some were reported in nanometers, others
used microns. Additionally, various methods such as the Knoop and Vickers Hardness tests
for microhardness, and LPS or Diagnodent for lesion depth, contributed to methodological
diversity. The variations in lesion locations, types of agents, and treatment frequencies
introduced further heterogeneity when analyzing results. A quality assessment of evidence
in the meta-analysis can be found in Table 3 (characteristics of the included studies) and
Figure 2 (risk of bias for each study). Rigid inclusion criteria during the selection process
helped to minimize potential bias.

Currently, there is still a report that states that the fluoride content in oral hygiene
agents can cause fluorosis and superior weakening of the tooth, and because of that,
fluoride-free therapeutic options have been provided [53]; therefore, authors have made
efforts to compare the remineralizing efficacy of these new agents and, thus, avoid the risk
of fluoride cytotoxicity.

It has been shown that agents in paste, gel, varnish, or mouthwash forms face greater
difficulty in acting effectively on pit and fissure lesions than on smooth surface lesions
due to the complexity of the anatomical structure [54]. However, in clinical practice, pits
and fissures can retain these agents for extended periods regardless of their form, which
enhances the remineralizing effect and offers greater therapeutic benefit [47].

On the other hand, under oral conditions, Casein Phosphopeptide can bind to the
biofilm and act as a pool of slow-release calcium and phosphate ions; being a factor that
probably led to lower values of CPP-ACP remineralization, since in an in vitro study this
complex oral environment is difficult to replace [55]. Despite this, the remineralizing
properties of CPP-ACP have been exhibited in a prior research study [56].

Regarding agents with nano-hydroxyapatite, which is one of the most biocompatible
bioactive materials due to the presence of its nanometric-sized particles that are similar to
tooth enamel in morphology and crystalline structure [57], it has been reported to reminer-
alize artificial caries lesions after its incorporation into toothpaste and mouthwash. The
results of this study show that agents containing hydroxyapatite and nano-hydroxyapatite
do not favor the remineralization of the lesion depth in primary teeth, nor microhardness
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in primary or permanent teeth in vitro. Of all the authors included in the meta-analysis,
only Rai in 2019 [32] obtained greater efficacy with the experimental group than with
the control group, on the microhardness of the initial caries lesion in permanent teeth
(HA340.8 = 19.71 Control313.6 £ 22.72) (Figure 10).

As in another study [58], the results of the meta-analysis show that CPP-ACP + fluoride
has the greatest remineralizing power, followed by TCP + Fluoride. Therefore, agents con-
taining fluoride, either alone or in combination, produce greater remineralization of the early
caries lesion, over its depth and not over its hardness, in primary and permanent teeth, than
the agents containing calcium phosphate, hydroxyapatite, arginine, xylitol, or some other
agent with remineralizing action alone.

Resin infiltrants have shown promise in restoring WSLs by arresting caries progression
and enhancing enamel esthetics. Incorporating bioactive materials, such as hydroxyapatite,
calcium phosphate-based compounds, and bioactive glass, into resin infiltrants offers
additional benefits. These materials can promote remineralization by releasing calcium and
phosphate ions, which facilitate the repair of demineralized enamel [59]. Hydroxyapatite, in
particular, mimics the mineral composition of enamel and dentin, aiding in the restoration
of structural integrity [60]. Similarly, bioactive glass has demonstrated the ability to form
a hydroxycarbonate apatite layer upon exposure to saliva, enhancing enamel repair and
resistance to future demineralization [61]. The integration of these materials into resin
infiltrants represents an innovative approach for both esthetic restoration and long-term
preservation of enamel integrity in WSL management.

While fluoride remains a cornerstone in enhancing enamel microhardness through
remineralization, other materials have also demonstrated significant potential. CPP-ACP
enhances remineralization by stabilizing calcium and phosphate ions, forming a protective
layer on the enamel surface [62]. Similarly, bioactive glass, when exposed to saliva, releases
ions that form hydroxycarbonate apatite, effectively repairing demineralized enamel [63].
Nano-hydroxyapatite particles, due to their similarity to natural enamel, have shown the
ability to integrate into enamel microstructure and improve surface hardness [60]. Studies
comparing fluoride-based products, such as Remin Pro, under pH-cycling and storage
in artificial saliva conditions, indicate that these materials effectively enhance enamel
microhardness in primary teeth, albeit to varying degrees depending on formulation and
application protocols [64]. Incorporating these alternative materials into clinical strategies
offers a complementary approach to fluoride, particularly in pediatric dentistry.

A notable limitation of this review is the inclusion of studies that utilized distilled or
deionized water rather than artificial saliva, which may not fully replicate the oral environment.
Artificial saliva, by mimicking the ionic composition and buffering capacity of saliva, provides
a more realistic model for evaluating remineralization and demineralization processes [65].
Several studies have demonstrated that pH-cycling models, combined with the use of artificial
saliva, better reflect clinical conditions. For example, Featherstone et al. [66] highlighted
the effectiveness of fluoride treatments in a pH-cycling environment designed to simulate
periods of acid challenge and remineralization. Similarly, Amaechi et al. [67] showed that
maintaining samples in artificial saliva enhances the interpretation of remineralization efficacy
by providing a continuous supply of calcium and phosphate ions. Future studies should
prioritize such models to improve clinical relevance and comparability of findings.

Caries is a significant global health issue, affecting approximately 60% to 90% of the
population. Recent studies now include WSLs as quantifiable indicators of caries, whereas
previous reports primarily focused on clinically visible manifestations of caries in moderate
to severe forms, typically only documenting cavitated lesions classified as ICDAS 5 and
6. This expansion of criteria allows for earlier detection and intervention, offering a more
comprehensive understanding of caries progression and prevention strategies in dental
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health [68]. The WSL is preventable and reversible. This study aims to provide a viable
therapeutic measure to inactivate the lesions by remineralizing them so that they do not
progress to cavitation, thus, reducing the very high numbers of dental destruction, due to
the sequelae of the carious lesion, in children and adults. Likewise, the dental professional
must guide the population so that they can reduce risk factors and maintain their oral
health in stable conditions, as well as adequate functionality and esthetics.

5. Conclusions

The analysis of the data on lesion depth and surface microhardness of the enamel
in vitro shows that fluoride-based remineralizing agents and their combination potentiate
remineralizing efficacy by reducing the depth of the initial caries lesion in primary and
permanent teeth; however, remineralizing agents, in general, do not achieve significant
changes regarding the microhardness that was affected by WSL on tooth enamel. Based
on the results of this study, the use of fluoride-based remineralizing agents is suggested in
children and adults to control the progression of the primary caries lesion that will lead to
the tooth structure not cavitating.
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