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Abstract: Dental caries in children is a frequent and debilitating condition, whose management is
often challenging. The aim of this systematic review was to investigate the effectiveness of ozone
applications for the treatment of caries in primary dentition. According to PRISMA guidelines, a
systematic literature search was performed up to 6 January 2024. Clinical studies using ozone to treat
caries of deciduous teeth were considered for inclusion. Out of the 215 records retrieved, seven studies
were eventually included in the review, all of which used gaseous ozone. Four studies were judged
at high risk of bias, two at low risk, and one of some concerns. The great heterogeneity of designs,
outcomes, and protocols made it impossible to conduct a meta-analysis. Despite some limitations, the
evidence yielded by the included studies suggests that ozone application, regardless of the protocol
applied, is comparable to other interventions in terms of clinical outcomes and anti-bacterial activity,
with no reported adverse effects and good patient acceptance. Therefore, ozone application may be
a non-invasive approach to treat caries in primary dentition, especially in very young and poorly
cooperative patients. Further standardized and rigorous studies are, however, needed to identify the
best clinical protocols for this specific field.

Keywords: children; deciduous teeth; dental caries; minimally invasive dentistry; ozone;
pediatric dentistry

1. Introduction

Dental caries is one of the most common chronic diseases in the pediatric popula-
tion, affecting 60% to 90% of school children, and it is often related to low socioeconomic
status [1]. Untreated caries in deciduous teeth is the 10th most prevalent condition, in-
volving approximately 621 million children globally, indicating that the unmet treatment
need is exceptionally high [2,3]. Untreated worsening dental caries can negatively impact
a child’s oral and general health, as well as the quality of life both of the child and their
family, frequently causing the impairment of sleeping and eating habits, growth patterns,
school attendance, and socialization [4,5].

Treatment of caries affecting primary dentition can be particularly challenging, due
to technical reasons, including specific anatomic and morphological features, which can
influence the predictability of the treatments [6]. Furthermore, young patients may present
with cooperation and compliance issues, resulting in sub-optimal clinical operative settings,
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where proper field isolation cannot be achieved or the operational timing needs to be
limited, thus prompting the need for reliable, rapid, and effective treatments [7-9].

In recent years, non-invasive or minimally-invasive approaches have spread widely in
many medical and dental fields, especially in pediatric dentistry, with the implementation of
more biologic atraumatic techniques [10,11] Modern minimally invasive approaches include
selective or stepwise carious removal, also using atraumatic manual techniques along with
chemo-mechanical procedures, non-restorative treatments, such as fluoride varnish or
silver diamine fluoride applications, and new suitable restorative solutions and materials
with bioactive properties [12-17]. Overall, these approaches allow more conservative and
less time-consuming procedures, requiring less need for anesthetics and causing reduced
post-operative discomfort [6,18,19]. Among other minimally invasive strategies, ozone
applications have been suggested for the management of carious lesions [20]. Ozone (O3)
is a naturally occurring compound, consisting of three oxygen atoms deriving from the
conversion of oxygen by ultraviolet radiation. Although not being a radical molecule,
ozone is a powerful oxidizing agent that has broad-spectrum antimicrobial properties,
as well as the ability to promote healing processes and to modulate inflammation at low
medical concentrations, through the activation of protective antioxidant pathways, thus
showing therapeutic effects in many diseases and medical fields [21-27].

Ozone applications in dentistry were introduced as early as the first half of the 1900s,
but despite being abandoned for some time due to the risk of inhalation toxicity and the
difficulty in obtaining optimal gas concentrations without dispersion, modern technologies
and appropriate delivery and application techniques have allowed us to overcome such
issues [28].

Ozone-induced oxidation is expected to counteract cariogenic biofilm, reducing bac-
terial count and consequently arresting or reversing the progression of dental caries, and
therefore providing an alternative management strategy to the traditional “drill and fill”
approach [20].

The anti-bacterial effect is explained by ozone-induced oxidation, which damages
the cell wall and cytoplasmic membrane of microbial cells, increasing their permeability
to ozone molecules and leading to cell lysis and death [20,29]. Moreover, ozone has
shown promising properties for dentine and enamel remineralization by damaging the
biomolecules of carious tissue and removing proteins from the demineralized surfaces,
making them more pervious and ensuring greater perfusion of remineralizing agents and
mineral ions [30].

For the aforementioned reasons, ozone has been proposed as a valid option for the
treatment of dental caries. A meta-analysis conducted in 2020 on randomized clinical trials
(RCTs) examined its use in both primary and permanent dentition and overall did not
find sufficient evidence of efficacy to recommend the use of ozone, compared with other
strategies [20]. The present review focused on the specific evaluation of ozone therapy
in primary dentition and updated the relevant literature, adding relevant studies to the
three RCTs examined in the previous review, also taking into account that a young age and
lack of compliance may prevent the use of other strategies, thus limiting the possibility
of conducting randomized controlled trials [30,31]. The rationale for this review was
also the lack of invasiveness of this methodology, therefore suggesting the need to assess
ozone therapy as a valid and suitable alternative in pediatric dentistry, especially when
other conventional procedures may be limited or preferentially postponed for a variety of
reasons [30,31]. Concerning this, the specific clinical context (e.g., age, compliance level,
characteristics of the primary teeth and clinical evolution of caries) also has to be taken into
account when considering the use of ozone for the treatment of dental caries. Therefore, this
study aimed at assessing the overall effectiveness of ozone applications for the management
of caries of primary dentition, according to the available clinical evidence.
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2. Materials and Methods
2.1. Protocol and Registration

This systematic review was conducted according to the guidelines of PRISMA (The
Preferred Reporting Items for Systematic reviews and Meta-Analyses) [32], and the protocol
was registered in the PROSPERO database (no. CRD42023430957).

2.2. Search Strategy and Study Selection

The research framework was defined according to the PICOS (Population, Intervention,
Comparison, Outcome, Study design) statement, yielding the following question: “Is ozone
treatment clinically effective in arresting or reversing caries progression in primary teeth?”.
Therefore, we considered (S) all types of clinical studies (e.g., randomized controlled clinical
trials, RCTs, or non-randomized non-controlled clinical trials, non-RCTs, and observational
cohort, case—control, or cross-sectional studies, with a prospective or retrospective design)
that investigated the efficacy of (I) ozone applications in all formulations compared to (C)
no or other interventions (O) in the treatment of caries, including arresting or reversing
caries progression (as measured by clinical signs and symptoms and/or microbiological
parameters) of (P) primary teeth in children less than or equal to 14 years of age. The
PICOS framework outlined also defines the inclusion criteria for this review. Articles
related to the use of ozone for preventing the development of caries or for the management
of caries in permanent teeth were excluded. The literature search was conducted on
the PubMed/MEDLINE, Embase, and Web of Science online databases, on 6 January
2024, using “ozone” AND “caries” as keywords, related MeSH terms, topic terms, and
exploded terms on the three databases, respectively. The search strategy, which resulted
in the maximum number of results, was chosen among different search lines that were
preliminarily tested in order to maximize the retrieval of possibly relevant results. The
details of the search strategy are reported in Table 1. No language or date restrictions were
applied. Only original research articles were included, while conference proceedings, letters
to the editor, commentaries, case reports, reviews, and meta-analyses were not considered.

Table 1. Details of literature search strategies in online databases.

Database Search Strategy

(ozone[MH] OR ozone[tiab]) AND (“Dental Caries”[Mesh] OR “Dental
Caries”[tiab]) AND humans[MH]

Embase (‘'ozone’/exp OR ‘ozone’) AND ‘dental caries’/exp AND ‘human’/exp

TS = (ozone) AND (TS = dental caries OR TI = dental caries OR
AB = dental caries) AND TS = (human)

PubMed

Web of Science

Handsearching was conducted through backward citation chasing by manually screen-
ing the references of the studies included in order to identify possible additional eligible
articles. The grey literature was searched using CADTH Grey Matters database by the
Canadian Agency for Drugs and Technologies in Health (Ottawa, Canada). All records
were imported into Rayyan web app and duplicates were identified and removed through
a software algorithm [33]. The screening of titles, abstracts, and full texts for inclusion was
performed independently by two authors (FV and TF). Another author (LG) was involved
to resolve possible disagreements.

2.3. Data Extraction

The data extraction from the included studies was conducted by one author (FV)
and double checked by another author (TF). We considered information related to the
first author, date of publication, country, study design, number and characteristics of
the participants, type and protocol of ozone treatment, type and protocol of alternative
treatment (if any), outcomes of interest and their measures, follow-up duration, and main
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findings. The extracted data were recorded on Excel datasheets (v. 16.82, Microsoft Office,
Redmond, WA, USA) and are presented in tables herein.

2.4. Data Analysis

A statistical synthesis in the form of meta-analysis could not be performed due to
the limited body of evidence and great heterogeneity of the eligible studies. However, a
systematic synthesis and discussion of relevant possible bias and sources of heterogeneity
of the available clinical evidence is provided, following relevant reporting guidelines
such as SWiM (Synthesis without meta-analysis in systematic reviews) and ENTREQ (The
Enhancing Transparency in REporting the synthesis of Qualitative research) [34,35].

2.5. Risk of Bias Assessment

Risk of bias (RoB) assessment was conducted according to the current versions of
Cochrane RoB 2 and ROBINS-I tools [36,37]. For each study, the most appropriate of the
two tools was chosen based on the specific study design. The results of the RoB assessment
were elaborated with the dedicated Robvis tool [38]. Two authors (FV and TF) conducted
the RoB evaluation, with a third author (MV) resolving any discrepancies. Specific criteria
applied for this assessment are shown in Supplementary Tables S1 and S2. The study was
judged to be at overall low risk of bias if all domains were rated at low risk, to raise some
concerns if at least one domain was rated as such, and at high risk of bias if at least one
domain was rated as such or 3 or more domains were considered to have some concerns.

3. Results
3.1. Study Selection

Out of 215 potentially relevant records, 135 records were retrieved after duplicates
removal. We excluded 122 records based on the screening of titles and abstracts. A further
seven papers were excluded due to full-text evaluation (six articles evaluated permanent
teeth and one was an in vitro study). One additional eligible paper was retrieved through
citation chasing, based on the reference lists of the included studies and the recent reviews.
Opverall, seven studies were eventually included in this review. The detailed study selection
process is shown in Figure 1 as a PRISMA flowchart.

3.2. Characteristics of Included Studies

Of the included studies, three were randomized controlled clinical trials [39-41], of
which one had a split-mouth design [39], two were observational studies with a retrospec-
tive cohort design [28,42], one was designed as a non-randomized controlled clinical trial
with a split-mouth design [30], and one was a non-controlled clinical trial [43].

The studies included in the present review were conducted in Italy, Iraq, Switzerland,
Sweden, and Turkey, in a period of time that ranges between 2006 and 2023. The main
characteristics of the included studies are summarized in Table 2. A total of 513 carious
lesions on primary teeth in 311 children were investigated. The age of the children ranged
from 2 to 11 years old.

The modality and protocols of ozone applications varied greatly across studies. Ozone
was applied in gaseous formulation in all studies, either using a vacuum silicone cup when
ozone was produced from a pure medical oxygen tank (1 = 6) or by keeping the handpiece
tip perpendicular to the decayed surface at a short distance from it, with ozone being
produced from the local environmental oxygen (1 = 1). The ozone nominal concentration
in oxygen was approximately 4.7 g¢/m? in four studies (in one of which the information
was not reported and was obtained from the device specifications), 32 g/ m? in one study,
and missing information in another study, but according to the manufacturer it should be
approximately 0.4 g/m?3 (i.e., 200 ppm). The duration of each application ranged from 20 to
60 s, for multiple times with different recall protocols.

In controlled studies, ozone treatment was compared either with the standard inter-
vention without ozone application (e.g., manual selective caries excavation), chlorhexidine
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gel, or fluoride varnish. The outcomes of interest varied between the studies: multiple-item
clinical success, including absence of pain and hypersensitivity; caries activity defined by
visual inspection, dentin color and hardness, and laser fluorescence; antibacterial activity
as indicated by bacterial counts; and parents” and children’s attitude and treatment-related
quality of life. Three studies also looked at the possible presence of adverse effects and
found no evidence of these. The cumulative follow-up was of 0, 8, 4, and 12 months,
depending on the specific treatment protocol.

[ Identification of studies via databases and registers ]
5 Records identified from online
5 databases: Records removed before screening:
2 Pubmed/MEDLINE: 83 —> Duplicate records removed
b= Embase: 119 (n=280)
3 Web of Science: 13
)
Records screened o Records excluded for title/abstract
(n=135) - (n=122)
_g’ Reports sought for retrieval o Reports not retrieved
S (n=135) (n=0)
e
%]
7]
v Full — text articles excluded, with
Full-texts assessed reasons (= 7):
AN >
fo(rnegg; g";ty - Permenent dentition (n=6)
- Invitro study (n=1)
|

Studies retrieved from other sources
(e.g. citation chasing)
and meeting inclusion criteria
(n=1)

A

A

Studies included in the review
(n=7)

Figure 1. PRISMA 2020 flow chart of study selection process.
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Table 2. Characteristics of the studies included in the review, [28,30,39-43].

Outcomes

Reference Study Design Country Participants Ozone Treatment Comparisons of Interest Follow-up Main Results
Gaseous ozone, applied
with single-patient
35 children (M:F = 19:16)  Slicone cup; applied after
A ‘36 partial removal of carious
ge range: years dentin usi -
. . i . entin using round . At 12 months, clinical success
Alhashmi et al., Retrospective Unit of analysis: . Clinical success .
Iraq : : carbide burs, followed by n/a ) 3, 6,12 months was observed in 48/52 treated
2023 cohort study extensive cavitated - X (not defined) o
. X composite restoration teeth (92.3%)
carious lesions of . . .
rimary molars (n = 52) with rubber dam isolation.
p 4.7 g/m® 1, under
vacuum, 60 s
HealOzone *
Clinical success as
defined by the presence
of all the
Gaseous ozone, applied following items:
with single-patient Restoration still in place.
50 children (M:F = 28:22)  silicone cup; applied after Absence of marginal
Mean age: partial removal of carious microleakage.
Beretta and Retrospective 5.8 + 1.7 years dentin using round Absence of the At 12 months, clinical success
Federici Canova; cohortp stud Italy Unit of analysis: carbide burs, followed by n/a restoration fractures. 3, 6,12 months was observed in 88/94 treated
2017 Y extensive cavitated composite restoration Presence of an teeth (93.62%)
carious lesions of with rubber dam isolation. interproximal contact
primary molars (n = 94) 32 g/m?, under (for Class II cavities).
vacuum, 60 s Absence of
HealOzone X4 * discoloration.
Absence of pain
Absence of pus
or fistulas.
Dentin hardness markedly
increased in ozone group over
28 children G . time; no changes were observed
T_o aseous ozone applied . 1
(M:F = 9:23) after manual excavation to Dentin hardness; in control group.
. Age range: 3-11 years . ’ LF values improved more in
" Non-randomized leathery consistency . Laser Fluorescence—LF .
Déhnhardt et al., i . Mean age 3 Manual excavation to 2 ozone group than in control
controlled clinical Switzerland 4.7 g/m>, under vacuum, . (DIAGNOdent ?); 0,2,4, 6,8 months R .
2006 5.96 + 2.36 years leathery consistency group (non significant difference

trial (split-mouth)

Unit of analysis: open
single-surface carious
lesion (n = 82)

20 s, a total of 5 times in
2-months intervals
HealOzone ?

Parental and children
attitude (questionnaire).

between groups).

93% of children reduced their
dental anxiety following
ozone treatment.

No adverse effects were observed
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Table 2. Cont.

Outcomes

Reference Study Design Country Participants Ozone Treatment Comparisons of Interest Follow-up Main Results
Ozone application as well as
40 children (M:F =13:7)  Gaseous ozone applied on 1% chlorhexidine
Age range: 2-8 years excavated/non Chlorhexidine 1% gel None gel application did not
H -Gerspach Randomized Mean age 5.1 years excavated lesions applied on Total bacterial count (suitable restoration significantly reduce
auste 1 go(s)gac controlled clinical Switzerland Unit of analysis: open 4.7 g/m® (615 mL/min excavated /non ot ?EEU? cou Su al © ss ?t a tz microorganisms count (CFU).
etal, trial single-surface flow rate) under vacuum excavated lesions was placec atter the The removal of decayed tissue
: ; experimental treatment) A
carious lesion for 30 s for30s showed no significant
(n=80) HealOzone ? effect either.
No adverse effects were observed
Phase 1: In the 15 pairs
VI < 3 lesions, all of the
lesions failed
during the 12-month period
Total s_ample: (8 treated with ozone and
33 chl!dren; 9 with fluoride).
59 pairs Pf Median baseline LF values in the
carious lesions VI < 3 group were 76 for ozone
First phase: and 69 for fluoride group. At
11 children (M:F = 4.7) 12 months, they were 57 and 58,
Mean age: 4.8 years respectively. Phase 2: In the
I34gf: r;mgel3—6 years Gaseotis ozone Fluoride varnish 35 pairs VIlg 2a lesions,
nit of analysis: pairs 3 . one lesion
of primary molars with 4.7 g/m” (615 mL/min 22.’60(.) ppm _NaF, . . Baseline, 3, 6,9, and failed (treated with ozone) after
Randomized cavitated caries lesions flow rate), applied in a thin layer Visual Inspection (VI) 12 months or 12 months
. . ) . under vacuum, for 40 s with a micro-brush, according to Ekstrand S . . o
Johansson et al., controlled clinical (visual inspection- . . ) until failure (i.e., VI Median baseline LF
. R Sweden at baseline, 3, 6, and at baseline, 3, 6, and score [44] A
2014 trial (split-mouth) VI score < 3) 9 h 9 h L fl LF score 4) indicating values were 21
2 phases (n=15) months or months or aser fluorescence (LF)- necessity of and 19 for ozone and
p until failure until failure DIAGNOdent @ . . .
M (i.e., VI score 4) (i.e., VI score 4) an operative treatment. fluoride, respectively.
22 children (M:F = 14:8) HealOzone @ ].:);;raphat® b At 12 months, median LF values

Mean age: 4.5 years
Age range: 4-8 years
Unit of analysis: pairs

of primary molars with
non-cavitated
caries lesions
(VI score < 2a)
(n=35)

were 15 for ozone group and
17.5 for fluoride-varnish group.
No difference

in LF values was observed over
time within and between groups.
In cavitated lesions, neither ozone

nor fluoride varnish treatments
stopped the progression of caries.

Non-cavitated lesions showed

slight or no progression
following both treatments.

No adverse effects were observed
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Table 2. Cont.

Reference

Ozone Treatment

Comparisons

Outcomes
of Interest

Follow-up

Main Results

Luppieri et al.,
2022

Study Design Country Participants
20 children with ECC
(M:F =9:11)
Age range: 3-5 years
Non-controlled Ital Mean age 4.5
aly

clinical trial Unit of analysis:
decayed tooth (1 = 20;
9 molars, 8 incisors,

and 1 canine)

Gaseous ozone;
application on cleaned
tooth (rotating low-speed
brush) using ozone
intensity program n.6 (of
10),0.4 g/m° 1, for 60 s,
keeping the probe’s tip in
continuous motion and
perpendicular to the
decayed surface at 1 mm
from it; one application
per week, for four
consecutive weeks.
OzoneDTA® ©

n/a

Dentin compactness
Dentin hypersensitivity
to thermal stimuli (air
syringe spray)
according to the
Wong-Baker Faces
Pain Rating Scale
(WBEPRS)
Salivary Bacterial Count
(Streptococcus mutans) at
TO and T1
Patients” and families’
quality of life—Early
Childhood Oral Health
Impact Scale (ECOHIS)
at TO and T1

TO = baseline;

T1 = after the 4-sessions
ozone treatment Cycle;
T2 = 1 month from T1;
T3 = 2 months from T1,
T4 = 3 months from T1.

Affected dentin compactness
significantly improved from TO to
T1. A mild improvement (not
statistically significant) was
detected at the other time points.
2 children reported
hypersensitivity /pain at
baseline, with a mean reported
value of 3.5 according to
the WBFPRS.

At T1, none of the patients
reported dentin hypersensitivity;
no further changes were
observed at later follow-ups.

S. mutans count (n = 11) decreased
significantly from TO to T1.

8 of the 9 patients that were
positive at TO became negative
at T1, while
no changes were detected for the
negative ones.

The mean ECOHIS score was 9.4
at TO and was 5.9 at T1
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Table 2

Cont.

Reference

Study Design

Country

Participants

Ozone Treatment

Comparisons

Outcomes
of Interest

Follow-up

Main Results

Mese et al., 2020

Randomized
controlled clinical
trial

Turkey

105 children
(M:F = 46:59)
Age range: 6-10
Unit of analysis: deep
caries lesion of lower
primary molars
(n=105)

Gaseous ozone (1 = 35),
applied after partial
removal of carious dentin
(stepwise excavation),
4.7 g/m?3, under vacuum,
for 60 s
HealOzone ?

Partial removal of
carious dentin
(stepwise excavation)
followed by:
1.CHX 2% solution
(n = 35) applied once
for 60 s using a brush
II. Control—no
disinfectant treatment
(n=235)

In all 3 groups,
Ca(OH); liner was
placed on the
remaining carious
dentin and the tooth
was temporarily
restored.

Clinical evaluation of
dentin color, consistency,
and humidity
Total and specific
bacterial counts (CFUs)
for Streptococcus mutans
and Lactobacillus spp.,
on dentine sample

Immediately after
treatment and after
4 months (at
replacement of
temporary restoration)
TO: immediately after
partial removal
of necrotic
carious dentin
T1: immediately after
applying the
disinfection
procedure
T2: 4-month follow-up
(immediately after the
removal of the
temporary restoration)
T3: At the second
appointment,
after complete removal
of the remaining
carious dentin.

Total incidence of
pulp exposure was similar among
groups (3.03% in the control
group, 3.125% in the CHX group,
and 2.85% in the ozone group).
Dentin became gradually dryer
and harder in all the groups, and
there was no significant difference
among the groups both between
TO and T2, and TO and T3.
Dentin color became darker at
the second appointment in the
CHX and ozone groups, with
significant differences as
compared to control group, but
no significant difference among
treatment groups.

The reduction percentages of the
total number of microorganism
species were significantly higher
in the CHX and ozone groups
compared to the control group.
CHX resulted in significantly
higher reduction than ozone
between T0-T1 and TO-T2.
Total CFU showed no significant
difference among groups
between T0 and T3.

With regards to S. mutans and
Lactobacillus spp. CFUs, CHX was
significantly more effective
than ozone
between TO-T1

Abbreviations: CFU: colony-forming units; CHX: chlorhexidine digluconate. * This information was not reported in the original article and was obtained from the publicly available
technical specifications of the device; # = KaVo Dental GmbH, Germany; b Colgate, NY, USA; © = Sweden & Martina, Italy.
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3.3. Risk of Bias Assessment

The results of the RoB assessment are reported in Figures 2 and 3. Three randomized
trials were evaluated using the Rob 2 tool. Among RCTs, one study was judged at high risk
in domain D1 due to a lack of detail of the randomization process [40]. Non-randomized
clinical studies were assessed using the ROBINS-I tool. Among these, three studies were
rated at high risk of bias, either due to the absence of a control group (domain D3) [28,42,43]
or to the lack of clearly defined outcome measures (domain D6) [42]. Overall, four studies
were judged at “high” risk of bias [28,40,42,43], one of “some concerns” [30], and two were
judged at “low” risk of bias [39,41].

Risk of bias

D1: Randomization bias Judgement
D2: Bias due deviation from intended intervention .

D3: Bias due to missing data . High
D4: Bias due to outcome measurement . Low

D5: Bias due to selection of reported results

Figure 2. Results of risk of bias assessment for randomized trials, according to the current version of
the Cochrane RoB 2 tool [39-41].

Risk of bias

D1: Bias due to confounding Judgement
D3: Bias due to participants selection
D3: Bias due to classification of intervention ® High

D4: Bias due deviation from intended intervention
D5: Bias due to missing data

D6: Bias due to outcome measurement . Low

D7: Bias due to selection of reported results Not applicable

- Some concerns

Figure 3. Results of risk of bias assessment for non-randomized studies—of interventions, according
to the current version of the Cochrane ROBINS-I tool [28,30,42,43].

3.4. Synthesis of Findings

With regards to clinical parameters such as restoration integrity and absence of pain
and periapical pathology, one study [28] reported a success rate of 93.62% at 12 months in
their non-controlled retrospective study, using gaseous ozone applications for 60 s under
vacuum, at a concentration of 32 g/m?, after partial removal of carious dentin and followed
by composite restoration. Similarly, another study with the same design and procedures [42]
reported a clinical success rate of 92.3% at 12 months, using a concentration of 4.7 g/ m3. The
authors of both these retrospective studies also highlighted that most failures occurred after
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accidental exposure of pulp tissue probably due to the vacuum created by the ozone device
that removed the extremely thin residual dentine layer. Another non-controlled study [43]
on uncooperative children with Early Childhood Caries (ECC) observed the absence or
the regression of hypersensitivity after a cycle of four ozone applications of 60 s (one per
week) at low concentrations of approximately 0.4 g/m3, without the placement of any
restoration. Luppieri et al. [43] also assessed caries activity by evaluating dentin hardness,
which significantly improved immediately after ozone application cycles and remained
substantially stable throughout the 4-month follow-up. Similar results were achieved by
Diahnhardt et al. [30], who conducted a controlled trial on anxious uncooperative children
using a total of five gaseous ozone applications of 20 s at a concentration of 4.7 g/m? every
two months, after an initial manual excavation. They observed a significant increase in
dentin hardness throughout the follow-up of 8 months, whereas no significant changes
were detected in the control group. Mese et al. [41] compared ozone applications (4.7 g/m3,
for 60 s) with chlorhexidine 2% solution and no additional treatment, after selective caries
removal and followed by a temporary restoration, and reported an improvement in dentin
features, including hardness and color, with no significant differences among treatment
groups at the 4-month follow up. Visual inspection according to Ekstrand et al. [44] was also
evaluated as a measure of caries activity and severity by Johansson et al. [39], who compared
trimestral ozone applications at 4.7 g/m? for 40 s, with fluoride varnish applications
(22,600 ppm NaF), in a two-phase study for the management of cavitated and non-cavitated
lesions. The authors concluded that throughout the overall follow-up of 12 months, neither
ozone nor fluoride varnish stopped or reversed the progression of caries in cavitated lesions,
while non-cavitated lesions showed slight or no progression similarly in both treatment
groups; similarly, caries activity measured through laser fluorescence showed no significant
differences between groups [39]. On the other hand, Ddhnhardt et al. [30] observed a
greater improvement with laser fluorescence, yet this was not significantly different, in the
ozone group as compared to manual selective caries excavation alone.

With regard to the bacterial load within carious lesions, Mese et al. [41] reported a
reduction in the total number of microorganisms in all groups 4 months after treatment,
with reduction percentages greater in the chlorhexidine group, followed by the ozone group
compared to the control group; the total bacterial count showed no significant differences
among groups, while concerning the decrease in specific S. mutans and Lactobacilli counts,
immediately after application chlorhexidine was reported to be more effective than ozone.
Conversely, a study by Hauser-Gerspach et al. [40] found no remarkable reduction in total
bacterial count either with gaseous ozone (4.7 g/m3, for 30 s) or chlorhexidine 1% gel
applications, on both excavated and non-excavated carious lesions. Luppieri et al. [43],
on the other hand, reported strong evidence of ozone’s antibacterial effectiveness against
S. mutans, yet in a non-controlled study setting.

The two studies additionally evaluating the domain of patient-reported outcomes
indicated promising results. Luppieri et al. [43] administered the validated Early Childhood
Oral Health Impact Scale (ECOHIS) questionnaire to parents and recorded a marked
improvement in the quality of life of patients and families in relation to ECC. Dahnhardt
et al. [30] investigated parents” and children’s attitude towards ozone before and after
treatment through specifically designed questionnaires administered to the parents, finding
that approximately all parents were happy with the treatment and management of caries
with ozone led to the reduction in dental anxiety for 93% of the children. In addition, no
side effects were reported by patients [30,39,40].

4. Discussion

The intended goal of this review was to investigate the effectiveness of ozone treatment
in the management of carious lesions in primary teeth according to all available clinical
evidence. Unfortunately, a meta-analysis could not be conducted due to the limited body of
evidence and potential methodological limitations of the included studies. In particular, the
great heterogeneity of study designs, intervention protocols, and outcomes considered has
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led to inconsistent overall results, highlighting the need for more standardized research in
this field. Nevertheless, overall promising results emerged from this review. These can be
explained by the beneficial effects of ozone on dental tissue, which include remineralizing
and anti-bacterial properties. Also, although the effect of ozone on dentin is less studied,
it has been reported that in addition to improving the diffusion of salivary ions to the
surface of degraded dentin, ozone can neutralize acidic proteins produced by cariogenic
bacteria, which constitute the osmotic stimulus responsible for the movement of fluids
in the dentin tubules that causes hypersensitivity [45,46]. This can explain the positive
impact on caries-related symptoms, such as pain or hypersensitivity, reported by some
studies [28,43,47].

A common limitation to some studies was the uncontrolled design [28,42,43], where
ozone treatment was found to be effective but was not compared with other available
approaches (e.g., complete or selective caries removal, including rotary instruments or
manual excavation, chemo-mechanical removal, restorative procedures, remineralization
procedures) [7,48]. Dahnhardt et al. [30] used ozone application as an additional tool and
only compared it to manual excavation alone. Nevertheless, these study settings were
adopted in clinical situations where lack of cooperation due to young age, dental fear, or
otherwise complex and time-consuming intervention (e.g., pulpotomy) would have pre-
vented the use of other traditional management strategies [30,42,43]. Where a comparison
with other interventions was provided, it was based on the specific outcome, and it was
either with other antimicrobial agents (e.g., chlorhexidine) or a remineralizing agent such as
fluoride varnish [39-41]. Overall, these studies generally found no remarkable differences
in clinical and antimicrobial outcomes between ozone treatment and positive controls over
the entire follow-up period, while a slight antibacterial superiority for chlorhexidine was
found at some intermediate time points [41]. It should also be noted that these controlled
trials did not address intervention-related quality of life outcomes in children or the accep-
tance of treatments [39-41]. In fact, it is well known that organoleptic characteristics such
as the taste of some dental products and oral antiseptics (e.g., topical and local anesthet-
ics, chlorhexidine, sodium chloride gels, etc.) can cause significant discomfort in young
patients, sometimes leading to partial or total loss of compliance and refusal of further
treatments [49,50]. Mese et al. [41], unlike two other controlled studies [30,39], though being
rated at low RoB, did not adopt a split-mouth design, while Hauser-Gerspach et al. [40] did
adopt a split-mouth design, but only with regard to the excavation versus non-excavation
procedure, and not specifically for the allocation of the ozone versus control treatment [40].
This choice and the related risk of bias might have affected their findings. Overall, ozone
treatment must be considered as a component of a multi-tool oral care strategy, which
includes individual factors such as a healthy and anti-carious dietary regimen, the use of
fluoride-containing and remineralizing products, and the implementation of appropriate
dental care programs and oral hygiene measures [51-53]. These factors can influence the
risk of caries, the clinical evolution of carious lesions, and the effectiveness over time
of all management interventions. A split-mouth design, where one of two treatments is
randomly assigned to either one or the other corresponding tooth in the same patient, can
be a valid solution to overcome such issue, as it is expected to remove most inter-individual
variability [54]. Interestingly, among the studies rated at low risk of bias, the one adopting
a split-mouth design found that ozone treatment of non-cavitated lesions yielded results
comparable to fluoride varnish application in terms of fluorescence values and visual
inspection index, with slight or no progression similar in both groups [39]. This suggests
that ozone may be a valid alternative to professionally applied topical fluoride products in
very young or uncooperative patients, where accidental ingestion may occur [55]. It should
be considered that early excessive exposure to fluoride has been associated, albeit contro-
versially, with a number of potential adverse health effects and its use may be opposed by
some parents or caregivers [56—60].

Additionally, the caries diagnostic criteria defining the inclusion of patients or the unit
of analyses (i.e., pair of teeth, tooth) varied widely across studies and were mostly based on
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clinical subjective evaluations, such as caries extension or visual appearance according to
the Ekstrand criteria [44]. Such criteria often lacked a precise definition and objectivation of
“extensive” or “deep” carious lesion, thus possibly impacting the clinical baseline at which
intervention was administered [28,30,40-42]. This is, however, a common shortcoming of
studies investigating minimally invasive treatments in cavitated carious lesions of young
and poorly compliant patients, due to the difficulties in applying more rigorous and objec-
tive diagnostic and case-definition methods, in addition to the current limited availability
of biological tools to assess caries activity [61,62]. Consequently, outcome assessment could
have been another source of heterogeneity across studies. Outcomes considered in the
studies belonged in fact to different domains, i.e., clinical, microbiological, and treatment
acceptance. In addition, different assessment methods were sometimes chosen for the same
domain. A specific definition of “clinical success” was not provided in one study [42].
Caries activity was monitored according to dentin consistency and/or color subjective
evaluation, whether using validated [39] and non-validated scales [30,41,43]. Two studies
additionally used laser fluorescence measurement to monitor caries activity, which is a
validated method expected to provide a more accurate and objective assessment [30,39].
However, many trials and systematic reviews have found great variability and poor relia-
bility of laser fluorescence, under different clinical conditions [63-65]. Lastly, discrepancy
in ozone treatment protocols was a major source of heterogeneity that hampers reliable
comparisons among the included studies. Ozone was always used in gaseous formulation.
Medical ozone generators can produce ozone through an open system, used in proximity
with continuous suction or through a sealed suction system using silicon cups. Only one of
the included studies used an open-system device [43]. A sealed suction system is usually
considered a safer option, allowing for higher and more effective ozone concentrations to be
delivered, while preventing possible adverse effects that may occur upon inhalation [28,51].
Information regarding ozone concentration and flow rate were not always clearly reported
and in two cases they were drawn from manufacturers’ specifications [42,43]. It is reported
that ozone concentrations as low as 0.1 to 20 ppm (i.e., approximately 2 x 10~ to 0.04 g/m?)
in a gaseous mixture are already toxic for bacteria [66,67]. Ozone concentration was signifi-
cantly higher than this threshold in all included studies: In one study, it was 32 g/m?3 (i.e.,
14,000 ppm) [28], while in most studies it was 2100 ppm (i.e., 4.7 g/ m3) [30,39-42]. In the
study by Luppieri et al. [43], the concentration was remarkably lower (i.e., 200 ppm, approx-
imately 0.4 g¢/m?) and ozone was applied in a non-vacuum setting, as mentioned earlier,
making it difficult to infer the effective concentration reaching the tooth surface. Overall,
this significant variability may have affected the treatment outcomes. Great discrepancies
also emerged in the duration of applications (from 20 s to 60 s), which were performed
in one or multiple sessions. Moreover, comparisons between different ozone treatment
protocols were not performed, thus not allowing a conclusive synthesis of the results.

The main limitations of this review are related to the limited quantity and quality of
the available evidence, the different study designs and not standardized methods, and
the relatively small sample size characterizing the large majority of these studies. These
limitations and inconsistencies of the studies reduce the robustness of the overall analysis
here performed, making it difficult to draw consistent conclusions and suggesting major
research gaps to be addressed by further well-designed and more powerful studies. How-
ever, the overall information gathered in this review allows a systematic assessment of the
available evidence on the performances of ozone in the treatment of caries of primary den-
tition, suggesting its potential usefulness in the management of pediatric caries, especially
in very young and poorly compliant patients, as a minimally invasive approach that is part
of modern pediatric dentistry.

The occurrence of potential adverse effects due to inhalation toxicity must be consid-
ered, as well as a number of general contraindications to ozone therapy, such as recent
myocardial infarction, hyperthyroidism, acute alcohol intoxication, severe anemia, throm-
bocytopenia, active bleeding, and pregnancy [68]. However, with careful use of modern
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technology and adherence to manufacturers’ recommendations, ozone therapy appears to
be free of side effects [69].

Specific guidelines and recommendations on the use of ozone for the treatment of
caries are not currently available due to the lack of robust and standardized evidence.
Based on the results of the present review, the authors hypothesize that ozone applications
may be useful for the treatment of caries in primary dentition when other evidence-based
conventional or minimally invasive approaches are not applicable, due to limited coopera-
tion or specific contraindications. When using gaseous ozone delivered by open-system
devices, continuous suction should always be used in close proximity, otherwise a sealed
suction system should be preferred. If neither is available, ozonated water may be a
safer option. In the case of very young patients, ozone application may also serve as a
transitional intervention that can help children gain confidence and comfort and become
accustomed to dental treatment. In any case, ozone application should be implemented
within a systematic oral care program that includes follow-up and education on individual
oral care and dietary habits.

5. Conclusions

Although no conclusive support emerged for recommending the use of ozone over
other conventional strategies, and despite some inconsistencies, the overall evidence sug-
gests that ozone application may have beneficial effects, regardless of the protocol applied,
being equally or more effective than other interventions, when comparisons were available,
in relation to most clinical outcomes, and equally or slightly less effective than chlorhexidine
in relation to antibacterial action. Additionally, ozone application appeared to be a simple
and pain-free technique, and it was not associated with adverse effects. These features may
contribute to reducing parent and child anxiety and improving their compliance, and these
aspects may have a considerable role in the choice of treatment strategy.
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