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1. Introduction

Dentistry has seen significant technical and technological advances in recent years.
These achievements have made it possible to increase the accuracy of diagnoses and treat-
ment plans, improve the predictability and durability of certain treatments, make procedures
safer and faster and improve patient experience and acceptance, among other benefits.

The speed at which these advances are developing justifies the publication of this
Special Issue helping clinicians to stay up to date on the latest breakthroughs in this field.
This Special Issue covers practically all areas of dentistry: implantology, periodontology,
operative dentistry, pediatric dentistry, orthodontics, endodontics and oral rehabilitation.
Of the 29 papers submitted to this Special Issue, 21 were accepted. In this Editorial, we
highlight some of the main conclusions and impacts of these studies.

2. New Techniques, Materials and Technologies in Dentistry

All patients are different, so the “one size fits all” approach to prevention, diagnosis
and treatment is evolving into a more personalized concept of medicine. Better knowledge
of patients’ genetic profile can help guide clinical decisions. An example of this is peri-
implantitis, a growing problem that requires better approaches in terms of prevention and
treatment. Cardoso et al. [1] carried out a systematic review via a meta-analysis with the aim
of evaluating the association between IL-1A, IL-1B and IL-1RN polymorphisms and peri-
implantitis. The results showed that patients who have the polymorphic allele at position
+3954 of the IL-1B gene have on average almost twice the risk of developing peri-implantitis.

In the area of disease diagnosis, the use of biomarkers can enable timely diagnosis
and better monitoring of disease progression and response to treatment. In an innovative
study, Salim et al. [2] evaluated salivary interleukin-6, interleukin-1β and C-reactive protein
as a diagnostic tool for plaque-induced gingivitis in children. Based on the results, the
authors suggest that salivary IL-1β and CRP can be used as potential diagnostic tools to
differentiate between moderate and severe plaque-induced gingivitis.

In another field, Raducanu et al. [3] tested the potential use of salivary nitric oxide as
a biomarker of bone response following the application of different types of orthodontic
appliances. The results showed that metal brackets lead to a significant temporary increase
in oral oxidative stress as an adaptive reaction to the presence of foreign bodies in the
oral cavity.

Conventional prevention and treatment strategies of caries, periodontal and peri-
implant diseases present some limitations, making it necessary to search for alternatives or
adjuvants. Probiotics may play an important role in this context. Saiz et al. [4] carried out a
systematic review on the use of probiotics in the prevention and treatment of oral diseases,
supporting the existing evidence in this regard. In relation to novel therapeutic approaches,
the effect of passive ultrasonic irrigation on the elimination of organic remnant tissue from
infected, narrow and curved mandibular root canals during their instrumentation was

Appl. Sci. 2023, 13, 11483. https://doi.org/10.3390/app132011483 https://www.mdpi.com/journal/applsci
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evaluated in an in vitro study by Alcota et al. [5]. The results suggest that clinicians should
incorporate passive ultrasonic irrigation in their regular therapeutic strategy.

Several articles focused on the use of digital technologies in dentistry. This area has
seen extremely rapid development in recent years, with a strong impact on clinical practice.
For instance, digital technologies bring several advantages, such as reducing errors and
complications, faster treatments and faster patient recovery. Wachol et al. [6] evaluated
the advantages of dynamic navigation in prosthetic implant treatment in terms of clinical
results and salivary pro-inflammatory biomarkers. Dynamic navigation and the application
of the flapless technique reduced surgical trauma, leading to a reduced risk of infection,
reduced patient discomfort and faster recovery. Implant stability is critical in implant
therapy, and there are several devices on the market that allow it to be assessed through
resonance frequency analysis and the implant stability coefficient to be calculated. However,
there are few studies that have compared the reliability and agreement of different devices.
In an in vitro study, Blazquez-Hinarejos et al. [7] compared inter- and intra-rater reliability
and the agreement level among three of these devices. Rebelo et al [8] carried out a
systematic review on the use of bisphosphonates and implant failure, also identifying other
factors such as smoking, poor hygiene, diabetes and hypertension, which increase the risk
of failure.

In prosthetic procedures, digital techniques have assumed an increasingly relevant
role. Intraoral scanners have gained great clinical acceptance and undergone constant
improvements in recent years. Despite this, there are still some relevant issues that need
to be investigated. Lee et al. [9] presented a strategy with which operators could acquire
more accurate digital impressions in single implant cases in terms of the orientation of
the scan body and the scanning method. Until now, stereophotogrammetry has scarcely
been investigated in cases of tilted implants. Thome et al. [10] evaluated, in an in vitro
study, the accuracy of implant-level intraoral scanning and photogrammetry impression
techniques in a complete arch with angled and parallel implants. The alteration of the
occlusal vertical dimension for prosthetic restoration using a target-tracking system was
evaluated by Lee et al. [11]. This new technique seeks to overcome some of the limitations of
conventional methods using mechanical articulators. Also, in oral rehabilitation, concerning
removable prosthesis, Lee et al. [12] proposed a digital workflow to fabricate complete
dentures for edentulous patients using a reversing and superimposing technique. This
four-step, completely digital workflow eliminates the need for conventional impressions
and reduces patient discomfort and the number of visits.

Another current trend in dentistry is the use of minimally invasive techniques.
Manaia et al. [13] presented a case series of patients with pre-eruptive enamel defects
in esthetically compromised tooth regions, which were treated with the microabrasion
technique. This technique does not require local anesthesia, is less destructive than restora-
tive interventions and allows good esthetic outcomes with no significant postoperative
sensitivity. Distinguishing composite remnants from tooth structure after trauma splint re-
moval can be challenging. Magni et al. [14] compared the fluorescence-aided identification
technique with conventional light illumination in terms of accuracy and time required for
the detection of composite remnants after trauma splint removal.

In terms of new surgical techniques, [15] evaluated the clinical results of the double
lateral sliding bridge flap technique with connective tissue graft in the treatment of isolated
and multiple gingival recessions. Treating gingival recessions in the mandibular anterior re-
gion is a challenge due to anatomical constraints. This study adds more evidence regarding
a technique that is still little addressed in the literature.

Five studies in the field of dental materials were published in this Special Issue. The
effect of feldspathic thickness on the fluorescence of a variety of resin cements and flowable
composites was evaluated in an in vitro study by Pereira et al. [16]. Color changes in
temporary acetal resins manufactured by a fully computerized design and fabrication
process were evaluated in vivo by Gómez-Polo et al. [17], with clinically relevant results.

2
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Choudhry et al. [18] tested the antifungal efficacy of sodium perborate and microwave
irradiation for the surface disinfection of polymethyl methacrylate polymer, providing a
new perspective on the best disinfection strategy for this material.

Also, building a bridge with the digital area, Anes et al. [19] evaluated the retentive
forces from removable partial denture clasps manufactured using the digital method. The
objective of this study was to evaluate retentive forces and the change in clasps with
digitally manufactured different designs over time.

Regarding biomaterials used in bone regeneration and an intersection with the field
of new therapeutic approaches, Cenicante et al. [20] carried out a literature review on the
use of autogenous dentin in alveolar preservation procedures. In this article, the authors
summarize new evidence on the use of autogenous teeth as a biomaterial in ARP, different
protocols and future directions.

In terms of translational science, the effect of non-thermal atmospheric pressure plasma
on the differentiation potential of human deciduous dental pulp fibroblast-like cells was
evaluated by Okuno et al. [21], revealing a potential tool to expand the population of
various adult stem cells in vitro for medical applications.

These investigations are united by the common final objective of improving diagnosis
accuracy and providing more predictable and long-lasting treatments for patients and with
better acceptance. For clinicians, some of these innovative techniques and materials will
also make work simpler, faster and more effective.

3. Future Perspectives

Some important topics could not be covered in this Special Issue, and others will re-
quire further investigation. Technical and technological advances in dentistry will continue
to grow at an incredible speed.

Although this Special Issue is now closed, the success it achieved led us to launch a
second edition of “New Techniques, Materials and Technologies in Dentistry”. Submissions
are now open, so we invite everyone to participate and share their research work.

Acknowledgments: This Special Issue would not be possible without the collaboration of the various
talented authors. We would like to take this opportunity to express our sincere gratefulness to all
reviewers, who contributed to improving the final quality of the manuscripts. Finally, we would like
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Featured Application: Feature Application: The evaluation of genetic polymorphisms may have

great clinical relevance since they can be measured before the onset of the disease and may be of

great benefit for treatment planning and prognosis at an early stage.

Abstract: Recent studies report that individuals with polymorphisms in the genes that encode for
interleukin (IL)-1α and IL-1β (IL-1A and IL1B, respectively) and for IL-1 receptor antagonist (IL-
1RN) may be more susceptible in developing peri-implantitis. Therefore, the current systematic
review evaluates what is reported about the role of genetics, more specifically of single nucleotide
polymorphisms (SNP) on IL-1 and variable number of tandem repeats (VNTR) on IL-1RN, in the
development of peri-implantitis. This systematic review was carried out by screening PubMed, B-on,
Cochrane and Scopus databases, for articles English, Spanish, and Portuguese, with no limit regarding
the publication year. Eight articles were selected for systematic review and four for meta-analytic
syntheses. Our results show that although there is a lack of consensus in the literature, there seems to
be an association between IL-1A, IL-1B, and IL-1RN polymorphisms with peri-implantitis. The results
of the meta-analysis showed that patients who have the polymorphic allele at position +3954 of the
IL-1B gene have on average almost twice the risk of developing peri-implantitis (odds ratio = 1.986,
95% confidence interval).

Keywords: genetics; peri-implantitis; interleukin-1; interleukin-1 receptor antagonist; interleukin-1
genotype; genetic polymorphisms; peri-implant disease

1. Introduction

Dental implants are now considered as an effective and predictable treatment modality
for the functional and aesthetic rehabilitation of either partially or completely edentulous
patients [1,2]. This rehabilitation method has a success rate of more than 90% for im-
plants in function for more than five years [3]. However, despite the high success rates
associated with implant rehabilitation, biological complications may arise in the peri-
implant soft tissues, such as peri-implantitis, which can compromise the permanence of
the implant [4]. Peri-implantitis is a plaque-associated pathological condition occurring in
tissues around dental implants, characterized by inflammation in the peri-implant mucosa

Appl. Sci. 2022, 12, 6958. https://doi.org/10.3390/app12146958 https://www.mdpi.com/journal/applsci
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and progressive loss of supporting bone [5,6]. This definition is in accordance with the
more recent classification of periodontal and peri-implant diseases (American Academy of
Periodontology—AAP and European Federation of Periodontology—EFP 2018) [6].

According with the Consensus report of workgroup 4 of the 2017 World Workshop
on the Classification of Periodontal and Peri-Implant Diseases and Conditions, there is
strong evidence from animal and human experimental studies that plaque is the etiological
factor for peri-implant mucositis, which is assumed to precede peri-implantitis [6]. Data
indicate that patients diagnosed with peri-implant mucositis may develop peri-implantitis,
especially in the absence of regular maintenance care. However, the features or conditions
characterizing the progression from peri-implant mucositis to peri-implantitis in susceptible
patients have not been identified [6].

With a growing number of dental implants inserted, the potential number of sites for
implant-associated diseases increases [7]. But the actual value of the incidence/prevalence
of this disease is uncertain since the method of classifying peri-implantitis has varied
between authors over the years and, in addition, few studies follow up and evaluate the
sample for several years [8]. The characteristics of the populations included also vary
between studies, which may influence the results [8]. In a systematic review carried out
by Atieh et al., the prevalence of peri-implantitis obtained per patient was 18.8% while
the prevalence per implant was 9.6% [9]. Lee et al. conducted a systematic review and
meta-analysis, that included forty-seven articles, and concluded that the mean prevalence
of peri-implantitis, at implant and subject level was 9.25% and 19.83%, respectively [10].

There are some similar features in the sequence of immunopathological events in
peri-implant and periodontal infections [11]. Both are initiated primarily by Gram-negative
anaerobic bacteria, while the inflammatory process goes faster and deeper around implants
than around natural teeth and thus is a more significant problem for patients with dental
implants [12]. However, Becker et al. in a study in which the transcriptome profiling
using mRNA from patients suffering from either peri-implantitis or periodontitis was
compared, the authors observed that these two pathologies react in a different way [13].
These differences may be explained by the anatomy, which is very different comparing the
scar tissue in peri-implantitis with the specialized fibers inserting the surface of the teeth.
In peri-implantitis tissue, transcripts associated to innate immune responses, and defense
responses were dominating, while in periodontitis tissues, bacterial response systems
prevailed [13].

Research evidence indicates that implant complications tend to be clustered in a subset
of individuals rather than being randomly distributed in the population implying that
patient’s host response might play a role for the implant success [14,15].

Interleukin-1 (IL-1) is the pivotal mediator of the immune-inflammatory response that
acts both in response to bacterial infection and in bone metabolism [16]. IL-1 family has at
least 11 cytokines; clustered on the long arm of chromosome 2q, and the three most studied
members are IL-1A, IL-1B, and IL-1RN genes, which encode the agonistic proteins IL-1α
and IL-1β, and IL-1 receptor antagonist (IL-1Ra), respectively [17]. The effect of IL-1 is
determined by the balance between IL-1α, IL-1β, and IL-1Ra through competitive binding
of IL-1Ra to the IL-1 receptor to block the activity of IL-1α or IL-1β. IL1 is strongly induced
by lipopolysaccharides from the cell walls of Gram-negative bacteria and acts either directly
or indirectly to initiate and amplify inflammatory responses through inducing expression of
a substrate of effectors including cytokines/chemokines and matrix metalloproteinases [18].

The variations of IL-1 gene cluster, including IL-1A and IL-1B genes, and the variations
of IL-1 RN are the most commonly studied functional polymorphisms for peri-implantitis.

Many studies have investigated different single nucleotide polymorphisms (SNPs)
in the IL-1 genes as a risk factor for peri-implantitis. Among them, the IL-1A −889 C/T
(rs1800587) and IL-1B +3954 C/T (rs1143634) have been mostly investigated [19]. The IL-1B-
511 (rs16944) is also studied in some studies. These polymorphisms are characterized by the
substitution of cytosine with thymine in the DNA sequence, which has been demonstrated
to be associated with directly changed levels of gene expression and secreted cytokines,
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respectively [20]. In the IL-1RN gene, there is a genetic polymorphism located in intron
2 which is composed of a variable number of tandem repeats (VNTR) of 86 base pairs
length. Several studies have analyzed the relationship between these polymorphisms and
peri-implantitis. However, studies have yielded conflicting results on this issue [21–26].

A clarification of the genetic basis associated with peri-implant pathology could be
used to predict peri-implantitis occurrence and to improve treatment and monitoring of
patients with dental implants [21].

Most of these studies had a relatively small sample size and thus had insufficient sta-
tistical power to detect the genetic associations. Some of them do not refer to confounding
variables such as periodontal condition, ethnicity and smoking habits. Furthermore, many
studies, including published systematic reviews, assess the relationship of these polymor-
phisms with the peri-implant disease, pooling in the same group patients with bone loss,
implant loss, and peri-implantitis [27–29]. However, peri-implant tissue health can exist
around implants with variable levels of bone support [6]. In addition, an implant can fail
without having an associated chronic inflammatory reaction as occurs in peri-implantitis.

Therefore, we performed a systematic review and meta-analysis, quantitatively synthe-
sizing previous studies, to evaluate the association of common functional polymorphisms
in the IL1 and IL-1RN genes with susceptibility to peri-implantitis.

2. Materials and Methods

2.1. Study Design

The guidelines of PRISMA were followed while reporting this systematic review and
meta-analysis.

The research question used for this systematic review was: “What is the importance
of the interleukin-1 genotype (IL-1A −889 (rs1800587), IL-1B −511 (rs16944), and IL-1B
+3954 (rs1143634)) and the IL-1 receptor antagonist genotype (IL-1 RN (rs2234663)) in the
development of peri-implantitis, in adults, smokers or not, after at least one year of the
implant in function?”. In addition, the PECO nomenclature was also used:

P (Population)—Adult patients
E (Exposure)—Genotype including selected polymorphisms of interleukin-1 and its antagonist
C (Control)—Genotype not including selected polymorphisms of interleukin-1 and its antagonist
O (Outcomes/Outcome)—Development of peri-implantitis

A search protocol was specified in advance and registered at PROSPERO (International
Prospective Register of Systematic Reviews ID 322662).

2.2. Search Strategy

Two authors (J.M.C.) (S.D.) extracted the specific studies from the databases, and the
same authors removed duplicates and irrelevant studies. Discrepancies, if occurred, were
resolved by a third researcher (P.M.).

Systematic searches were performed on the PubMed, B-on, Cochrane and Scopus
literature databases for studies published until January 2022.

The MESH terms and other keywords were used in combination, and Boolean opera-
tors such as AND and/or OR and/or NOT were added to obtain more relevant studies
regarding the topic in question [30].

We used a specific search strategy with the following focused key terms:
(“dental implants” or “oral implants”) and (“polymorphism” or “interleukins” or

“interleukin-1”); (“peri-implantitis”) and (“interleukin-1” or “interleukins”) and (“gene
polymorphism” OR “genotype”) not animal.

2.3. Inclusion and Exclusion Criteria

The inclusion criteria were: (1) Human case-control studies; (2) peri-implantitis as
the outcome of interest in functional implants with at least one year follow up; (3) studies
reporting IL-1A −889, IL-1B −511, IL-1B +3954 and IL-1RN (VNTR), and composite geno-
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type of IL-1A −889/IL-1B +3954 polymorphisms; (4) articles written in English, Spanish
or Portuguese.

The exclusion criteria were: (1) Studies that included patients with uncontrolled
systemic diseases; (2) studies in which patients with peri-implantitis were included in a
general category disease group of peri-implant diseases or other conditions (presence of
suppuration, development of fistula, radiographic bone loss or implant loss).

The author (S.D.) screened all the titles and abstracts based on the eligibility criteria
and included/excluded studies for full-text review. Another author (J.M.C.) rechecked
relevant articles. Discrepancies, if occurred, were resolved by a third researcher (P.M.).

2.4. Data Extraction

One author (S.D.) independently extracted the information or data from each study
and another author (J.M.C.) rechecked them.

2.5. Risk of Bias Assessment

Two authors (S.D. and P.M.) evaluated the quality of included articles using the Joanna
Brigs Institute (JBI) checklist [31]. This tool evaluates “cross-sectional analytical” studies
regarding eight domains. These domains evaluate if the criteria in the sample were clearly
defined, if the study subjects and the setting were described in detail, if the confounding
factors were identified and strategies to deal with, and if the outcomes were measured in a
valid and reliable way.

2.6. Statistical Analysis

Statistical analysis was performed using the Open Meta [Analyst] for Windows 8 (built
04/06/2015) software, from Center for Evidence Synthesis in Health (Brown University,
Providence, RI, USA), which allowed us to obtain all meta-analysis and meta-regression
plots, which are described later [32]. Allele frequencies against peri-implantitis incidence
were converted in odds ratios effect size and associated 95% confidence intervals in a
binomial model framework. Model parameters were estimated applying the restricted
maximum likelihood method.

Heterogeneity was assessed using the I2 index and it was considered high if it was
above 50%. A high I2 value means that the authors of the different articles analyzed are not
in consensus. To counteract this value, covariates can be added [33].

We used 95% confidence intervals and considered the p-value test results lower than
0.05 to correspond to a statically significant result.

A subgroup analysis was done in relation of the odds ratio (OR) of the ethnicity in the
difference in the frequency of the mutated allele between the disease and control group.

Meta-regressions were carried out for longitude and latitude of the sample’s prove-
nance, the mean age, the percentage of males and females, the representative ratio of the
mutated allele, sample size and year of publication.

3. Results

3.1. Study Selection

Initially, 324 articles were obtained from all databases. After excluding the duplicates,
218 articles remained, of which the titles and abstracts were read. Since 199 were not
included in the theme of this systematic review, they were excluded, leaving only 19. These
were read in full and, as eleven articles did not meet the inclusion and exclusion criteria,
only eight articles remained, which were included in this systematic review [21–26,34,35].
However, only four of these articles contained eligible quantitative data, and were included
in the meta-analysis [21,23,24,26].

A PRISMA flowchart was carried out to systematize the selected information through-
out the different research phases (Figure 1).
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Figure 1. Flow chart of the study selection.

3.2. Results of the Bias Risk Assessment

In order to know the risk of bias in the articles, by completing the JBI checklist, a Traffic
Plot-type graph was obtained (Figure A1), where it is possible to clearly observe the risk of
bias for each article selected for this systematic review. None of the articles had three or
more high risk judgments and they were all included in the review.

3.3. Characteristics of the Studies

The Table 1 provides the characteristics of eight articles [21–26,34,35] included in the
systematic review. Four articles included individuals from Europe [21,25,34,35], two from
Asia [24,26], one from North Africa [22] and one from South America [23]. Five studies
reported IL-1A −889 polymorphism [21,22,24,25,34], two IL-1B −511 [21,23], seven IL-
1B +3954 polymorphism [21–26,34], two IL-1RN (VNTR) polymorphism [21,35] and five
composite genotype of IL-1A −889 and IL-1B +3954 polymorphisms [21,22,24,25,34].
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The Table A1 provides the percentage of men and women, from which it is possible
to conclude that there is a predominance of female individuals in five of the eight arti-
cles [21,23,25,26,34]. The mean age varies between 41 and 67 years. The mean age of the
sample of each study was considered, since between the group with peri-implantitis and
the control group there was no difference in mean age of more than five years.

The mean percentage of the mutated allele in the sample are indicated in four of the
eight articles [21,23,24,26]. Some articles only indicated the genotype of the individuals,
without referring to whether they were homozygous or heterozygous for the mutated allele,
which could influence the results.

3.4. Meta-Analysis

To carry out the meta-analysis, only four articles were used, as explained above [21,23,24,26].
However, due to the lack of information and the different types of polymorphisms analyzed by
each article, it was only possible to perform the meta-analytic study for the IL-1B +3954 poly-
morphism, which was the only common polymorphism in the previously selected articles.
In addition, these four articles contained information about the amount of mutated alleles in
the sample.

Figure 2 shows the odds ratio (OR) meta-analysis as a forest plot. The OR values
extracted from each study are graphically illustrated. This graph performs an analysis of
heterogeneity that is expressed in the form of I2, in %, and presents the mean value of the
ORs and the respective uncertainty in the form of a 95% confidence interval. On the left, the
authors and the year of the included studies are indicated, followed by the corresponding
analytical values obtained.

Figure 2. Meta-analysis Forest Plot. (OR—odds ratio, CI—confidence interval, PI—peri-implantitis group,
Ctrl—control group). Laine et al., 2006 [21]; Melo et al., 2011 [23]; He et al., 2019 [24]; Saremi et al., 2021 [26].

The odds ratio of these studies is 1.986 (chi square test, p < 0.001), which means that
this polymorphism increases the risk of carriers of the mutated allele in the IL-1B +3954 to
have peri-implantitis, by almost twice, as compared to the control group, patients that do
not have this polymorphism.

The I2 in this case is quite high, which may indicate that the authors are not in
agreement with the results they present.

3.5. Subgroup Analysis

The subgroup analyses (based on the ethnicity) of the association between the fre-
quency of the mutated allele in the IL-1B +3954 gene and the risk of peri-implantitis is
shown in Figure 3. The results showed that the ethnicity, Asian, is one factor that affects the
difference in frequencies of the mutated allele in the IL-1 B3954 gene between the disease
and the control groups (OR = 3.088, chi square test, p < 0.001). The ethnicity, Caucasian,
does not affect the difference in frequencies of the mutated allele in the IL-1 B3954 gene
between the disease and the control groups (OR = 0.896, chi square test, p = 0.709). Regard-
ing mixed ethnicity, further studies are needed to understand its influence in the difference
in frequencies of the mutated allele in the IL-1 B3954 gene between peri-implantitis and
control groups (OR = 1.967, chi square test, p = 0.140).
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Figure 3. The subgroup analyses (based on the ethnicity) of the association between the frequency
of the mutated allele in the IL-1B +3954 gene and the risk of peri-implantitis. (OR—odds ratio,
CI—confidence interval, PI—peri-implantitis group, Ctrl—control group). Laine et al., 2006 [21];
Melo et al., 2011 [23]; He et al., 2019 [24]; Saremi et al., 2021 [26].

3.6. Meta-Regression

Regarding meta-regressions, in all there is a limitation, since there are only four points
represented in the graphs, only four articles were analyzed. There is, therefore, a limitation
to being able to extrapolate this trend to other populations or other geographic regions.
Therefore, further studies are recommended in order to confirm this trend.

The size of the circles in all figures represents the weight that this article contributed
to the average. Since the OR logarithm is proportional to the OR, with negative coefficient,
as the latitude increases, there is a tendency for the OR to decrease, and in this case the
trend is statistically supported/significant since the p-value obtained was 0.025 (Figure 4).
The result of the coefficient statistical test in the longitude-relative meta-regression presents
a value of p = 0.295, so it is not statistically significant (Figure A2).

Regarding the mean age, the p-value in this meta-regression has a value of 0.005,
thereby it is statistically significant (Figure 5).

Figure 4. Log OR meta-regression for IL-1B +3954 polymorphism as a function of latitude covariate
(p-value = 0.025, coefficient = −0.026).

Analyzing the meta-regression analysis regarding the percentage of male subjects, it
is possible to conclude that, as the proportion of male individuals increases, there is an
increase in the OR, therefore, there is an increase in risk, however, it is not statistically
significant (Figure A3).

We can also observe that as the percentage of the mutated allele increases, the OR
decreases. It is necessary to consider that the value of the mutated allele corresponds to
the entire sample, both for control patients and patients with peri-implantitis. The effect
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of the lower percentage of the mutated allele on the risk for peri-implantitis is statistically
significant (p-value < 0.05) (Figure 6).

Figure 5. Log OR meta-regression for the IL-1B +3954 polymorphism as a function of the mean age
covariate (p-value = 0.005, coefficient = −0.041).

Figure 6. Log OR meta-regression for the IL-1B +3954 polymorphism as a function of the covariate
percentage of the mutated allele in the s ample (p-value = 0.003, coefficient = −0.081).

Performing a meta-regression analysis regarding the year of publication (Figure 7)
and the sample size (Figure A4) of the included studies, we can conclude that the effect
of year of publication is statistically significant while the effect of the sample size is not
statistically significant. We can observe that as the year of publication increases, the risk for
peri-implantitis also increases.

Through the interpretation of this meta-analysis, we were able to analyze the historical
perspective from the oldest to the most recent article. From the Figure 8, we concluded that,
with these successive assessments, there is an increased risk of carriers of the IL-1B +3954
polymorphism to have peri-implantitis.

3.7. Sensitivity Analysis

Both “leave-one-out” and “cumulative analysis” were performed within the sensitivity
analysis for the IL-1B +3954 polymorphism study effects sizes. Results are illustrated in
Figure A5. All studies seem to have had a balanced contribution to the pooled results
although recent studies seem to overestimate the effect in comparison with previous ones.
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Figure 7. Log OR meta-regression for the IL-1B +3954 polymorphism as a function of the year of
publication (p-value = 0.014, coefficient = 0.067).

Figure 8. Forest Plot of the cumulative meta-analysis for the IL-1B +3954 polymorphism. Laine et al.,
2006 [21]; Melo et al., 2011 [23]; He et al., 2019 [24]; Saremi et al., 2021 [26].

4. Discussion

This study aimed to verify if there is an association between the polymorphisms of
the IL-1A, IL-1B, and IL-1RN genes and peri-implantitis. It is a relevant topic since, if this
association is confirmed, it is possible to identify patients who have this polymorphism
and the physician’s approach can be adjusted in order to prevent the onset of this disease,
considered a public health problem. Genetic polymorphisms are constant and can be
measured before disease onset, thus it could be of great benefit for treatment planning and
prognosis in an early stage. Despite the fact that peri-implantitis etiology and pathology are
complex, the identification of genetic biomarkers associated with peri-implantitis risk could
be a valuable tool in daily clinical practice. They could be used for early identification of
individuals predisposed to increased peri-implantitis risk, and this would help practitioners
(after estimating dental implants prognosis) in individualizing their treatment plan.

The future of disease diagnosis must involve not only identifying more susceptible
patients but also identifying disease-associated biomarkers. Biomarkers are biological
indicators with high prognostic and predictive value that can be related to the onset or
development of a pathology. Frequently they must be able to predict the presence of a
disease or its progression. A recent paper that has focused on five promising host derived
biomarkers as candidate for early diagnosis of periodontitis, IL-1 β was one of them [36].

After a systematic search, which is described in the flowchart in Figure 1, eight articles
were obtained for the present systematic review [21–26,34,35].

Table 1 shows the general conclusions of each of the eight articles. Four of these
articles concluded that individuals with the IL-1 gene polymorphisms had a higher risk
for the development of peri-implantitis [21,22,24,26]. These results are in agreement with
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what is found in the systematic review of Dereka et al. [27]. In this systematic review,
the authors observed that in two of the three studies which evaluated peri-implantitis in
relation to IL-1 genotype, the findings indicate that IL-1RN, IL-1A –899, IL-1B +3954 gene
polymorphisms were correlated to increased peri-implant tissue infection and destruc-
tion [27]. In 2008, Huynh-Ba et al. carried out a systematic review [37] where two articles
were included [38,39], and they concluded that there is not enough evidence to support
or refute an association between the IL-1 genotype status and peri-implantitis. It should
be mentioned that the articles included in this review evaluated peri-implantitis based on
bone loss [37,38].

The number of studies in the literature evaluating this association is limited and some
of these do not refer to confounding variables such as periodontal condition, ethnicity, and
smoking status. These factors may explain the differences found between the different
studies. The ethnicity of the populations included in the studies varies and there are studies
that include patients who smoke and others who do not. On the other hand, the definition
of peri-implantitis varies between studies, which makes comparisons between studies
difficult. In our systematic review, we only included articles in which peri-implantitis
was the evaluated outcome. From 2018, with the new Classification of Periodontal and
Peri-implant Diseases and Conditions, it will be easier to standardize the definition of
peri-implantitis between studies [6]. This new classification is the product of the World
Workshop on the Classification of Periodontal and Peri-implant Diseases and Conditions
organized jointly by the American Academy of Periodontology (AAP) and the European
Federation of Periodontology (EFP) to create a consensus knowledge base for a new
classification to be promoted globally.

Furthermore, some aspects such as the surface and position of the implants (anterior
or posterior), the type of prosthetic restoration used (removable or fixed), type of retention
(screw or cemented), the need for guided bone regeneration before or at the time of implant
placement, general oral cavity health conditions were not referred or varied between studies.
The techniques of DNA isolation also differ between studies, with some studies obtaining
DNA from oral mucosal cells using swabs [22–25,34] and others using mouthwashes [21].
Other authors obtain DNA from blood [26,35].

Within the limits of this systematic review, it might be concluded that there is no
obvious association between specific genetic polymorphism of IL-1 and IL-1RN and peri-
implantitis, although a tendency should be underlined showing the potential link between
IL-1 genotype and peri-implantitis.

For the meta-analysis, it was only possible to include four articles [21,23,24,26] since,
in order to obtain a more real result on the true influence of the polymorphism in the
disease, allele frequencies were evaluated. The remaining studies were excluded as they
did not mention whether the patients were homozygous or heterozygous for the mutated
allele, which may influence the interpretation of the results. The common polymorphism
in these four studies was IL-1B +3954, which was evaluated.

In the present study, it was found that individuals who had the polymorphism in the
IL-1B +3954 had an almost twice higher risk of developing peri-implantitis (OR 1.986). This
result is in agreement with a meta-analysis performed by Jin et al. where the association
between IL-1A −889, ILB +3954, IL-1B -511, composite genotype of IL-1A −889 and ILB
+3954, and TNF-α −308 and risk of peri-implant disease (PID) was evaluated [29]. The PID
included implant failure/loss, marginal bone loss and peri-implantitis. When a subgroup
analysis is performed, it is observed that only IL-1B +3954 is associated with a higher risk
of peri-implantitis (OR 1.87).

In a meta-analysis carried out by Liao et al., that included four articles regarding the
relationship of IL-1 polymorphisms and peri-implantitis, the composite genotype of IL-1
−889 and IL-1B +3954 was associated with increased risk of peri-implantitis (OR 2.34) [19].
The inclusion criteria differed from the present study, which allowed the authors to assess
the relationship between the composite genotype and peri-implantitis.
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In a recent meta-analysis, which evaluated association between interleukin-1 poly-
morphisms and susceptibility to PID, the authors observed that there was no association
between IL−1A −889, IL−1B −511 and IL−1RN (VNTR) polymorphisms and the risk
of PID [28]. In contrast, an association was observed between the composite genotype
of IL−1A −889 and IL−1B +3954 and PID. In addition, the T allele and CT genotype of
IL−1B +3954 polymorphism were also associated with an elevated risk of PID. In subgroup
analysis no association was found between the polymorphisms evaluated and the risk of
peri-implantitis [28]. However, the results of the study have to be interpreted with caution
because the authors included in the same group of PID, patients with peri-implantitis,
patients with marginal bone loss and patients with implant failure. However, bone loss can
occur with or without the sign of infection, whereas peri-implantitis is an inflammatory
lesion associated with loss of supporting bone around implant [5]. On the other hand,
not all implant failures are caused by peri-implantitis and not all peri-implantitis lead to
implant loss.

Regarding meta-regressions carried out in our meta-analysis, we observed that as the
latitude increases, there is a tendency for the OR to decrease, so with increasing latitude,
the risk for peri-implantitis decreases. The result of the coefficient statistical test in the
longitude-relative meta-regression is not statistically significant. The influence of ethnic
and racial variations in the frequency of gene polymorphisms in terms of the genetic
susceptibility to a specific disease has been reported [40,41]. It has been demonstrated
that there is low prevalence of the periodontitis-associated IL-1A +4845 and IL-1B +3954
gene polymorphisms in Chinese (2.3%) [41] compared with that reported for Caucasians
(36%) [40]. The IL-1A +4845 polymorphism is more than 99% in linkage disequilibrium
with the IL-1A –889 polymorphism (if one is present, the other usually is present) [42]. In
our study, it was observed that in populations where the allele frequency of the mutated
allele is higher, the risk of peri-implantitis is lower. Furthermore, in a subgroup analysis
we also found that the Asian population was at a greater risk for the disease than the
Mixed or Caucasian subgroup. This is not in agreement with the information that exists
regarding certain geographic areas, such as the Asian continent. In these areas, there is a
low prevalence of the mutated allele in the population and a lower risk for inflammatory
diseases such as periodontitis, compared to other geographic areas. We were only able to
evaluate four articles in our meta-analysis so we can´t extrapolate these results.

Through the interpretation of our meta-analysis, we were able to analyze the historical
perspective from the oldest to the most recent article. We concluded that with these succes-
sive assessments, there is an increased risk of carriers of the IL-1B +3954 polymorphism
to have peri-implantitis. This finding may be related to a more adequate definition of
peri-implantitis over the years in the various published studies.

In carrying out this work, there were some limitations. Not all articles presented
information about the follow-up period, the inclusion and exclusion criteria were not
similar between the various articles and there were parameters that some articles evaluated
while others did not. In addition, there were also factors, such as age, gender, and ethnicity,
which were not analyzed in the same way in all studies. These factors contributed to the
heterogeneity obtained in this work.

The definition of peri-implantitis itself was not the same in all studies. Another
limitation is the fact that some of the articles referred only to the genotype of the individuals
and in this study the allele frequency was studied, since it is more specific.

The number of studies in the literature evaluating this association is limited, had
small samples and some of them do not refer to confounding variables such as periodontal
condition, ethnicity and smoking status. The inequality of these study designs necessitates
the conduction of further studies using proper methodologies and from different ethnic
groups. A clarification of the genetic basis associated with peri-implant pathology could be
used to predict peri-implantitis occurrence and to improve treatment and monitoring of
patients with dental implants.
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5. Conclusions

It is possible to conclude that there are still no studies with an adequate sample size
or sufficient studies to reach robust conclusions about the influence of interleukin 1 and
interleukin 1 receptor antagonist polymorphisms on the development of peri-implantitis.
However, the available evidence, while constrained by the above mentioned issues, shows
that there seems to be a possible influence of these polymorphisms on the development
of the disease. Regarding the meta-analysis performed, it was observed that individuals
with the polymorphism in the IL-1B +3954 gene have a higher risk for the development
of peri-implantitis.

Nevertheless, there is a need for further studies, with larger samples and in different
ethnic groups, to increase scientific evidence about the possible role of these polymorphisms
in the development of peri-implantitis.
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Appendix A

Figure A1. Risk of bias assessment of the included studies. Laine et al., 2006 [21]; Lachmann et al.,
2007 [25]; Hamdy et al., 2011 [22]; Melo et al., 2011 [23]; Garcia-Delaney et al., 2015 [33]; Petkovic-
Curcin et al., 2017 [34]; He et al., 2019 [24]; Saremi et al., 2021 [26].
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Figure A2. Log OR meta-regression for the IL-1B +3954 polymorphism as a function of the longitude
covariate (p-value = 0.295, coefficient = −0.004).

Figure A3. Log OR meta-regression for IL-1B +3954 polymorphism as a function of the covariate
percentage of male subjects (p-value = 0.531, coefficient = 0.021).

Figure A4. Log OR meta-regression for the IL-1B +3954 polymorphism as a function of sample size
(p-value = 0.989, coefficient = −0.000).
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Figure A5. Sensitivity Analysis (CI—confidence interval). Laine et al., 2006 [21]; Melo et al., 2011 [23];
He et al., 2019 [24]; Saremi et al., 2021 [26].

Table A1. Systematic review table relating to the sample characteristics of the different articles.

Year & Author
Latitude; Longitude

(Degrees)
Sample Size M/F (%)

Average Age of the
Sample

Mean %
of Mutated Allele

Garcia-Delaney, 2015 [33] 32.363890; −86.298190
Total: 54

PI: 27
Control: 27

37/63 53 ND

Hamdy, 2011 [22] −35.052770; 147.349560
Total: 50

PI: 25
Control: 25

76/24 41 ND

He, 2019 [24] 29.894920; −97.677800
Total: 318

PI: 144
Control: 174

57/43 45 IL-1B +3954: 25.65

Lachmann, 2007 [25] −13.848923;
−171.751145

Total: 29
PI: 11

Control: 18
34/66 66 ND

Laine, 2006 [21] 55.702888; 13.194710
Total: 120

PI: 71
Control: 49

39/61 67 IL-1B +3954: 29.45

Melo, 2011 [23] 17.433660; 78.339010
Total: 47

PI: 16
Control: 31

34/66 46 IL-1B +3954: 33.22

Petkovic-Curcin, 2017 [34] 40.772770; −111.839100
Total: 98

PI: 34
Control: 64

71/29 58 * ND

Saremi, 2021 [26] 32.331050; −90.170660
Total: 139

PI: 50
Control: 89

49/51 41 IL-1B +3954: 12

ND—non-defined, PI—peri-implantitis group, * In this article, the median age of the sample is exceptionally represented.
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Abstract: Plaque-induced gingivitis (PIG) is one of the most widely distributed oral disorders in
children. We aimed to identify the diagnostic value of interleukin-6 (IL-6), interleukin-1β (IL-1β), and
c-reactive protein (CRP) in the unstimulated whole saliva of children with different degrees of PIG.
The study included 45 healthy children (aged between 4–14 years). The participants were divided
into four groups according to their Silness–Löe plaque index and Löe–Silness gingival index. ELISA
methods for the quantification of salivary IL-6, IL-1β, and CRP were used. The highest levels of
IL-6, IL-1β, and CRP were recorded in the group with severe gingivitis—14.96 pg/mL, 28.94 pg/mL,
and 490.0 pg/mL, respectively—significantly exceeding those in the control group (9.506 pg/mL,
16.93 pg/mL and 254.4 pg/mL, respectively). Based on receiver operating characteristic (ROC) curve
analysis, salivary IL-1β and CRP showed good diagnostic accuracy (0.8 ≤ AUC < 0.9) and IL-6
showed fair diagnostic accuracy (0.7 ≤ AUC < 0.8) with statistical significance to distinguish between
children with a moderate degree of PIG and those with a severe degree of PIG. Sensitivity for IL-6,
CRP, and IL-1β was 87.5% (p < 0.05), 87.5% (p < 0.01), and 75% (p < 0.01), respectively, and specificity
was 63.16% (p < 0.05), 78.95% (p < 0.01), 83.33% (p < 0.01), respectively. Based on our results, we
suggest salivary IL-1β and CRP as potential diagnostic tools that can be used to differentiate between
moderate and severe PIG.

Keywords: plaque-induced gingivitis; salivary biomarkers; IL-6; IL-1β and CRP; children

1. Introduction

Contemporary diagnostic methods increasingly rely on the potential of saliva as a
promising diagnostic medium. The advantages of saliva sampling are the high abundance
of different biomolecules and the non-invasive painless collection procedure. Saliva is
rich in biomolecules of local and systemic origin which can serve as promising diagnostic
markers, especially for oral-dental diseases [1–3]. Various studies report potential salivary
markers for the diagnosis of several oral diseases—dental caries, diseases of the dental
apparatus of an inflammatory and destructive nature, periodontitis, and gingivitis [4,5].

One of the most widely occurring oral disorders among children and adults is plaque-
induced gingivitis (PIG) [6–11]. Frequent consumption of sugar-containing foods and
beverages, especially among children, is associated with intensive plaque formation and
accumulation. Another factor that increases plaque accumulation is poor oral hygiene.
PIG is characterized by gingival inflammation provoked by plaque accumulation and the
pathogenicity of microflora within the dental plaque. Hallmarks of gingival inflamma-
tion include increased vascular permeability and cell migration of mainly neutrophils,
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monocytes, and macrophages from the peripheral blood to gingival crevicular fluid. Gin-
gival crevicular fluid is in constant and intensive interaction with saliva [12]. In parallel,
adaptive immunity is mobilized through the activated influx of T and B into the inflam-
matory site. These cells trigger a specific inflammatory response with the local production
of a significant amount of pro-inflammatory factors, namely interleukin 1β (IL-1β) and
interleukin 6 (IL-6) [13,14]. The levels of these cytokines reflect the degree of gingival
inflammation [15,16]. The C-reactive protein (CRP) is established as a reliable marker for
the diagnosis of periodontal disorders [17]. To date, some of the most studied markers in
saliva, with regard to gingivitis and periodontitis, are certain pro-inflammatory factors,
due to their role in the pathogenic mechanisms of disease progression [18–20]. Kim et al.
(2021) confirmed the prognostic value of salivary IL-1β for the diagnosis of periodontal
disease and its use as a reliable salivary biomarker [20].

These findings reveal the potential use of IL-6, IL-1β, and CRP as local prognostic
and diagnostic markers for gingival inflammation disorders in children, such as PIG. The
application of these salivary biomarkers in children will be useful for disease monitoring
and control, together with other parameters used in the clinical practice— Silness–Löe
plaque index (PLI) and Löe–Silness gingival index (GI) [21]. Depending on the severity
of gingival inflammation, PIG is characterized as mild, moderate, or severe [21]. The
individual immune response and reactivity differ in each of the stages of this oral-dental
disorder [21]. We hypothesized that the salivary levels of the examined pro-inflammatory
factors IL-6, IL-1β, and CRP would correspond to the degree of clinical manifestation of
PIG in children and that their diagnostic and prognostic significance would be high.

The identification and implementation of distinct inflammatory biomarkers such
as IL-6, IL-1β, and CRP in saliva potentially provide novel prognostic, diagnostic, and
preventive approaches for children suffering from, or at risk of developing, this periodontal
disease. The use of saliva as a non-invasive diagnostic medium for the quantification of
these inflammatory markers is important, especially for the youngest patients. The aim of
our study was to assess the diagnostic and prognostic value of IL-6, IL-1β, and CRP levels
in the unstimulated whole saliva of children with different degrees of PIG.

2. Materials and Methods

2.1. Study Design

This is a pilot prospective study. Declarations of informed consent were signed by
the parents of the children or their legal guardians. The study was approved by the Ethics
Committee of the Medical University of Varna (protocol No. 82/28.03.2019).

Participants in the study were recruited during their primary visit to the University
Dental Medicine Center of the Medical University of Varna based on the inclusion and
exclusion criteria.

Inclusion criteria:

1. Informed consent signed by the parent or guardian of each participant;
2. Age between 4–14 years;
3. No acute or chronic disease reported;
4. No medicine intake, including homeopathic remedies;
5. No known allergic reactions.

Exclusion criteria:

1. Children who are not collaborative during the examination and/or sample
collection procedures;

2. Children with reported acute or chronic disease at the time of examination;
3. Children taking any treatment (anti-inflammatory, antibiotics, anti-allergy drugs, or

homeopathic remedies);
4. Children with established allergic reactions;
5. Children displaying an open bite and mouth breathing;
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This pilot prospective study included 45 children (26 girls and 19 boys) with no acute
or chronic disease reported (aged between 4–14 years). For all participants, the clinical
indices of PLI and GI were recorded and applied for the evaluation of the accumulation
of dental plaque (Silness–Löe plaque index—PLI), assessment of gingival conditions, and
registration of the qualitative changes in gingival tissues (Löe–Silness gingival index—GI).

The plaque index (PLI) is applied for the evaluation of dental plaque accumulation.
This index is registered for Ramfjörd teeth 16, 22, 24, 36, 42 and 44. In children with primary
and mixed dentition, in the case of missing representative teeth, the PLI is registered for
mesially situated teeth. The recording of the PLI index is conducted by an atraumatic
periodontal probe on the vestibular, oral, mesial, and distal surfaces along the site of contact
with the marginal gingiva. The degree of dental plaque accumulation is recorded by the
scores 0, 1, 2, and 3. The criteria are as follows: 0—no dental plaque on the examined
tooth surface; 1—low levels of dental plaque on the peak of the probe; 2—moderate
levels of dental plaque scratched by the probe; 3—a considerable, macroscopically visible
accumulation of dental plaque on the tooth surface. The sum of all of the registered figures
is divided by the total number of examined surfaces. The values of PLI in the interval from
0.1 to 1.1 indicate a condition that is “excellent with a tendency to have very good and good
oral hygiene”. PLI values between 1.2 and 2.0 indicate a condition that is “good, with a
tendency to have satisfactory oral hygiene”. PLI values from 2.1 to 3.0 are descriptive of a
condition that is “satisfactory, with a tendency to have poor oral hygiene”.

The GI is utilized to evaluate the severity of gingivitis. This index records the marginal
and interproximal tissues separately on the bases of 0 to 3. The same Ramfjörd teeth applied
for the assessment for PLI are applied for the recording of GI, with the following criteria:
0—normal gingiva; 1—mild-inflammation hyperemia and slight edema, without bleeding
on probing; 2—moderate-inflammation hyperemia, edema, and provoked bleeding; 3—
severe-inflammation hyperemia, considerable edema, and spontaneous bleeding. The
assessment of bleeding was applied by atraumatic sampling along the site of the soft tissue
of the gingival sulcus. To calculate the GI, the values of the four walls of the gingival tissues
encircling the tooth were summed up and divided by four. The sum of these values was
divided by the total number of examined sites. By the application of the GI, the diagnostic
scores were determined as follows: GI = 0—normal gingiva; GI levels from 0.1 to 1.0—mild
degree of gingivitis; GI values from 1.1 to 2.0—moderate degree of gingivitis; GI values
from 2.1 to 3.0—severe degree of gingivitis [21].

The participants were divided into four groups according to their PLI and GI [21]: a
control group without gingival inflammation (GI = 0; n = 6); a group with a mild degree of
PIG (0.1 < GI ≤ 1; n = 12); a group with a moderate degree of PIG (1.1 ≤ GI ≤ 2; n = 19); a
group with a severe degree of PIG (2.1 ≤ GI ≤ 3; n = 8).

Clinical index determination and saliva sample collection were carried out on the day
of dental examination and recruitment during the primary visit.

In summary, the study design is presented in Figure 1.

Figure 1. Study design.
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2.2. Sample Size Calculation

The calculation of the sample size was carried out according to El-Patal et al. (2022) [22].
The calculated sample size was equal to 64 children with a power of 80% and α = 0.05 using
the SD (σ) with a margin of error of (E) = 0.8. In reality, the number of participants in our
study was 44, because this is a pilot study and future investigations may proceed.

2.3. Salivary Sample Collection and Analysis

The collection of unstimulated whole saliva was conducted in sterile DNase- and
RNase-free collection tubes, and the samples were frozen immediately on dry ice and stored
at −80 ◦C until analysis. Saliva specimen collection was performed between 9.00 a.m. and
11.30 a.m. All the participants in the study were instructed to brush their teeth just before
the sample collection. Enzyme-linked immunosorbent assays (ELISA) with monoclonal
antibodies were used to determine the levels of IL-6, IL-1β, and CRP in saliva (Shanghai
Sunred Biological Technology Co., Ltd., Shanghai, China). The respective absorptions
were measured at 450 nm using a microtiter plate reader, Synergy 2, BioTek, Santa Clara,
CA, USA.

2.4. Statistical Analysis

Statistical methods of descriptive statistics, an unpaired t-test, Spearman’s correlation
and receiver operating characteristic (ROC) analysis were applied. The significance level
was established at p < 0.05. GraphPad prism version 5 (Boston, MA, USA) was used to
perform the statistical analysis.

3. Results

3.1. Clinical Indicators for Plaque-Induced Gingivitis

All the examined clinical indicators were characterized by considerably higher values
in the groups with gingivitis, compared to the control group (p < 0.05) (Table 1).

Table 1. Clinical indicators of PIG.

Clinical Indicators
Control Group

n = 6
Mild-Degree

n = 12
Moderate-Degree

n = 18
Severe-Degree

n = 8
p Value
t-Test

PLI 0.74 ± 0.25 1.2 ± 0.12 1.64 ± 0.29 1.98 ± 0.21 p < 0.05

GI 0 ± 0 0.75 ± 0.24 1.38 ± 0.17 2.19 ± 0.09 p < 0.05

Data are expressed as mean ± SD; abbreviations: PLI (Silness–Löe plaque index), and GI (Löe–Silness gingival
index); significance level established at p < 0.05.

The control group was represented by 4 girls and 2 boys. Two of the children had
stable primary dentition. In four subjects, a state of mixed dentition was recorded. The
mean age of the representatives in the group equaled 7 years and 5 months.

The group with a mild degree of gingivitis was represented by 5 girls and 7 boys. Two
of the children had stable primary dentition. In ten subjects, a state of mixed dentition was
recorded. The mean age of the representatives in the group equaled 7 years and 6 months.

The group with a moderate degree of gingivitis was represented by 11 girls and 8 boys.
There were no children with stable primary dentition. In thirteen subjects, a state of mixed
dentition was recorded. Five children had permanent dentition. The mean age of the
representatives in the group equaled 7 years and 8 months.

The group with a severe degree of gingivitis was represented by 6 girls and 2 boys.
There was one child with stable primary dentition. In seven subjects, a state of mixed
dentition was recorded. The mean age of the representatives in the group equaled 8 years
and 4 months.
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3.2. Salivary Levels of IL-6, IL-1β, and CRP in Children with Different Degrees of Plaque-
Induced Gingivitis

In the present study, we examined the concentrations of IL-6, IL-1β, and CRP in
unstimulated whole saliva from children with different degrees of PIG. The mean levels of
IL-6, IL-1β, and CRP were higher in children with gingivitis compared to those of children
in the control group (ns). The highest mean concentrations of IL-6, IL-1β, and CRP were
recorded in the group with a severe degree of PIG, which were 14.96 pg/mL, 28.94 pg/mL,
and 490.0 pg/mL, respectively. These values are considerably higher compared to those
in the control group (9.506 pg/mL; 16.93 pg/mL; 254.4 pg/mL) (ns) (Figure 2). The mean
concentration of IL-6 was elevated 1.57-fold, that of IL-1β was elevated 1.71-fold, and that
of CRP was elevated 1.93-fold among the children with a severe degree of PIG compared to
the control group. A statistically significant difference was established only between the
groups with a moderate and severe degree of gingivitis for all three investigated markers
(p < 0.05) (Figure 2). We assume that the relatively small number of representatives did not
allow the establishment of a statistical significance between the other groups. The levels of
these pro-inflammatory biomarkers had the lowest mean values among the children with
a moderate degree of gingivitis compared to those in the other groups and the controls
(ns) (Figure 2). The statistically significant differences in the mean concentrations of IL-6
(p = 0.0208), IL-1β (p = 0.009), and CRP (p = 0.0131) between the moderate and severe
degrees of PIG are presented in Figure 2.

Figure 2. Mean concentrations of (a) IL-6, (b) IL-1β, and (c) CRP in the saliva of children with
different degrees of PIG, the group with all of the children with plaque-induced gingivitis and healthy
controls. Data expressed as mean ± SD. Significance level established at p < 0.05. Abbreviations:
IL-6—interleukin-6, IL-1β—interleukin-1β, and CRP—C-reactive protein.

27



Appl. Sci. 2023, 13, 5046

A positive significant correlation was observed between the investigated pro-inflammatory
salivary biomarkers among all the participants with gingivitis. The Spearman’s rank corre-
lation coefficients between IL-6 and IL-1β equaled 0.7576 (p < 0.0001); those between IL-6
and CRP equaled 0.9272 (p < 0.0001); and those between IL-1β and CRP equaled 0.7546
(p < 0.0001) (Figure 3).

Figure 3. Spearman′s correlations between (a) IL-6/IL-1β, (b) IL-6/CRP and (c) IL-1 β/CRP in
the saliva of children with PIG. Abbreviations: IL-6—interleukin-6, IL-1β—interleukin-1β, and
CRP—C-reactive protein.

3.3. Diagnostic Accuracy of Salivary IL-6, IL-1β, and CRP

Based on the ROC curve analysis, salivary IL-1β and CRP showed good diagnostic
accuracy (0.8 ≤ AUC < 0.9) and IL-6 showed fair diagnostic accuracy (0.7 ≤ AUC < 0.8),
as categorized by Nahm et al. (2022) [23]. Statistical significance was found to distinguish
children with moderate PIG from children with a severe degree of PIG (Table 2, Figure 4).
At the optimal cut-off values, based on the largest Youden’s index, IL-6, IL-1β, and CRP
demonstrated sensitivity values ranging from 75% to 87.5% and specificity values ranging
from 63.16% to 83.33% (Table 3). Sensitivity for IL-6, CRP, and IL-1β was 87.5% (p = 0.0384),
87.5% (p = 0.0093), and 75% (p = 0.0071), respectively, and specificity was 63.16% (p = 0.0384),
78.95% (p = 0.0093), and 83.33% (p = 0.0071), respectively. IL-6 and CRP showed the
highest sensitivity (87.5%) and IL-1β showed the highest specificity (83.33%), distinguishing
between children with moderate PIG and children with a severe degree of PIG (p < 0.05)
(Table 3).

Table 2. ROC logistic regression analysis of salivary IL-6, IL-1β, and CRP levels comparing the
groups of children with different degrees of plaque-induced gingivitis.

Mild–Moderate
Degree of Gingivitis

AUC (95% CI)
p-Value

Mild–Severe
Degree of Gingivitis

AUC (95% CI)
p-Value

Moderate–Severe
Degree of Gingivitis

AUC (95% CI)
p-Value

IL-6 0.6250 0.2478 0.6354 0.3159 0.7566 0.0384

IL-1β 0.6620 0.1385 0.6979 0.1427 0.8368 0.0071

CRP 0.6272 0.2396 0.6719 0.2031 0.8224 0.0093

The significance level was established at p < 0.05. Abbreviations: ROC—Receiver Operating Characteristic;
AUC—Area Under the Curve; CI—Confidence Interval.

Table 3. ROC logistic regression analysis of salivary IL-6, IL-1β, and CRP as potential diagnostic
biomarkers to differentiate children with a moderate degree of PIG from children with a severe degree
of PIG.

Cut-Off AUC (95% CI) Youden Index Sensitivity% Specificity% p-Value

IL-6 8.385 pg/mL 0.7566 0.5066 87.50 63.16 0.0384

IL-1β 16.99 pg/mL 0.8368 0.5833 75.00 83.33 0.0071

CRP 223.8 pg/mL 0.8224 0.6645 87.50 78.95 0.0093

Significance level established at p < 0.05. Abbreviations: AUC—Area Under the Curve; CI—Confidence Interval.
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Figure 4. ROC curves of (a) IL-6, (b) IL-1β, and (c) CRP as potential diagnostic biomarkers for
differentiating children with a moderate degree of PIG from children with a severe degree of PIG.
Significance level established at p < 0.05. Abbreviations: ROC—receiver operating characteristic;
AUC—area under the curve; IL-6—interleukin-6; IL-1β—interleukin-1β; CRP—C-reactive protein.

We estimated the fair diagnostic accuracy (0.7 ≤ AUC < 0.8) of the investigated salivary
pro-inflammatory biomarkers in distinguishing children without PIG from those with a
severe degree of PIG (ns) (Table 4) [23]. IL-6 and CRP showed the highest sensitivity (87.5%)
and IL-1β showed the highest specificity (83.33%), with p = 0.1968 (Table 5). Salivary
IL-6, IL-1β, and CRP showed poor diagnostic capacity (0.6 ≤ AUC < 0.7) to discriminate
between children without PIG and those with a mild or moderate degree of PIG (ns)
(Table 4) [23]. Our future research has to include a larger number of participants in all of
the studied groups.

Table 4. ROC logistic regression analysis of salivary IL-6, IL-1β, and CRP levels comparing the
control group with the groups with mild, moderate, and severe degrees of plaque-induced gingivitis.

Control
Group—Mild

Degree of Gingivitis
AUC (95% CI)

p-Value

Control
Group—Moderate

Degree of Gingivitis
AUC (95% CI)

p-Value

Control
Group—Severe

Degree of Gingivitis
AUC (95% CI)

p-Value

IL-6 0.5139 0.9254 0.6711 0.2148 0.7083 0.1968

IL-1β 0.5139 0.9254 0.6435 0.3015 0.7083 0.1968

CRP 0.5139 0.9254 0.6667 0.2267 0.7083 0.1968

Significance level established at p < 0.05. Abbreviations: ROC—receiver operating characteristic; AUC—area
under the curve; CI—confidence interval; IL-6—interleukin-6; IL-1β—interleukin-1β; CRP—C-reactive protein.
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Table 5. ROC logistic regression analysis of salivary IL-6, IL-1β, and CRP as potential diagnostic
biomarkers for differentiating between children with a severe degree of PIG and those without
plaque-induced gingival inflammation.

Cut-Off AUC (95% CI) Youden Index Sensitivity% Specificity% p-Value

IL-6 8.576 pg/mL 0.7083 0.5417 87.50 66.67 0.1968

IL-1β 16.62 pg/ml 0.7083 0.5833 75.00 83.33 0.1968

CRP 218.4 pg/ml 0.7083 0.5417 87.50 66.67 0.1968

Significance level established at p < 0.05. Abbreviations: ROC—receiver operating characteristic; AUC—area
under the Curve; CI—confidence interval; IL-6—interleukin-6; IL-1β—interleukin-1β; CRP—C-reactive protein.

4. Discussion

Non-invasive and routine laboratory examination of potential salivary biomarkers
such as IL-1β, IL-6, and CRP can be applied as a novel tool for the assessment of PIG severity
in children, and could contribute towards practitioners’ efforts in developing methods
for the precise diagnosis, prognosis, treatment, and even prevention of PIG [1]. The
precise diagnosis of the state of gingival inflammation in children is important for disease
monitoring and control. In this study, we estimated that salivary IL-1β and CRP have
good diagnostic accuracy and that IL-6 showed fair diagnostic accuracy in differentiating
between children with moderate and children with a severe degree of PIG. These salivary
markers may be implemented in the practice of precision dental medicine. The application
of these markers in children with different degrees of PIG is important for the accurate
diagnosis of the state of the disease, especially of a severe degree of PIG, and for adequate
therapy and treatment to prevent the progression into periodontitis.

Etiologically, PIG is related to the accumulation of dental plaque, which has a tendency
to increase the severity of pathological traits. The growth and maturation of dental plaque
provoke inflammatory host tissue reactions. The conventional clinical parameters of the
PLI and GI are applied for the evaluation of the degree of clinically manifested PIG [21].
The contemporary concept of personalized dental medicine is focused on the individual’s
specifics, including the progression of periodontal diseases. The sensitivity and severity of
the host’s immune response determine the course of inflammation on the systemic level
and on the local level in the oral cavity.

The processes of the immune system that occur in response to the accumulation of
bacterial biofilm are influenced by a great variety of pro- and anti-inflammatory cytokines
and enzymes. Different studies have ascertained that immune cells in patients with di-
agnosed periodontal disorders release a greater amount of pro-inflammatory cytokines
compared to cells in periodontally healthy individuals [21]. This corresponds to the higher
salivary levels of the pro-inflammatory biomarkers of IL-6, IL-1β, and CRP among children
suffering from PIG in comparison to controls, as established in our study. Other authors
also report that the salivary concentration of IL-6 is increased among individuals with
gingival inflammation [24,25].

We established a statistically significant difference in the mean levels of IL-6, IL-1β,
and CRP between children with a moderate degree of PIG and those with a severe degree
of PIG. The salivary levels of these pro-inflammatory biomarkers were significantly higher
in the group with a severe degree of PIG compared to the group with a moderate degree
of gingivitis. This is associated with the development of the inflammatory process that
occurs in parallel to the progression of gingivitis. IL-1β and IL-6 are characterized as basic
innate cytokines and serve as key inflammatory mediators under conditions of periodontal
disorder [26,27]. IL-1β is secreted by monocytes, macrophages, and neutrophils. This pro-
inflammatory cytokine is associated with the secretion of other mediators that provoke not
only inflammatory alterations but also tissue damage [27,28]. Its function is related to the
specifics of the clinical manifestation of PIG with the progression from moderate to severe
degrees of PIG. The possible physiological feature connected to the decreased levels of IL-6,
IL-1β, and CRP in the group with a moderate degree of PIG could be the shift in specific
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pathogenic microflora in the children with a severe degree of gingivitis, which would
have led to an increase in the severity of the inflammatory response, increased gingival
inflammation, and increased production of inflammatory mediators, such as IL-6 and IL-
1β [21]. The qualitative and quantitative content of plaque is different as a result of plaque
maturation [29,30]. The significant difference between moderate and severe PIG only seems
reasonable because in patients with a low degree of PIG, host protective mechanisms (e.g.,
cell immunity) could still be not active enough. In patients with a moderate degree of PIG,
the immunological mechanism differs from that of the severe form. The transition from a
moderate to severe degree of gingivitis has been reported to be characterized by a shift from
the innate immune response to the acquired immune response [31]. Macrophages, which
predominate in the innate phase, have a reduced capacity for pro-inflammatory cytokine
production compared to B-cells, which represent the acquired immune response [31].

We did not establish a statistical significance between IL-6, IL-1β, and CRP levels in
the control group and the group with a mild degree of PIG because the PIG in the latter
group was characterized as an initial phase of plaque-induced gingivitis. This initial phase
of PIG is characterized by the formation of so-called initial lesions, where the appearance
of gingival inflammation is low and characterized by hyperemia and slight edema, without
bleeding upon probing [32]. The observed cytokine levels in the saliva in our study were
also low, and not statistically different compared to those of the control group. The innate
immune mechanisms are active during this stage and cytokine production is very low. The
rate of collagen destruction also is low [32].

The moderate degree of gingivitis is characterized by hyperemia, edema, provoked
bleeding, and the formation of early lesions. The inflammatory cells which are involved
in this stage are lymphocytes and macrophages. The collagen degradation rate is higher
than that in mild-degree PIG but lower than in severe-degree PIG [32]. The observed
lowest levels of IL-6, IL-1β, and CRP in moderate-degree PIG could be due to the resolu-
tion of macrophages from M1 (classical) into M2 (alternative) phenotypes [33]. The M1
phenotype is the pro-inflammatory phenotype which is characterized by increased IL-6
production [34,35]. The M2 phenotype is involved in tissue repair and is characterized by
decreased IL-6 production [36,37]. Probably, the anti-inflammatory M2 phenotype involved
in active tissue repair is the distinctive immune response, a compensatory mechanism in
moderate-degree PIG [36,37]. This explains the lowest cytokine levels that were found in
moderate-degree PIG. Garaicoa-Pazmino et al. (2019) discuss in their study the transition
of macrophages from M1 to M2 phenotypes in patients with gingivitis and periodontitis.
Interestingly, they also did not find statistically significant differences between the M1 and
M2 polarization of macrophages in healthy tissues and tissues with periodontitis [33]. The
increased production of IL-6 and IL-1β demonstrated by the results of our study may have
been related to the infiltration of T and B cells, which is typical for severe-degree PIG only.
In severe gingivitis, the highest inflammatory response occurs through the increased local
secretion of pro-inflammatory cytokines and other inflammatory molecules [32].

The established significant positive correlation between salivary levels of IL-6, IL-
1β, and CRP among the participants with PIG is confirmed by several studies explor-
ing the mechanism of interaction between these pro-inflammatory biomarkers. Bacterial
lipopolysaccharide and IL-1β significantly increase IL-6 production in human gingival fi-
broblasts [27]. It was shown that the combined activity of IL-1β and IL-6 enhanced gingival
inflammation and the risk of progression of periodontitis [27,38]. The established strong
positive correlation between the pro-inflammatory cytokines IL-6 and IL-1β and the acute
phase protein CRP described in our study has been widely explored and corroborated in
the scientific literature [28,38]. Inflammatory stimuli such as IL-1β and IL-6 induce the
synthesis of CRP from the liver. IL-6 and IL-1β act synergistically for the induction of CRP
gene expression, as IL-1β alone has no effect [39]. These observations confirm the combined
action of these molecules and their role in the development of inflammation [28,38,39].

The good diagnostic accuracy of these salivary biomarkers was confirmed by ROC
curve analyses and the established AUC values in our study. IL-1β and CRP showed
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good diagnostic accuracy (0.8 ≤ AUC < 0.9) and IL-6 showed fair diagnostic accuracy
(0.7 ≤ AUC < 0.8) with statistical significance in distinguishing between children with
moderate PIG and children with a severe degree of PIG. the t-test analysis established a
statistically significant difference between the levels of IL-1β, IL-6, and CRP in children
with moderate and severe degrees of gingivitis. The trend of the considerable elevation
of these inflammatory biomarkers parallel to the progression of PIG from a moderate to a
severe degree could have been due to the action of the acquired immune system in the oral
cavity. The rapid increase in the levels of these inflammatory parameters may be associated
with the activation of enzymes involved in tissue destruction [40]. The results of our study
are in line with the findings of other investigations in the field. The adoption of these
inflammatory biomarkers in non-stimulated mixed saliva has the potential to serve as a
prognostic tool for the progression of gingivitis from moderate to severe degrees before
the clinical manifestation of the advanced inflammation of gingival tissues. Namely, the
combined application of IL-6, IL-1β, and CRP, interpreted in the context of recording clinical
indices and the evaluation of clinical findings and symptoms, can serve as prognostic and
diagnostic indicators of the risk of PIG progression. This is key to the development of
adequate, personalized prophylactic measures and the efficient control and minimization of
the risk of the progression of PIG in later periods. The poor control and inefficient, sporadic
treatment of PIG in children can be a predisposing factor for the initiation of periodontitis
in adulthood. Many authors accentuate the late impact of gingivitis in children in terms of
its effect on the gingival sulcus, which facilitates the establishment of the disease and the
colonization of the site by periodontal pathogenic microflora [1]. On an epidemiological
basis, strong evidence exists that shows the progression of gingivitis to periodontitis in
adults [1]. In our study, we accentuated the relationship between clinical parameters for
the wide-spread oral disorder of PIG and for inflammatory biomarkers in non-stimulated
saliva. In light of the trending advancement of non-invasive and simple methods of
assessing inflammation status, our results concerning the diagnostic potential of IL-6, IL-
1β, and CRP as biomarkers for differentiating between moderate and severe degrees of
clinical manifestation of PIG, can be useful for the development of gingivitis prevention
strategies. Pediatric and dental practitioners should take into account the fact that the
clinical manifestation of the severe forms of gingivitis in primary, mixed, and permanent
dentition correlates with the degree of inflammatory cell infiltration into gingival tissues.
It has been established that the chronic inflammation of periodontal tissues in childhood
can provoke local tissue destruction, which could later develop into periodontitis [1]. Our
findings are also relevant to the prophylaxis and limitations of favorable conditions that
predispose gingivitis to periodontitis progression in later years. Non-invasive and routine
laboratory biomarkers such as IL-1β and CRP with new applications in the diagnosis of the
degree of PIG in children may add to the efforts of practitioners in the precise diagnosis,
prognosis, treatment, and even prevention of the progression of PIG [1].

The main limitation of this study is the relatively small number of representatives
in the examined groups, which will be taken into account in future work. Based on
scientific sources, we do assume that under conditions in which there is a larger number of
participants, we would obtain statistically significant results when comparing all the study
groups, including the control.

This is a pilot study and future investigations may proceed. The search for non-
invasive informative biomarkers is expected to provide fast and reliable diagnostics, espe-
cially in children. In this aspect, saliva appears to be a suitable matrix for further studies in
dental medicine and oral biology.

5. Conclusions

Based on our results, we suggest salivary IL-1β and CRP as potential diagnostic tools
to differentiate between moderate and severe degrees of plaque-induced gingivitis. Given
the therapeutic approaches that differ depending on the severity of the disease, these
markers could be implemented in personalized dental clinical practice.
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parameters and cytokine profiles in inflamed gingival tissue and serum samples from patients with chronic periodontitis. J. Clin.
Periodontol. 2003, 30, 1046–1052. [CrossRef]
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Abstract: Nitric oxide (NO) is considered a regulator of bone response to mechanical stress that
mediates adaptive bone formation, the pathological effects of lipopolysaccharides (LPS), tumour
necrosis factor (TNF), interleukin 1 (IL-1) and other cytokines; regulates leukocytes and epithelial
cell adhesion; inhibits T cell proliferation; and enhances natural killer (NK) cell activity, as well
as other immune-related processes. The aim of the current study was to test the potential use of
salivary NO as a biomarker of bone response that is specific and sensitive to local changes, following
the application of different types of dental appliances. Material and methods: Salivary NO was
determined in 30 patients divided into three groups with 10 participants each: control (C), fixed
metal braces group (M), and aligners group (A). Salivary NO was determined four times in each
group (before the procedure, at 2 weeks, 30 days, and 60 days after the procedure) using ELISA and
rapid semi-quantitative assay with Nitric Oxide Saliva Test Strips (Berkeley, CA, USA). The mean
results were compared with the ANOVA test, and the Pearson correlation index was calculated. The
results show a significant increase in salivary NO levels by both methods only in the metal braces
group, which is suggestive of oxidative damage, increased invasiveness, and bone response to metal
braces. In conclusion, our study showed that metal brackets lead to a significant temporary increase
in oral oxidative stress as an adaptive reaction to the presence of foreign bodies in the oral cavity. The
subsequent concentration decrease at 60 days suggests a normalization of the body’s response to
foreign bodies.

Keywords: nitric oxide; aligners; fixed apparatus; rapid strip testing; ELISA; dentistry; orthodontics

1. Introduction

Fixed orthodontic treatment is necessary in many types of dental anomalies. Positive
aspects such as improved function, aesthetics, and self-esteem are also accompanied by
side effects such as white spots, root resorption, pain (90% of cases), dental abrasions
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and microfractures, periodontal problems, and intra- and extra-oral lesions [1]. Lately,
aligners have been developed as a less visible, less irritating, easier to clean and more
comfortable treatment than conventional fixed therapy. The characteristics of the forces
transmitted by the aligners depend largely on the properties of the materials used, their
thickness and profile complexity, the degree of activation, and the use of accessory elements.
Thermoplastic devices made of thicker materials produce a higher force, and thinner ones
a lower force [2].

Nitric oxide (NO) is a pleiotropic biological mediator involved in intestinal motility,
platelet aggregation and adhesion, bone tissue formation and destruction, apoptosis, neu-
rotransmission, the regulation of vascular tone, and immunological functions [3,4]. It has a
short in vivo half-life (a few seconds or less). Thus, levels of more stable metabolites such
as nitrite (NO2

−) and nitrate (NO3
−) anions have been used for the indirect quantification

of NO in biological fluids. Altered NO levels have been associated with septic status,
sexual intercourse, infections, hypertension, exercise, type II diabetes mellitus, hypoxia,
and cancer [4,5].

Since it is fat-soluble, NO is not stored but is synthesised de novo and diffuses freely
across lipid membranes. NO has the potential to exert its effects on target cells through
various mechanisms. For example, the NO-mediated activation of the enzyme guanylyl
cyclase (GC) catalyses the formation of the secondary messenger 3′,5′-cyclic guanosine
monophosphate (cGMP). cGMP is involved in several biological functions such as the
regulation of smooth muscle contractility, cell survival, cell proliferation, axonal guidance,
synapse plasticity, inflammation, and angiogenesis [5].

Nitric oxide is also considered a regulator of bone response to mechanical stress as it
mediates adaptive bone formation (increased levels reduce osteoclastic activity and vice
versa) and the pathological effects of lipopolysaccharides (LPS), tumour necrosis factor
(TNF), interleukin 1 (IL-1) and other cytokines; regulates leukocytes and epithelial cell
adhesion; inhibits T cell proliferation; and enhances natural killer (NK) cell activity, among
other immune-related processes [6,7].

Given that any local oral change involves oxidative stress, we hypothesised that
salivary nitric oxide may be a specific and sensitive marker for changes produced by
orthodontic appliances.

Saliva is easy to collect and store and contains high quality DNA. However, research
on its usage for diagnostic purposes is still in its early stages, and progress is limited by
the lack of strict study protocols that allow a direct comparison of results from several
independent laboratories [1].

The aim of the study is to quantify salivary NO levels by both rapid and specific
methods and to demonstrate that it is a valid, specific, and sensitive biomarker for bone
changes determined by the application of different types of braces. Moreover, the study
aims to highlight the impact of fixed orthodontic equipment on the oxidative status of the
oral cavity in comparison to thermoplastic aligners, as fixed bracers exert stronger forces
and more friction on the oral soft tissue, which can cause inflammation, lesions, and a shift
in the oxidative status of the oral cavity.

2. Material and Methods

2.1. Study Groups

We recruited 30 patients (Table 1) and divided them into 3 groups: control group (C),
consisting of 6 women and 4 men (aged 18–30 years, mean 25.6 years); metal braces group
(M), consisting of 5 women and 5 men (aged 16–30 years, mean 26.8 years); and the aligners
group (A), with 8 women and 2 men (aged 18–30 years, mean 25.4 years).
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Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

• Age 16–30 years (radiologically confirmed growth
peak—CS6 vertebral maturation stage).

• Permanent teeth.
• Candidate for orthodontic treatment; skeletal class I; no

need for extractions, excessive extra expansion, or
anchorage retaining appliances; and no history of trauma,
bruxism, or parafunctions.

• Systemic diseases;
• Large dental restorations, fixed or removable appliances;
• Cleft lip or palate;
• Anodontia;
• Poor collaboration or oral hygiene;
• Clinical or radiological periodontal damage;
• Dental crowding over 6 mm;
• Increased carious activity;
• History of drug use;
• Ongoing contraceptive medication;
• Pregnancy;
• Smoking;
• Antibiotic treatment 6 months before harvesting;
• Anti-inflammatory medication in the month before orthodontic treatment;
• Active dental treatment at the beginning of application.

On the day of saliva sampling, the patients were asked not to brush their teeth with
toothpaste (to avoid chemical interaction between saliva and toothpaste) and not to eat
or drink water 30 min prior to sampling. All the patients were encouraged to maintain
oral hygiene. After the fitting of dental braces, the patients were asked to use 500 mg of
paracetamol in case of pain.

Written informed consent concerning saliva sampling and inclusion in the study
was obtained in all cases. The study was approved by the Ovidius University Bioethics
Committee in accordance with the principles of the Declaration of Helsinki
(revised 2000, Edinburgh).

2.2. Application of Dental Braces

In the study, we used Micro Sprint metal braces produced by Forestadent Bernhard
Förster GmbH (Pforzheim, Germany) and made of one-piece stainless steel. These braces
are the smallest on the market and have a flat profile with no sharp edges to minimize the
discomfort to the cheeks. All the springs initially used were 0.12 nickel-titanium (Ni-Ti),
Alexander LTS shape produced by American Orthodontics (Murfreesboro, TN, USA). The
composite (Enlight) and primer (Ortho Solo) were produced by Ormco (Orange, CA, USA).
Briefly, the exposed dental crowns were dried, and a 37% phosphoric acid solution was
applied for 30 s and then rinsed with distilled water. Brackets were applied according to
the standard protocol.

In the case of aligners, prior impressions were made with Orthoprint alginate (Zher-
mack SpA, Rome, Italy). The material was prepared according to the manufacturer’s
instructions, placed in prefabricated spoons, and inserted into the oral cavity with gentle
pressure from posterior to anterior so that the alginate could flow into depressions and
record details as faithfully as possible. After removal and inspection, the impressions
were washed with water, disinfected, and sent to the technical laboratory to manufacture
the model [8]. The individualized aligners were produced by Scheu Dental GmbH (Am
Burgberg, Germany) using polyethylene terephthalate glycol-copolyester, which meets the
biocompatibility requirements for medical products.

2.3. Saliva Collection and Storage

Unstimulated saliva was collected in 4 time points: T0 before application; T1—at
2 weeks; T2—at 30 days; and T3—at 60 days after application. For saliva collection, patients
rinsed the oral cavity with double distilled water; they were then asked to sit in a relaxed
position with the head bent forward to promote fluid accumulation in the anterior part of
the oral cavity. They were asked to swallow first, then for 5 min to spit into a tube-pan
system without moving their tongue and cheeks. Each saliva sample was centrifuged
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immediately after collection at 14,000 rpm for 10 min, and the supernatant was transferred
to sterile airtight tubes and stored without freeze–thaw cycles at −20 ◦C until analysis [9].

2.4. Detection and Quantification of Nitric Oxide by ELISA

The Total Nitric Oxide and Nitrate/Nitrite Parameter Assay Kit (R&D Systems Inc.,
Minneapolis, MN, USA) was used for an accurate quantitative determination of nitric oxide
in the collected saliva. The determination of nitric oxide concentration is based on the
enzymatic conversion of nitrate to nitrite by nitrate reductase, followed by the colorimetric
detection of nitrite secondary to the Griess reaction. Treatment of the nitrate-containing
saliva with the Griess reagent forms a pink-red azo dye through a two-step diazotization
reaction—the acidic NO2

− produced by a diazotizing agent reacts with sulfanilic acid to
produce the diazonium ion, which reacts with N-(1-naphthyl)ethylenediamine in an azo
coupling reaction to form the pink-red azo dye which absorbs light at 540–570 nm [8–10].

The kit requires two testing stages because NO- has a very short half-life (less than 0.1 s)
and cannot be identified as such. The first step involves the quantification of endogenous
nitrite. In the second step, nitrate is converted to nitrite using nitrate reductase, thus,
quantifying total nitrite. The difference between total nitrite and endogenous nitrite matches
the nitrate concentration representing the NO- level.

Prior to analysis, saliva was prepared according to the manufacturer’s instructions,
requiring double dilution with reagent diluent (1×). All reagents were brought to room
temperature prior to use. Double distilled water was used for the reconstruction and
dilution of the reagents to avoid contamination with nitrates or nitrites. After completing all
the steps according to the kit instructions, the samples were analysed by spectrophotometry
(T Tecan SunriseTM, Männedorf, Switzerland) to quantify NO.

2.5. Determination of Total and Inducible Nitrite

All reagents and standards were prepared according to the procedures outlined above.
A total of 50 μL of reaction diluent (1X) was placed in blank wells. A total of 50 μL of
the test sample was added to the blank wells, over which 25 μL of NADH and 25 μL of
nitrate reductase were added. The resulting solutions were mixed thoroughly, covered with
adhesive tape, and incubated at 37 ◦C for 30 min. After incubation, 50 μL of Griess Reagent
I and 50 μL of Griess Reagent II were added to all wells, mixing by gently tapping the
side of the plate. Afterwards, the plates were re-incubated for 10 min at room temperature.
Finally, the absorbance of each well was read using a spectrophotometer equipped with a
microplate reader (Tecan SunriseTM, Männedorf, Switzerland) at a wavelength of 540 nm.

2.6. Detection and Quantification of Nitric Oxide by Semi-Quantitative Method

A quick qualitative and semi-quantitative detection of salivary NO was performed
with Nitric Oxide Saliva Test Strips (Berkeley, CA, USA) at similar time points for both
the control and test groups: T0 before application; T1—at 2 weeks; T2—at 30 days; and
T3—at 60 days. The strip was placed on the tongue for 10 s, folded and kept in contact
for another 10 s. The result was compared with the colorimetric map available on the
box for the semi-quantitative assessment (depleted, low, threshold, target, high). All the
evaluations were carried out twice, with no differences between them.

2.7. Statistical Analysis

Microsoft Excel 360 software with Statistical Analysis Pack (Microsoft Corporation
2018) was used for the statistical evaluation. Endogenous nitrates were calculated by
interpolation using the regression curve equation. The minimum accepted regression
coefficient was 0.95 to ensure accurate mathematical interpolation. Total nitrates were
calculated in a similar manner, and the concentration of inducible nitrates was computed
as the difference between the total and endogenous nitrite concentration. Since the samples
were diluted, the concentration was multiplied by the dilution factor.
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The results were expressed as mean ± standard deviation. The mean values were
compared using the ANOVA test. The Pearson correlation test was used to identify po-
tential correlations between the analysed variables. A p-value < 0.05 was considered
statistically significant.

3. Results

3.1. Quantification of Nitrite by ELISA

The mean molar concentrations of endogenous, total, and inducible nitrite quantified
at the four time points through ELISA are detailed in Table 2.

Table 2. Mean endogenous, total, and inducible nitrite concentrations for the three study groups.

T0 T1 T2 T3

μmol/L SD μmol/L SD μmol/L SD μmol/L SD

Endogenous nitrite

Metal braces (M) 93.26 39.47 122.61 56.80 84.43 40.62 102.13 63.11
Aligners (A) 41.12 23.05 47.02 25.00 47.88 43.22 41.15 27.23
Control (C) 72.05 72.05 70.27 63.17 68.45 60.30 75.56 55.27

Total nitrite

Metal braces (M) 99.77 41.24 164.58 62.81 152.21 70.02 116.35 66.41
Aligners (A) 44.89 22.97 63.89 25.03 52.59 24.30 55.64 28.50
Control (C) 73.50 73.50 74.13 63.42 76.30 65.10 84.68 56.75

Inducible nitrite

Metal braces (M) 6.51 6.01 41.97 34.02 68.77 60.93 14.23 16.17
Aligners (A) 3.77 1.84 16.87 6.83 4.71 2.77 14.49 13.20
Control (C) 2.54 2.54 3.86 2.32 7.85 10.78 9.12 8.73

SD—standard deviation.

Total nitrite following the conversion of salivary nitrate registered significantly higher
concentrations, especially at the T1 and T2 time points for patients with metal braces,
compared to those with aligners and the control group (p < 0.01).

Inducible nitrite and the difference between total and endogenous nitrite registered an
increase at T1 and T2 for groups A and M, with significantly higher values compared to the
control group only for members of the M group (p = 0.003), while the A group displayed
values close to the control group (p = 0.45).

3.2. Quantification of Nitrite by the Rapid Semi-Quantitative Method

Salivary nitrite concentrations determined using the rapid test are shown in Table 3.

Table 3. Salivary nitrite concentration by semi-quantitative method for the three study groups.

T0 T1 T2 T3

μmol/L SD μmol/L SD μmol/L SD μmol/L SD

Metallic braces (M) 92.00 37.95 146.00 85.40 143.00 53.14 103.00 55.59

Aligners (A) 38.00 37.95 47.00 43.47 38.00 37.95 38.00 37.95

Control (C) 91.51 91.51 83.37 43.37 68.48 68.48 47.43 47.43

SD—standard deviation.

Similar to the previous method, the patients with metal braces registered signifi-
cantly higher values at T1 and T2 compared to those with aligners or in the control group
(p = 0.0021). At T3, nitrite concentrations approached the baseline ones for all patients.

The regression analysis proved a very good correlation between total nitrite concentra-
tion determined by the two methods at all time points (Figure 1).
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Figure 1. Correlations between total nitrite determined by ELISA and by the semi-quantitative
method at T0, T1, T2, T3.

4. Discussions

In our study, the rapid test showed an increase in total nitrite in metal appliance
wearers similar to ELISA for both T1 and T2 moments, as demonstrated by the statistical
analysis. Moreover, the total nitrite concentration determined by the two methods (ELISA
and Nitric Oxide Saliva Test Strips) displayed a strong correlation at all time points and for
all three groups, suggesting that rapid testing could be used in daily practice as a substitute
for a more expensive and laborious method with similar results.

Oxidative stress determined by free radicals mainly affects the cellular lipid component
and is the subject of current research, although results are conflicting. This study also found
a difference between the inducible nitrate levels in the metal bracers sub-group, compared
to the sub-group treated with thermoplastic aligners, suggesting a higher impact of the
metallic bracers on the oral cavity oxidative status. Nitric oxide is a free radical that plays
an important role as a regulator of various physiological and pathological mechanisms
in the body. In the oral cavity, it may act as a non-specific antimicrobial defence system
by inhibiting bacterial growth or by enhancing macrophage-mediated cytotoxicity. There
are two main transformation mechanisms: reduction in the enzyme reductase, released
by certain bacteria, which converts nitrate (NO3−) to nitrite (NO2−); or by facilitated
reduction by certain bacterial products resulting from the microflora of dental plaque,
forming nitric oxide and nitric acid (which ionises to NO3−). Enzymatically, it can also
be produced from L-arginine by nitric oxide synthase (NOS), which has three isoforms:
neuronal NOS (nNOS; Type I, NOS−1); inducible NOS (iNOS; Type II, NOS-2), which is
present in various cells and tissues and is produced by immunocompetent cells—such as
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macrophages infected by the bacteria involved in regulating inflammatory reactions; and
endothelial NOS (eNOS; Type III, NOS-3), which is found in vascular endothelial cells [11].
iNOS levels are significantly increased following tissue trauma (when cells are activated by
external stimuli) and probably participates in the development of periodontal disease [11].

Regarding NO levels, Ka et al. showed similar mean values in patients with different
oral cancers compared to orthodontic fixed appliances wearers [12]. Similarly, salivary NO
levels in smokers are significantly higher than in non-smokers. In oral pathologies such as
Behcet’s disease and recurrent aphthous stomatitis, the elevated salivary values may guide
the clinician as to the degree of severity and reflect serum values [11,13].

According to Shama et al., nitric oxide levels do not show considerable changes
during one year of wearing orthodontic fixed appliances. Alarcon et al. demonstrated
increases in NO levels from day 7 to day 30 since treatment initiation. In our study, total,
endogenous, and inducible nitrite concentrations were determined in patients with fixed
metal appliances and aligners and compared to a control group. The results revealed
a statistically significant increase in total and inducible nitrite in the case of fixed metal
appliances, compared to aligners and the control group. This elevation can be considered
a physiological response to the presence of foreign bodies in the oral cavity [14,15]. A
potential mechanism for the rise in inducible nitrates in the metal brackets sub-group is
the interplay between the metal ions released by the device, and endogenous and bacterial
metabolites that can lead to the formation of free radicals [16]. Furthermore, metal brackets
have a more rigid and retentive surface that comes into intimate contact with oral soft
tissues such as the cheeks, which can lead to the interaction of metal ions with surrounding
cells, which, in turn, can lead to inflammation. Moreover, the normal movement of the
oral cavity causes friction between the hard and irregular surface of the metal brackets,
which can cause microlesions that can then cause an increase in oxidative stress and the
production of free radicals [16]. Finally, during sleeping hours, both types of devices come
into intimate contact with the oral mucosa, being pressed into it by the normal sleeping
position. While the thermoplastic aligners have a smooth and regulated surface that is
better tolerated by the oral mucosa, the metallic brackets can cause mechanical lesions to
the mucosa that, ultimately, lead to inflammation. Aligner wearers registered similar values
compared to the control group except for a non-significant increase in the inducible nitrite.
Since inducible nitrite is a quantification of free radicals and, thus, a measure of oxidative
stress [17], the results suggest the minimal invasiveness of aligner devices when compared
to fixed metal devices. The level of oxidative stress expressed by the level of inducible
nitrite returns to values close to baseline after a period of 60 days for both treatments.

Research investigating rapid nitrite quantification identified a positive correlation
with salivary flow and caries incidence, especially in patients with high levels of daily
stress [18,19].

A recent study assessed thermoplastic aligners that have self-ligating brackets with
low friction and force exertion, regarding the oxidative stress of the oral cavity. The
authors evaluated the patients at 30 and 90 days of treatment and highlighted an increase
in oxidative stress in the first 30 days of treatment, followed by a return to base values
after 90 days. The authors concluded that both methods impact salivary oxidative status
similarly and note the importance of friction and other forces exerted on the saliva oxidative
status [20].

Another recent study assessed the manifestation of oxidative stress in patients treated
with fixed metallic appliances. The authors measured ROS in the patients’ blood and
the antioxidant defence (AD) and found that orthodontic treatments with fixed metal
appliances can induce short-term systemic oxidative stress. This study highlights that fixed
metallic appliances can cause microlesions that can lead to the formation of free radicals
and shows that the shift of the oxidative status is traceable in other bodily fluids [21]. As
microlesions form, there is a shift in the oxidative status of the oral cavity which favours
the release of oxygen and nitrogen reactive species. As this phenomenon continues in
time, it is possible that the oxidative status shift can be detected in other body fluids [21].
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Additionally, metal brackets are also known to release nickel [22] and chromium [23]. This
phenomenon further contributes to the shift of the oxidative status towards the formation
of free radicals, further impacting all oxygen and nitrogen reactive species levels.

The alternatives to orthodontic treatment with vestibular appliances (those used in
research) and aligners are the lingual technique and the self-ligation system. They also
involve appliances with brackets bonded to the tooth using different mechanisms. We
consider that aligners are the only real replacement of the classic system.

Limitations: A nitrate-rich diet together with the activity of commensal nitrate-
reducing bacteria also increase salivary nitrate/nitrite levels by excretion or local pro-
duction. The confounding effect of diet-derived nitrate could not be eliminated, as none of
the patients followed a low-nitrate diet prior to saliva sampling. The small sample size was
another limiting factor, as well as the overall lack of high-quality clinical trials working
with saliva for the quantification of reactive oxygen and nitrogen species.

In our study, the rapid test showed an increase in total nitrite in metal appliances
wearers similar to ELISA for both the T1 and T2 moments, as demonstrated by the statistical
analysis. Moreover, total nitrite concentration determined by the two methods (ELISA and
Nitric Oxide Saliva Test Strips) displayed a strong correlation at all time points and for all
three groups, suggesting that rapid testing could be used in daily practice as a substitute to
a more expensive and laborious method with similar results.

5. Conclusions

Metal brackets lead to a significant temporary increase in oral oxidative stress (total
and inducible nitrites) as an adaptive reaction to the presence of foreign bodies in the oral
cavity. The subsequent concentration decrease at 60 days indicates a normalization of the
body’s response to foreign bodies. Nevertheless, the tolerability and non-invasiveness of
aligners are superior to metal brackets, as suggested by the lack of a significant increase in
oxidative stress. Rapid tests could be used as a substitute to ELISA for nitrite quantification
in daily practice.

Author Contributions: Conceptualization, A.-M.R., C.A.D. and R.O.C.; methodology, A.-M.R. and
I.S.; software, S.M.; validation, A.-M.R., C.F. and R.O.C.; formal analysis, S.M., C.A.D. and I.S.;
investigation, A.-M.R., D.T. and K.E.; resources, A.-M.R., D.T. and A.A.; data curation, A.A. and
S.M.; writing—original draft preparation, A.-M.R. and K.E.; writing—review and editing, R.O.C. and
C.F.; visualization, K.E., R.O.C. and C.F.; supervision, I.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the the Ovidius University Bioethics Committee (17712/15.11.2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available on request due to restrictions e.g., privacy or ethical.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mainali, A. Occurrence of Oral Ulcerations in Patients undergoing Orthodontic Treatment: A Comparative study. Orthod. J. Nepal
2013, 3, 32–35. [CrossRef]

2. Moshiri, M.; Eckhart, J.E.; McShane, P.; German, D.S. Consequences of poor oral hygiene during aligner therapy. J. Clin. Orthod.
2013, 47, 494–498. [PubMed]

3. Greabu, M.; Battino, M.; Mohora, M.; Totan, A.; Spinu, T.; Totan, C.; Didilescu, A.; Duţa, C. Could constitute saliva the first line of
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Abstract: Purpose: Probiotics may exclude or antagonize oral pathogens and be useful to prevent oral
dysbiosis and treat oral diseases. The objective of this review was to assess the benefits of probiotics
in oral health and disease, and in dental practice; Methods: Primary articles published between
January 2012 and 30 December 2020 with full text available were searched in PubMed, ClinicalTri-
als.gov, ScienceDirect, Google Scholar, B-on, and SciELO; Results: The electronic search identified
361 references of which 91 (25.2%) met all the inclusion criteria. In total, data from 5374 participants
with gingivitis, periodontitis, peri-implantitis, caries, orthodontic conditions, halitosis, or oral condi-
tions associated with chemo-radiotherapy were included. Despite major inconsistencies between
clinical trials, probiotics have been found to contribute to reduce S. mutans counts (L. paracasei SD1),
reduce probing depth in chronic periodontitis (B. animalis subsp. lactis DN-173010 with L. reuteri),
reduce levels of volatile sulfur compounds and halitosis (L. salivarius WB21), treat oral mucositis and
improve the quality of life of patients undergoing cancer chemo-radiotherapy (L. brevis CD2). Com-
binations of probiotic bacteria tend to lead to higher clinical efficacy than any individual probiotic
agent; Conclusion: Oral probiotics influence favorably the oral microbiota and provide benefits to
the oral ecosystem in periodontal diseases, cariology, halitosis, orthodontics and management of oral
mucositis resulting from cancer treatment. However, the use of probiotics in dental practice or in
self-management preventive strategies requires additional well controlled clinical trials to determine
the most effective probiotic combinations, the most appropriate probiotic vehicle, and the frequency
of administration.

Keywords: probiotics; oral microbiota; oral health; oral diseases; dental practice

1. Introduction

The oral cavity is a dynamic ecosystem, with environmental changes and permanent
interactions in which commensal bacteria limit the colonization of pathogenic microorgan-
isms. The oral microbiota is heterogeneous and diverse, and its imbalance leads to the
onset of major oral diseases such as periodontitis and dental caries [1]. Conventional treat-
ment of these diseases involves removal of the bacterial plaque by mechanical means and
antimicrobial drug therapy which may have limited efficacy due to drug resistance [2]. It is
necessary to look for alternatives and adjuvants to conventional therapeutic and prevention
approaches and probiotics may play an important role in this context.

According to the World Health Organization (WHO) and the Food and Agriculture
Organization of the United Nations (FAO), probiotics are “living microorganisms that,
when administered in adequate amounts, confer benefits to host health” [3]. Probiotic-based
intervention strategies are widely used for intestinal diseases but not yet for oral diseases
due to the limited scientific evidence of usefulness. Probiotics can outcompete pathogenic
bacteria and increase the proportion of beneficial bacteria in the mouth thereby contributing
for the prevention and therapy of oral diseases [4–6]. In order to be effective in the oral
cavity, probiotics must support oral environmental conditions, adhere to and colonize oral
surfaces, inhibit oral pathogens [7,8], and/or delay colonization by pathogenic strains [5].
Furthermore, they must not ferment the sugars in order to avoid the pH decrease and
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demineralization of the enamel, they should hamper the organization of the extracellular
matrix responsible for biofilm formation, limit the production of cytotoxic products by
pathogenic bacteria, and beneficially alter the biochemical parameters that influence the
dental plaque (e.g., salivary components, buffer capacity) (Figure 1) [9]. In addition, oral
probiotics must be safe for the host [10,11].

Figure 1. Potential mechanisms of action of probiotics in oral health and disease: (A) direct interaction with pathogens to
prevent pathogen colonization; (B) antagonistic activity on pathogens cytotoxic metabolites, oral biofilm, and extracellular
matrix; (C) synthesis of antibacterial agents (e.g., bacteriocins) against oral pathogens; (D) alter adhesion, aggregation,
colonization, and proliferation of pathogens in oral tissues due to mechanisms of exclusion and competition; (E) coating oral
tissues to protect oral surfaces from pathogens action; (F) maintain oral ecosystem balance by synthetizing cytoprotective
proteins, antioxidant products, and regulatory metabolites on surface of oral cells; (G) competition for nutrients.
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The therapeutic and prophylactic potential of probiotics has been explored with
promising results in major oral diseases like periodontitis and dental caries [12–15]. How-
ever, questions remain regarding the best probiotic species or strains for each oral disease or
condition and for each population or individual [16], and regarding the most appropriate
probiotic vehicles, dose, and frequency of administration. To determine the usefulness of
probiotics in current dental practice we make a critical review of clinical studies assessing
the potential benefits of probiotics in oral health and disease.

2. Material and Methods

2.1. Protocol

This systematic review used the Preferred Reporting Items for Systematic reviews
and Meta-analysis (PRISMA) guidelines [17]. The PRISMA checklist is available as a
Supplementary file (Table S1).

2.2. Focused Question and Eligibility Criteria

The following question was set: “Is there scientific evidence that the use of probiotics
confers benefits to human oral health?” The PICOS criteria that allowed the elaboration of
the research question are presented in Table S2.

The eligibility criteria of the studies to be included in the review were:

1. Types of study: randomized clinical trials, without any information of blinding, blind
(single, double, or triple), placebo controlled, or non-placebo controlled (compared to
another intervention), including cross-over studies.

2. Type of participants: of any age (adults, children, the elderly), without gender restric-
tion, healthy or not.

3. Type of intervention: use of any probiotic (alone or in combination).
4. Considering any dosage regimen, vehicle of delivery or frequency of intervention.

Comparators may consist of placebo or other active intervention without probiotics
(with or without prebiotic/synbiotic vs. placebo/other intervention). Prebiotics are a
group of nutrients that are degraded by gut microbiota. Synbiotic is a mixture of pre-
and probiotics. Studies including an auxiliary to the active treatment were analyzed.

5. Primary outcomes: clinical, microbiological, immunological, and biochemical parameters.
6. Secondary outcomes: any adverse effects, rate of adherence, quality of life.

2.3. Search Strategy and Study Selection

The bibliographic search was carried out in the following electronic databases PubMed,
ClinicalTrials.gov, ScienceDirect, Google Scholar, B-on, SciELO using the keywords “pro-
biotics”, “dental practice”, “oral health”, “oral diseases” and “oral microbiota” and the
conjugation of these keywords. Articles published between January 2012 and 30 Decem-
ber 2020 with full text available were selected. Duplicate references, articles available in
2011 published in 2012, theses, reviews, and articles related to oral probiotics intake with
only systemic repercussion were excluded. Further research was done after reading the
references of all relevant articles. The full texts of all articles corresponding to the inclusion
criteria were obtained and examined for final inclusion. The selection process was included
in a PRISMA flow diagram (Figure S1).

3. Results

The electronic search identified 361 references. After removing the duplicates, 308 references
were selected for eligibility based on the titles and abstracts, excluding in vitro studies,
animal studies, and ongoing and unpublished clinical trials. After searching in the ref-
erences, 28 additional articles were identified. For the full text review, 129 articles were
selected. Of these, 38 clinical trials were excluded because oral health was not the focus of
the study, because the study design was unclear, there was no information about allocation,
the intake of probiotics was evaluated in animals, and studies were performed in vitro.
The 91 randomized controlled trials (RTCs) included in the review involve data from
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5374 participants with gingivitis (n = 14), periodontitis (n = 21), peri-implantitis (n = 8),
carie (n = 23), orthodontic conditions (n = 6), halitosis (n = 4), oral conditions associated
with chemo-radiotherapy (n = 6) and changes in the oral ecosystem (n = 9). Sample sizes
range from 10 and 321 participants. The duration of interventions varied between 7 days
and up to 2 years. There were 59 studies performed in adults, 24 in children, and 8 in more
than one age group. Regarding the probiotic/s administered, 53 studies have implemented
a combination of probiotics and 37 have administered a single probiotic. Two studies used
symbiotic/prebiotic (1 with a single probiotic and 1 with a combination). The concentra-
tions of the probiotics were not reported in 29 studies and one study did not specify the
probiotic that was used. In two studies the duration of administration of probiotic(s) was
not given. Adverse effects were reported in 13 trials.

Regarding the study design, there are 11 cross-over trials, 80 placebo-controlled trials
and 11 trials compared with another intervention. Regarding the blinding, there are
18 studies without indication of blinding, five single blinding, 61 double-blind, six triple-
blind and one with no blinding. The primary results of the studies are mainly focused on
clinical, microbiological, and immunological parameters. No data were analyzed regarding
financing, for-profit bias, and location of studies.

4. Discussion

4.1. Impact of Probiotics in the Oral Microbiota

The community of microorganisms that colonizes the mouth and forms the dental
plaque mainly plays a protective role against pathogens. Dental plaque consists of bacterial
cells (mainly streptococci and lactobacilli), bacterial metabolites/products/toxins, salivary
polymers/proteins, and food debris [1]. Probiotic lactobacilli may inhibit the adhesion of
pathogenic bacteria to the oral tissues, reducing the amount of biofilm formed (Figure 1).
On the other hand, lactobacilli probiotics may potentiate dental plaque acidogenicity and
increase the load of acid tolerant bacteria such as S. mutans and viridans streptococci,
making the dental biofilm more pathogenic [18]. The following 9 trials studied the impact
of probiotics in the oral ecosystem (Table S3). In Thakkar et al. [19], dental plaque accumu-
lation in children was significantly reduced after 14 days of tablet consumption containing
L. acidophilus, L. rhamnosus, Bifidobacterium longum and S. boulardii, and after three weeks of
intervention. In a study by Burton et al. [20], administration of Streptococcus salivarius M18
to children for 3 months caused a significant decrease in dental plaque scores. Non-target
microorganisms, S. salivarius, Lactobacillus spp., hemolytic streptococci and Candida spp.
levels were not changed during the study. Despite a high adhesion rate (>80%), only
22% of the children were colonized by S. salivarius M18 and this lasted until 4 months
after discontinuation. S. mutans counts were reduced, especially in colonized children,
suggesting that S. salivarius M18 may have anti-carie activity and that colonization helps
the probiotic effect.

A significant reduction of salivary Aggregatibacter actynomycetancomitans, P. gingivalis
and Streptococcus mutans counts, and total number of microorganisms was achieved in
children after 2-weeks ingestion of Petit-Suisse (cream cheese) with L. casei [21]. However,
the reduction of total number of microorganisms and Streptococcus mutans was attributed
to Petit-Suisse alone as it occurred in both the probiotic and control groups.

A significant decrease in S. mutans counts and in the total number of microorganisms
occurred after once daily consumption of fermented milk containing L. rhamnosus SD11 in
adults during 4-weeks and after 4-weeks discontinuation [22]. In contrast, Lactobacillus spp.
counts increased significantly at week 4 in all patients, and the probiotic was detected up
to 8 weeks in 80% of the individuals. In a study by Toiviainen et al. [23], a combination of
L. rhamnosus GG and B. lactis BB-12 administered over 4 weeks to adults caused no change
in the salivary S. mutans or Lactobacillus spp. counts. Similarly, L. reuteri DSM 17938 and
ATCC PTA 5289 administered during 2–12 weeks to adults had no impact on salivary S.
mutans count and microbial profile and diversity [24–26]. Administration of L. rhamnosus
GG or L. reuteri D2112 and PTA 5289, also did not impact salivary S. mutans count [18].
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However, there was a significant increase in lactobacilli in volunteers taking L. reuteri but
not L. rhamnosus.

In summary, most probiotic strains analyzed in these trials are safe, as they do not sig-
nificantly and definitively affect the commensal oral microbiota, and some can transiently
colonize the dental surfaces and have the potential to prevent dental caries.

4.2. Probiotics in Periodontology

Periodontitis is caused by periodontopathogenic bacteria (Porphyromonas gingivalis,
Treponema denticola, Tannerella forsythia and Aggregatibacter actinomycetancomitans) that are
organized in biofilms at the supragingival and subgingival levels in susceptible hosts [1,27].
Treatment consists of the mechanical removal of pathogenic biofilm and the use of antisep-
tics or antibiotics [28]. The main objective of the treatments is to avoid recolonization by
pathogenic bacteria. Probiotics as adjuvants to mechanical treatment could modify and
occupy the subgingival niche susceptible to recolonization by pathogenic bacteria and
allow a new equilibrium with the oral environment (Figure 1) [7]. Probiotics could also
alter the bacterial profile of the biofilm adjacent to implants [29]. In addition, they could
act as immunomodulators in the oral cavity by decreasing pro-inflammatory cytokines
IL-1β, TNF-α and matrix metalloproteinases (MMP) levels, and increasing IL-10, TGF-β1
and tissue inhibitor of metalloproteinases (TIMP) levels [30–32].

4.2.1. Probiotics in Gingival Health and Gingivitis

Fourteen randomized clinical trials related to the use of probiotics in gingivitis and
gingival health were analyzed (Table S4). In a study by Kuru et al. [33], 4-week use of
yogurt supplemented with Bifidobacterium animalis subsp. lactis DN-173010 had a posi-
tive effect on gingival inflammatory parameters after a 5-day non-brushing period. In a
study by Yousuf et al. [9], plaque index (PI) and gingival index (GI) scores were reduced
in adolescents after two weeks administration of a probiotic combination containing Bifi-
dobacterium longum, Lactobacillus acidophilus, Bifidobacterium bifidum, Bifidobacterium lactis
and acid lactic bacillus. Dhawan and Dhawan [11] showed a significant reduction of PI up
to 4 weeks with the probiotic combination Lactobacillus sporogenes, Streptococcus faecalis PC,
Clostridium butyrium TO-A, and Bacillus mesentericus TO-A in patients with gingivitis. In
studies by Desmukh et al. [34] and Nadkerny et al. [7], individuals with gingival health
and gingivitis were administered with a probiotic combination for two weeks. Control
group used chlorhexidine. The probiotic combination reduced gingival inflammation and
plaque accumulation in the same way as chlorhexidine in both studies suggesting it could
serve as an adjuvant in plaque control. Alkaya et al. [35] tested three modes of application
of Bacillus subtilis, Bacillus megaterium, and Bacillus pumulus in patients with gingivitis after
mechanical therapy and no significant difference was observed between the probiotic and
placebo groups.

Similar negative results were obtained by Keller et al. [36] when using Lactobacillus
rhamnosus and Lactobacillus curvatus tablets in patients with gingivitis.

Contrasting results were obtained when using Lactobacillus reuteri (DSM17938 and
ATCC PTA 5289) probiotic for gingivitis. In a study by Hallstrom et al. [30], there were
no clinical, microbiological, and immunological benefits in women with experimental
gingivitis. In a study by Iniesta et al. [37], there was a significant reduction in salivary counts
of total anaerobes after 4 weeks of intervention, and Prevotella intermedia counts after 4 and
8 weeks in patients with gingivitis relative to the placebo group. Porphyromonas gingivalis
counts also decreased significantly in a subgingival sample up to 4 weeks. However, there
was no difference between PI and GI scores in the test and placebo groups. In contrast,
Sabatini et al. [4] showed a significant reduction in PI and GI scores in patients with
controlled diabetes type II after 30 days on probiotic. Likewise, Schagenhauf et al. [38]
showed a significant reduction of clinical parameters and a complete resolution of sites
with mild inflammation in pregnant women. The results suggest that L. reuteri-based
probiotics may help to manage gingivitis in individuals more susceptible to oral infections.
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Lee et al. [39] evaluated the effects of Lactobacillus brevis CD2 in experimental gingivitis.
Significant differences at the bleeding on probing (BOP) level were found on day 10 in favor
of the probiotic group but no longer on day 14 suggesting that this strain can delay the
onset of gingivitis over a short period of time. Consistent with this, there was a progressive
increase in nitric oxide (NO), an inflammatory mediator, in the gingival crevicular fluid
(GCF) of the placebo group unlike the probiotic group in which there was no change.

Alanzi et al. [40] evaluated the 4-weeks administration of probiotic tablets containing
Lactobacillus rhamnosus, Bifidobacterium lactis on adolescents with gingival health. There was
a significant reduction in Aggregatibacter actynomycetancomitans and F. nucleatum counts in
saliva and plaque, and P. gingivalis count in plaque in the probiotic group. GI scores also
improved in the probiotic group. In Montero et al. [41] administration of tablets containing
Lactobacillus plantarum, Lactobacillus brevis, and Peiococcus acidilactici for 6-weeks to patients
with gingivitis led to a significant reduction of severe gingival inflammation scores when
compared to placebo. In addition, the average number of sites per patient with moderate
inflammation was reduced from 56 to 4 after the probiotic intervention period. There was
a decrease in T. forsythia counts which the authors correlated with the decrease of severe
inflammation scores.

Overall, these studies suggest that long term use of some probiotics may aid in oral
hygiene, promote gingival health, and help to treat gingivitis. This effect is more significant
when there is no mechanical removal of the plaque [4,7,9,11,38,40] than when the plaque
is removed [35]. Additional long-term studies are needed in larger population across all
age ranges and ethnic groups to obtain more consistent clinical results, and to determine if
probiotics need to colonize the oral cavity to cause a beneficial effect.

4.2.2. Probiotics in Periodontitis

The uncontrolled expansion of periodontopathogenic bacteria (Porphyromonas gingi-
valis, Treponema denticola, Tannerella forsythia, Filifactor alocis, Parvimonas micra, Aggregatibac-
ter actinomycetemcomitans and species of Fusobacterium and Prevotella) along with dysregula-
tion of the immune barriers and tissue damage leads to periodontitis [1]. Remodeling of
the periodontal extracellular matrix depends on the balance between proteolytic enzymes
responsible for the degradation and remodeling of extracellular matrix proteins (MMPs),
present in saliva, dental plaque and GCF and tissue inhibitors of MMPs, TIMP-1 and
TIMP-2 [42,43]. In case of periodontal diseases, an imbalance in the ratio of MMPs/TIMPs
(e.g., TIMP-1 reduction and MMP 8–9 increase) leads to periodontal destruction.

The conventional treatment of periodontitis involves the mechanical removal of the
subgingival plaque. Scaling and root planing (SRP) is the standard control method and
can be complemented by the addition of antibiotics which can lead to development of
resistance, modifications of the commensal flora and risk of dysbiosis [28]. On the other
hand, bacterial plaque is difficult to remove in low access sites, and remaining bacteria can
cause periodontitis relapse and can invade adjacent tissues (i.e., mucosa, tongue, tonsils)
and cause new infections [1].

Probiotics were proposed as adjuncts to the mechanical therapy of periodontitis
aiming at restoring the commensal microbiota and reduce inflammation and tissue dam-
age [44,45]. For this review, 21 randomized clinical trials related to the implementation of
probiotics in periodontal conditions were selected (Table S5). Most trials have used species
of Lactobacillus because it is a commensal bacterium that antagonizes P. gingivalis [10,46].

In Vicario et al. [10], tablets containing L. reuteri ATCC 55,730 and L. reuteri ATCCPTA
5289 were administered to patients with chronic periodontitis for 30 days. All clinical
parameters improved significantly in the test group, suggesting a possible synergy between
the strains used. In a study by Imran et al. [47], ingestion of milk with Lactobacillus casei for
one month provided no clinical benefit to patients with chronic periodontitis in spite of a
significant decrease in P. gingivalis counts in the first months after the intervention. Aggre-
gatibacter actynomycetancomitans and P. intermedia counts showed no significant reduction.
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Iwasaki et al. [48] evaluated the use for 12 weeks of heat-killed Lactobacillus plantarum
in patients undergoing supportive periodontal therapy. Mechanical control of plaque
was performed and improved clinical parameters in both the test and placebo groups. A
significant decrease in favor of the probiotic group was observed at 12 weeks in bleeding
on probing (BOP), number of teeth with periodontal pocket depth (PD) >4 mm and number
of sites with PD >4 mm, suggesting that this probiotic can prevent a possible recurrence
and/or disease progression.

Grusovin et al. [8] evaluated for 12 months the effects of a Lactibacillus reuteri DSM
17938 and PTA 5389 probiotic combination in patients treated for a stage III-IV periodontitis,
grade C. In the probiotic group, there was a higher reduction of mean PD throughout the
study, higher clinical attachment level (CAL) gain at 6 months, and higher reduction of
BOP at 6 and 9 months.

In a study by Penala et al. [46], probiotics L. salivarius and L. reuteri were evaluated
as an adjunct to SRP in the treatment of patients with chronic periodontitis. The test
group received subgingival delivery of probiotics and probiotic mouthwash for 14 days.
A significant difference in favor of the test group was observed after 3 months in the
number of moderate periodontal pockets. Moreover, there was a significant reduction in
the benzoyl-DL arginine-naphthylamide (BANA) test for detecting digesting peptidase in
the test group after 1 month, compared to the placebo group, but the difference was no
longer observed at 3 months.

Chandra et al. [49] tested a subgingival combination of probiotics Saccharomyces
boulardii with a prebiotic (fructo-oligosaccharide) in patients with chronic periodontitis
as adjuvant to SRP. Despite a short-term colonization by Saccharomyces boulardii (until
day 7), there was significant clinical improvement (as measured by the reduction of PI,
GI, CAL, and PD) in the test group at 3 and 6 months after the mechanical treatment.
The results suggest that S. boulardii may be a good auxiliary agent in the treatment of
chronic periodontitis.

In a study by Boyeena et al. [50], the effects of a probiotic combination were compared
to the application of tetracycline fibers directly in the periodontal pocket after mechanical
removal of the plaque. Use of probiotics caused a significant reduction of BOP and PD
when compared to the tetracycline fibers. The combination of both approaches showed
a significant improvement of BOP and PD when compared to tetracycline fibers alone
illustrating the benefits of using tetracycline fibers and probiotics to treat periodontitis.

Shah et al. [51] tested L. brevis, with or without doxycycline, for the treatment of
patients with aggressive periodontitis after mechanical plaque removal. After 2 weeks,
there was a significantly higher reduction of PD in patients on L. brevis and doxycycline
relative to the other patients. At 2 months Lactobacillus spp. count (CFU/mL) increased
significantly in patients on L. brevis and all patients had significantly improved clinical
parameters when compared to baseline.

In a study by Morales et al. [52], the effects of daily administration of Lactobacillus
rhamnosus SP1 or azithromycin tablets for 3 months were studied as an adjunct to SRP in
patients with chronic periodontitis. Clinical and microbiological outcomes (as determined
by the presence and levels of Tannerella forsythia, Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans) improved over the study period but there were no significant
differences between groups.

Yuki et al. [53] compared the effects of consumption for 90 days of yogurt containing
L. rhamnosus L820 with placebo yogurt in individuals with mental deficiency and periodon-
tal disease. The PMA (papillary-marginal-attached) score was significantly reduced in the
probiotic group at 90 days suggesting that L. rhamnosus L820 may have a beneficial effect
on periodontal disease as an adjunct to mechanical oral hygiene.

Ikram et al. [44] compared L. reuteri with metronidazole as adjuvant to SRP in patients
with chronic periodontitis. There was a significant improvement in the clinical parameters
at all evaluation periods with no difference between groups, indicating that the efficacy of
probiotic and antibiotic was similar.
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In a study by Laleman et al. [54], the use of Streptococcus oralis KJ3, Streptococcus uberis
KJ2, and Streptococcus rattus JH14 was not effective as adjunctive treatment of periodontitis
despite lower PI at the end of the monitoring period (24 weeks) and the decrease of salivary
P. intermedia at 12 weeks.

Murugesan et al. [55] evaluated the efficacy of co-administration of doxycycline
and synbiotic tablet (consisting of prebiotic Streptococcus faecalis T-110 JPC and probiotics
Clostridium butyricum TO-A, Bacillus mesentericus TO-A and L. sporogenes) as adjuvant to SRP
in patients with periodontitis. Four weeks after the end of the intervention, a significant
reduction of PD, CAL and BOP was observed in the test group indicating that this prebiotic-
probiotic mixture can be a complement to the mechanical removal and doxycycline to
improve clinical parameters, reduce bacterial load and repopulate the treated niche.

Three different trials studied the impact of L. reuteri in patients with chronic peri-
odontitis using comparable study design (administration for 3 weeks of probiotic tablets
containing L. reuteri compared to placebo) and obtained similar results [5,31,56]. Most
clinical and microbiological parameters (as evidenced by a delay of recolonization up to
6 months) were significantly improved during the study period and the probiotic groups
had fewer patients at high risk of disease progression and more patients at low risk. In one
study the probiotic was found until day 90 in 11 patients and was no longer found on day
180, indicating temporary colonization [31].

Residual periodontal pockets are associated with an increased risk of periodontal
disease progression and therefore require additional treatment. The effect of probiotic
combination L. reuteri ATCC PTA 5289 and DSM 17938 as an adjunct to the SRP treat-
ment of residual pockets was evaluated in patients with chronic periodontitis previously
treated [57]. The use of L. reuteri after re-instrumentation did not affect colonization by pe-
riodontopathogens. While no significant clinical improvement was observed after 12-week
consumption of probiotics and after 12 weeks of discontinuation, at 24 weeks after discon-
tinuation PD was significantly reduced in moderate and deep pockets, and more pockets
were sealed in the probiotic group. Taken together, these studies suggest that probiotic
L. reuteri may serve as an effective complement to mechanical therapy in the treatment of
chronic and relapsing periodontitis.

In a study by Sajedinejad et al. [45], use of L. salivarius NK02 in mouthwash for
28 days significantly improved clinical parameter (reduced PD, GI, and BOP) in patients
with chronic periodontitis. In addition, Aggregatibacter actynomycetancomitans counts in
saliva and gingival crevicular fluid were significantly reduced in the test group which also
presented more commensal bacteria than the placebo group.

Bifidobacterium animalis subsp. lactis HN019 was evaluated for 30 days in patients
with chronic periodontitis [58]. The probiotic colonized the subgingival flora for 60 days.
There was a significant reduction of IL-1β at the end of 30–90 days, and IL-8 at the end
of 30 days as compared to the control group. Likewise, there was a higher reduction
of periodontopathogens (P. gingivalis, T. denticola, F. nucleatum sub spp. vincentii) in the
test group up to 90 days. Clinical parameters improved significantly in the test group as
determined by CAL and PD (in moderate and deep pockets at 90 days), and the risk of
disease progression was also lower in the test group relative to the control group.

In a study by Butera et al. [59], the use of probiotics combinations for 6 months as
an adjunct to SRP in patients with periodontitis improved clinical parameters in both
probiotics groups (group 2: toothpaste with Bifidobacterium and Lactobacillus and group
3: toothpaste + chewing-gum with L. reuteri, L. salivarius, and L. plantarum), except for
adherent gingiva and RG. Hence, BOP, PI, number of bleeding sites, pathological site, and
sulcus bleeding index improved significantly at month 3 in both groups (also at month 6
in group 3). PD and CAL also improved significantly at month 3 in both groups. There
was a significant reduction of orange complex pathogens P. intermedia and F. nucleatum
between 3 and 6 months in both probiotics groups. Overall, group 3 presented better and
more durable effects than group 2 suggesting a synergistic effect between the probiotic
strains present in toothpaste and chewing-gum.
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4.2.3. Probiotics in Peri-Implant Diseases

Peri-implant mucositis is a reversible soft tissue inflammation around the implants
with no bone loss, caused by bacteria biofilm [60]. Its evolution leads to peri-implantitis,
characterized by bone resorption and potential implant loss, increased levels of IL-6, IL-1β,
and IL-8 and increased GCF volume [61]. The mechanical control of the biofilm and the
use of antiseptics and antibiotics may be insufficient for the complete cure. Probiotics may
aid in the formation of a new protective biofilm compatible with peri-implant health.

Eight randomized clinical trials investigating the effects of different species of Lacto-
bacillus in peri-implant inflammation in otherwise healthy adults were analyzed (Table S6).
Laleman et al. [62], studied the use of L. reuteri ATCC PTA 5289 and DSM 17938 in initial
peri-implantitis. After SRP, probiotics were administered in drops directly to the site of
peri-implantitis and afterwards in lozenges consumed for 12 weeks twice a day. There
were no clinical and microbiological benefits from the administration of the probiotics.
Similar negative results were obtained by Lauritano et al. [63], who evaluated the daily
consumption of L. reuteri tablets for 28 days in patients with peri-implant mucositis, by
Peña et al. [64] who studied the addition for 1 month of L. reuteri DSM 17938 and ATCC
PTA in patients with peri-implant mucositis who received mechanical therapy and 0.12%
chlorhexidine 15 days before the start of probiotic intervention, by Galofré et al. [65]
who also evaluated the effects of administration of L. reuteri DSM 17938 and ATCC PTA
5289 in patients with peri-implant mucositis and peri-implantitis for 30 days, and by
Hallström et al. [29] who administered L. reuteri DSM 17938 and ATCC PTA 5289 in pa-
tients with peri-implant mucositis for 3 months. Mongardini et al. [66] also found no
clinical benefits after 14-days administration of L. plantarum and L. brevis on patients with
experimental peri-implant mucositis.

In contrast, Flichy-Fernández et al. [67] found that administration of L. reuteri DSM
17938 and ATCC PTA 5289 for 30 days was useful to treat and prevent peri-implant
mucositis. At the end of the study, a single patient developed mucositis and most (17 of
23) of the patients with mucositis were cured. Accordingly, PI, GI, PD and GCF volume
were significantly reduced in the probiotic group when compared with placebo. IL-6 and
IL-8 levels were also significantly reduced in the mucositis group taking the probiotics.
The severity of peri-implant mucositis was also reduced significantly in a more recent trial
using a probiotic combination (L. reuteri DSM 26866, L. rhamnosus DSM 21690, L. bulgaricus
DSM21690, and Bifidobacterium animalis ssp. lactis DSM 17741) [68]. Clinical parameters
(as determined by PI, GI, BOP, and PD) improved significantly in the test group relative
to the control group after 1 month of consumption of probiotics. Salivary flow increased
after 1 month in test group, with a significant difference between groups. Immunological
parameters (salivary cytokines Il-1β, Il-4, TNF-α) decreased significantly at 1 and 6 months
after the start of the intervention. Finally, the pathogenic species Prevotella intermedia,
Treponema denticola, Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and
Fusobacterium nucleatum, decreased after 1 month of probiotic consumption. The positive
results obtained in these two trials may be related with a better removal of the subgingival
plaque prior to the application of probiotics. On the other hand, the lack of results in
the remaining trials may be related with small sample sizes and short administration
times [69]. Clearly, further standardized clinical trials are indispensable to determine the
usefulness of probiotics in prevention, management, and treatment of gingival, periodontal
and peri-implant conditions, and to develop practical recommendations and adequate
clinical protocols.

4.3. Probiotics in Cariology

Dental caries is a multifactorial disease, related to acidogenic and acid tolerant bacteria
such as S. mutans and Lactobacillus spp. [70]. These bacteria produce acids from fermen-
tation of carbohydrates that demineralize dental tissues. The prevention of dental caries
involves the administration of fluoride, the use of sealants and modification of dietary
habits (lower consumption of sucrose) [71]. The treatment and control of dental caries
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requires mechanical removal of the carious lesions which should be combined with an
antimicrobial in the case of high-risk children. Probiotics have been proposed as an adjunct
method to dental caries management strategies as they adhere to oral tissues, prevent adhe-
sion/colonization/proliferation of caries pathogens and formation of pathogenic biofilm,
produce inhibitors of cell adhesion and antibacterial agents, and consume nutrients before
caries pathogens can use them (Figure 1) [33,72–75].

Seventeen clinical trials evaluated the effect of different probiotics on cariology in
children and infants (Table S7). Overall, it was easier to modify the immature dental biofilm
of children through colonization with probiotics than the established biofilm of adults.
Six trials in adults assessed whether permanent integration of probiotics into the mature
biofilm can be achieved in a cariogenic environment.

In a study by Rodriguez et al. [76], administration of L. rhamnosus SP1 strain in milk to
children for 10 months led to a lower prevalence of dental caries relative to the placebo
group (54.5% vs. 65.8%), lower incidence of cavitated lesions (9.7% vs. 24.3%), and lower
incidence of new lesions. Administration of tablets containing Streptococcus uberis KJ2TM,
Streptococcus oralis KJ3TM and Streptococcus rattus JH145TM to children for 3 months,
caused a significant reduction in dental caries at the end of one year with prevention of
enamel demineralization [77]. In a study by Di Pierro et al. [78], Streptococcus salivarius
M18 probiotic in tablets was evaluated for 90 days in children with high risk of caries.
There was a significant reduction in the overall cariogram result. In the probiotic group, PI
and S. mutans counts were significantly reduced indicating that the consumption of this
probiotic may help to prevent the development of new caries in high-risk children.

The daily and triweekly consumption of probiotic milk containing L. paracasei SD1 on
Streptococcus mutans and lactobacilli counts in saliva and plaque samples was evaluated in
preschool children for 6 months [79]. Probiotic administration reduced S. mutans counts and
increased total lactobacilli counts in the saliva and plaque samples that persisted at least
6 months after discontinuation. Similar results were obtained by Pahumunto et al. [72] after
3-months consumption of milk containing L. paracasei SD1, and by Teanpaisan et al. [75]
after 6-months consumption. In the latter study, there was colonization by the probiotic
strain already at month 3 which decreased progressively with time to undetectable levels
at month 12. Overall, the results suggest that in children with high risk of caries, daily
consumption of probiotic L. paracasei SD1 may be recommended to control the amount of
S. mutans responsible for the initial process of tooth decay.

Stensson et al. [80] administered L. reuteri as drops to pregnant women (from the 9th
month of pregnancy) and their infants (up to 1 year old). At 9 years of age, the infants in
the test group showed significant improvements in GI and dental caries prevalence relative
to placebo (82% children free of carious lesions vs. 58%). L. reuteri was detected in only two
children from each group. Diet, oral hygiene, fluoride supplementation and socioeconomic
factors were similar in both groups at baseline but were not documented at the end of the
study preventing the identification of potential contributors for the benefit of probiotics in
dental caries development in early age.

In a study by Campus et al. [81], administration of L. brevis CD2 lozenges for 6 weeks
in children led to significant reduction in salivary S. mutans mean counts (log10 CFU/mL), a
significant reduction in the dental plaque pH, and a significant reduction in gingival bleed-
ing at week 6. The benefits were also significant 2 weeks after probiotic discontinuation.

Bhalla et al. [82] evaluated Bifidobacterium animalis subsp. lactis BB-12 administered
in curds to children. A significant reduction in the S. mutans count in saliva occurred
after 1 h of ingestion and after 7 days of intervention. In a study by Sudhir et al. [83], L.
acidophilus administered in curds to children for 30 days led to a significant reduction in
the S. mutans count in saliva in the test group. A probiotic combination of L. acidophilus
LA5 and B. lactis BB12 also caused a significant reduction of salivary S. mutans counts in
children at days 7 and 30 after ingestion [73]. However, after 6 months of discontinuation, S.
mutans values returned to the initial values indicating that the colonization was temporary.
Tablet consumption of L. reuteri DSM 17938 and ATCC PTA 5289 for 28 days also caused
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a significant reduction in salivary S. mutans and Lactobacillus spp. counts in children [84].
In contrast, L. paracasei F19 given as a dietary supplement for 9 months had no significant
effect at the microbiological and clinical levels at 3, 6 and 9 years of age [74]. Consistent
with this, the probiotic did not colonize the oral flora. Likewise, in Taipale et al. [85],
Bifidobacterium animalis subsp. lactis BB-12, administered by slow release or tablet from
the age of 1–2 months to 2 years, had no significant effect in the occurrence of dental
caries in children with low caries risk up to 4 years old when compared to xylitol and
sorbitol. Administration in children of L. rhamnosus and Bifidobacterium longum in milk for
9 months [86] or Bifidobacterium lactis in yogurt for two weeks [87] also caused no significant
impact on S. mutans counts, dental caries prevalence, or pH and plaque accumulation.
Finally, in Cildir et al. [88], L. reuteri administration in drops for 25 days in children with
cleft palate (population with higher food retention, and higher levels of dental caries and
cariogenic bacteria than healthy children) caused no significant reduction in salivary S.
mutans and Lactobacillus spp. levels.

In adults, consumption of yogurt with L. acidophilus LA5 and/or Bifidobacterium lactis
BB12 for 2 weeks caused a significant temporary reduction of S. mutans count in saliva after
2 weeks [89,90]. This effect was lost 2 weeks after discontinuation. Similar results were
obtained in adults who consumed white cheese with L. casei LAFTI L26 for 2 weeks [91].
Administration for 4 weeks of L. paracasei SD1 in milk allowed a significant reduction
of S. mutans quantities at all monitoring times [92]. Lactobacillus spp. count increased
significantly in most (75%) of the patients up to week 4 suggestive of probiotic colonization.
Ingestion of ice cream containing B. infantis for 28 days, caused a significant reduction in
S. mutans counts when compared to baseline and to the control group [93]. There was no
effect in Lactobacillus spp. levels.

The topical application of Streptococcus dentisani in an adhesive gel on dental surfaces
in single and multiple doses was evaluated in healthy adults [94]. There was a significant
increase of the number of S. dentisani in dental plaque at day 14 after the first application
which was no longer observed on day 28. In dental plaque samples, S. mutans count
decreased significantly in the single dose group on day 28.

In summary, L. acidophilus, L. reuteri, S. dentisani, S. salivarius, B. lactis and L. para-
casei may be effective as an adjunct method to restorative treatment in children at any
risk of caries especially when used in conjunction with changes in dietary habits. Dairy
products (yogurt, milk) appear to be the favorite vehicles for oral probiotics in children.
Besides being easy to ingest, they contain essential nutrients: calcium, phosphorus, vitamin,
protein, casein phosphopeptides that promote enamel remineralization, neutralize acids,
participate in buffering, and interfere with the acidity of the probiotics Lactobacillus spp. or
Bifidobacterium spp. The mixture of probiotic(s) with dairy products induces a synergistic
effect. The heterogeneity of the trials (variability in study design, range of administration,
strains used, dosage, vehicle) likely explains variations in results and prevents significant
comparisons. Overall, however, these studies suggest that short term consumption of
probiotics may reduce cariogenic bacteria counts, prevent dental plaque formation, and
thus control the progression of dental caries. These effects seem to require the temporary
colonization of the oral ecosystem which may lead to the exclusion of bacterial pathogens
(Figure 1). However, probiotics are unable to definitively eliminate pathogenic bacteria and
a reduction in salivary counts does not imply a reduction of bacterial plaque virulence [24].
Future trials should not only evaluate the cariogenic bacteria counts but also the dental
caries progression/incidence because, as already mentioned, virulence and counting are
not synonymous [72,75,81].

4.4. Probiotics in Orthodontics

The orthodontic treatment causes dysbiosis of the oral microbiome due to difficulty in
hygienizing the orthodontic appliance [95]. Probiotics may be useful as supplements to
hinder bacterial colonization and render the dental biofilm less virulent in patients with
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fixed or removable orthodontic appliances. Six studies related to the effect of probiotics on
orthodontics were analyzed (Table S8).

Jose et al. [96] found a significant reduction of S. mutans levels in dental plaque around
the bracket evaluated after probiotic (undisclosed composition) administration with curd
or toothpaste. In a study by Ritthagol et al. [97], four weeks ingestion of milk containing
L. paracasei SD1 in adolescents with non-syndromic lip-palatine cleft led to a significant
increase of salivary Lactobacillus spp. count and decrease of S. mutans count at all times of
evaluation when compared with baseline data. L. paracasei SD1 temporarily colonized the
oral microbiota, being detected in saliva up to 4 weeks after cessation. The results suggest
that this probiotic may help to prevent caries after orthodontic treatment in this population.

The effectiveness of 14-days milk consumption of L. casei or L. reuteri lozenges was
investigated in young adults undergoing orthodontic treatment [98]. Periodontal condition
was improved in both probiotic groups, better results being observed in the L. reuteri
group. Alp and Baka [99] assessed the effect of a systemic probiotic (Lactococcus lactis
subsp, Leuconostoc spp., Lactobacillus spp. and S. thermophilus and yeasts isolated from
cereal grains) or local intervention (bacteriocin extracted from lactic acid bacteria), for
6 weeks on salivary microbial colonization in orthodontic patients. There was a significant
reduction in S. mutans count at weeks 3 and 6 in both intervention groups. Lactobacillus spp.
counts decreased significantly at week 3 in the probiotic group and at week 6 in the local
intervention group. In contrast, in a study by Pinto et al. [100] there were no oral benefits
after two-weeks consumption of yogurt containing B. animalis subsp. lactis DN-173010,
and in Gizani et al. [101] there were no clinical and microbiological advantages to the
use of L. reuteri lozenges in patients with maxillary orthodontic appliance. In summary,
daily consumption of some but not all probiotics may help to prevent caries and improve
periodontal condition in patients on orthodontic treatment.

4.5. Probiotics in Halitosis

Halitosis has multiple etiologies, and may be caused by ingestion of certain foods,
poor oral hygiene, periodontitis, respiratory infections, tobacco consumption, genetic
predisposition, dry mouth and oral microbiome dysbiosis [102]. Volatile sulfur compounds
(VCS) responsible for halitosis include hydrogen sulfide, methyl mercaptan and dimethyl
sulfide. In the oral cavity, these substances essentially result from the metabolic activity of
oral microorganisms [102]. Several factors contribute to the production of these compounds,
such as higher prevalence of gram-negative anaerobic bacteria, alkaline salivary pH, low
redox potential, and the presence of sulfuric substrates (cysteine and methionine) [103,104].
Four studies have looked at the impact of probiotics in reducing halitosis by decreasing the
density of the bacteria responsible by VCS production (Table S9).

Lee et al. [105] assessed the effect of consumption of Weissella cibaria tablets for 8 weeks
on halitosis in healthy adults. W. cibaria counts were higher in the probiotic group at 4 and
8 weeks, and there was a significant reduction in VCS levels at week 4, and a significant
reduction in bad breath improvement (BBI) score at week 8. The results suggest that W.
cibaria tablets can be a useful oral hygiene product to control bad breath.

Streptococcus salivarius M18 has also been shown to reduce halitosis in patients with
orthodontic treatment [106]. This required a month of consumption of two probiotic
lozenges per day. Only Rothia spp. levels were significantly reduced in the probiotic group.
The VCS score decreased significantly throughout the study in the probiotic group and
placebo groups after 1 month but, after 3 months of follow-up, the VCS levels returned
to the baseline value in the placebo group whereas in the probiotic group the VCS levels
decreased significantly. A reduction in halitosis levels was also observed 1 and 3 months
after ingestion of L. salivarius and L. reuteri for 14 days in patients with chronic periodontitis
and halitosis [46]. In a similar study performed with L. salivarius WB21 only, VCS levels
were significantly reduced and there was a significant reduction of PD [107]. Also, bacteria
known to produce malodourous compounds like F. nucleatum were reduced in the probiotic
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group. Finally, in Keller et al. [108] L. reuteri reduced the organoleptic scores in patients
who had a subjective feeling of bad breath.

In summary, regular consumption of probiotics L. salivarius, S. salivarius, W. cibaria or
L. reuteri may complement mechanical oral care in controlling halitosis.

4.6. Probiotics in Oral Wound Healing and Oral Mucositis Related with Cancer Therapy

Wound healing in the oral mucosa involves several inflammatory mediators/molecules
and is impacted by several factors such as age, dietary habits, and the oral microbiome [109,110].
Cancer therapy affects salivary quality and reduce salivary glycoproteins that cover and
protect oral mucosa against microorganism’s adherence and irritation. In addition, it
induces oral mucositis that may favor the emergence of opportunistic infections, fever,
anorexia, hemorrhage, severe pain, dysphagia and dysgeusia [111]. Oral glutamine has
been recommended to mitigate radiotherapy-induced oral mucositis in head and neck
cancer patients but other effective interventions are needed [112]. As mentioned previously,
probiotics may participate indirectly in re-epithelization and tissue regeneration due to
their potential to: (1) influence immune-regulating factors (e.g., kB nuclear factor, toll-like
receptors in dendritic cells), (2) modulate inflammatory mediator levels (e.g., cytokines
such as IL-1β, TNF-α, IL-6 and IL-15 and chemokines such as IL-8); and (3) induce the
production of proteolytic enzymes involved in tissue remodeling (MMPs).

A few clinical trials have investigated the role of topical administration of probiotics
in oral wound healing and in the treatment of oral mucositis in patients undergoing chemo-
radiotherapy (Table S10). In a study by Twetman et al. [113], the application of L. reuteri
in adults with healthy mucosa one week before standardized biopsy of the oral mucosa
and one week later showed no improvement in healing. However, patients in the probiotic
group had lower pain, less erythema/edema and the fibrin more rapidly covered the
wound. There was no change in the levels of MMP1-3 and IFN-α2, IFN-β and IFN-γ in the
wound exudate during the first healing week [114].

Walivaara et al. [115] evaluated the effects of L. reuteri supplements administered
3 times a day for 2 weeks on the healing of wounds after surgical extraction of lower third
molars. Probiotic had no effect on the healing process as determined by extra-oral swelling,
level of salivary oxytocin, and presence of bacteria. However, in patients on probiotic
the subjective perception of pain, discomfort and swelling was significantly reduced and
leading to improved quality of life during the healing process.

Limaye et al. [116] assessed the safety and tolerability of a 1, 3 or 6 mouthwash/day
containing Lactococcus lactis (AG013, a strain that produces human trefoil factor 1) in
patients newly diagnosed with advanced squamous cell head and neck cancer who were
to start chemotherapy. The mean number of days with oral mucositis was reduced by 35%
in the probiotic group, and there were fewer emergency visits (36% vs. 60%). The placebo
patients had at least 2 days with oral mucositis while 29% of those taking AG013 had oral
mucositis for 0 or 1 day. Lactococcus lactis AG013 was detected in mucosa and saliva shortly
after the mouthwash, and up to 14 days after the mouthwash in equivalent number in the
test groups. The probiotic was safe as there was no infection in neutropenic patients.

In a study by Jiang et al. [117], a significant improvement in oral mucositis was
observed in patients with nasopharyngeal carcinoma undergoing chemoradiotherapy
taking a probiotic combination of Bifidobacterium longum, Lactobacillus lactis, and Enterococcus
faecium. Finally, Sharma et al. [118] evaluated the effect of L. brevis CD2 taken in lozenges in
patients with squamous cell carcinoma of head and neck submitted to chemo-radiotherapy.
The incidence and severity of oral mucositis was reduced in the probiotic group. In the
probiotic group, more patients completed the cancer treatment, and fewer patients needed
adjuvant medications to control the pain associated with mucositis. In summary, while
probiotics seem to have no direct effect on oral wound healing, they can contribute to
attenuate oral mucositis and improve quality of life in patients undergoing cancer therapy.
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5. Conclusions

The use of probiotic bacteria is an expanding area of research in dentistry. Oral
probiotics are safe, influence favorably the oral microbiota and provide benefits to the
oral ecosystem in periodontal diseases, cariology, halitosis, orthodontics and manage-
ment of oral mucositis resulting from cancer treatment. The areas in which probiotics
should be further developed are endodontics, dental traumatology, and healing of chronic
oral wounds.

Probiotics likely act without colonization or by transient colonization of the oral cavity,
so a daily intake is advised. In addition, synergistic combinations of probiotic bacteria
should lead to higher clinical efficacy than any individual probiotic agent.

Before recommending probiotic use in daily dental practice and considering probi-
otics as a self-management preventive strategy or adjuvant/alternative therapy, additional
large-scale, long-term, randomized, placebo-controlled clinical trials studies are needed to
determine the most effective probiotic strain combinations, the most suitable probiotic ve-
hicles, and the most appropriate dosage and frequency of administration. Further research
is also needed on product compliance and acceptance by different age groups. Finally, a
better understanding of the mechanisms of action of probiotics and of the host response
to probiotics is needed. Algorithms matching person-specific data and known factors
interfering with probiotic efficacy will allow the identification of the optimal probiotic
modality for stratified populations or individuals [16].
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Abstract: The removal of necrotic and vital pulp substrates and microorganisms and their toxins from
the root canal system (RCS) has been found to be the basis for a successful endodontic treatment. In
this study, our aim was to evaluate the effect of passive ultrasonic irrigation (PUI) on the elimination
of the organic remnant tissue from infected, narrow and curved mandibular root canals during
their instrumentation. For this purpose, mesiobuccal canals from mandibular first molars were
instrumented with the RaCe rotary system, using PUI activation or conventional irrigation (CI)
and two apical diameters (#25 and #35). The root canal cleanness of the samples was evaluated
by microscopy and using a modified Langeland’s ordinal scale. Parametric and non-parametric
statistical analyses and principal coordinates analysis (PCoA) of the samples were performed. When
PUI was used, there was a significant reduction of the organic remnant in the apical enlargement of 25
at 2 mm from the apex (p < 0.001). After pooling the groups, regardless of the depth of the observation
(2 and 4 mm from the apex), the pair #35 + PUI vs. #25 + CI showed statistically significant differences
(p < 0.001). The effect of PUI explained 65% of the overall variance when compared with the CI
samples. The use of PUI reduced the organic material of narrow infected and curved root canals with
an apical enlargement of #25 and #35. When PUI is not used, a biomechanical instrumentation up to
a diameter ≥#35 is recommended.

Keywords: passive ultrasonic irrigation; apical enlargement; organic remnant

1. Introduction

Conventionally, the cleaning of the root canal system (RCS) is done with a chemical-
mechanical preparation using endodontic instruments and irrigating the area profusely
with disinfecting chemical solutions [1]. The basis for a successful endodontic treatment
is the complete removal from the RCS [2] of both necrotic and vital pulp substrates,
together with microorganisms and their toxins. In this context, the complexity of the
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morphology of the RCS makes their complete mechanical debridement a major challenge
for clinicians. It has been shown that over 35% of the RCS surface remains untouched by
endodontic instruments after instrumentation [3,4], highlighting the importance of efficient
instrumentation and irrigation to ensure the proper chemical debridement and disinfection
of the RCS.

One of the most important factors for the clinical success of an endodontic treatment is
the proper preparation of the apical third of the root canal. Inappropriate preparation and
disinfection of this portion can lead to the persistence of organic remnants (i.e., microorgan-
isms and necrotic tissue). These, in turn, may cause periapical inflammation, disfavouring
tissue repair and resulting in the consequent failure of the treatment, especially in non-vital
and infected teeth [5,6].

When analysing the amount of enlargement needed in the preparation of the apical
portion of infected root canals, several aspects must be considered, such as the action of
the irrigant solutions [5,7], the bacterial penetration into dentinal tubules [5,8,9], and the
irregular and complex morphology of the RCS [5,7,10,11].

It has been demonstrated that the higher the apical diameter the better disinfection of
root canals, mainly because of the mechanical elimination of contaminated dentin and the
penetration of the irrigant solution in the apical region [5,12]. Despite great advances in
mechanised instrumentation systems and their alloys, in complex anatomies it is difficult
to reach high apical diameters during instrumentation. Although these last-generation
instruments may allow for higher diameter coverage, they may also lead to the risk of
procedural mistakes, such as transportations and foramen deformation, among others. In
these situations, the effect of the irrigant solution becomes fundamental in order to remove
debris, dissolve remnant tissue and act as a lubricant [4,10,11].

On the other hand, as far as the irrigation of the root canal is concerned, it has been
shown that PUI is more effective than CI for removing organic tissue, because of its
ability to disintegrate more bacteria and dentin debris [13–17]. Recently, Lee et al. (2019)
have demonstrated that a higher amount of organic remnant is eliminated using PUI
during the ex vivo preparation of vital root canals when using instruments with low apical
diameters [18]. However, they state that their conclusions are not completely applicable to
infected root canals. Thus, our hypothesis states that PUI enhances the removal of dentin
debris and organic remnant during the preparation of infected root canals, especially when
instruments with low apical diameters are used.

The objective of this study was to evaluate the effect of PUI on the removal of the
organic remnant tissue from narrow, infected and curved root canals during their instru-
mentation with apical enlargements of #25 and #35.

2. Materials and Methods

2.1. Sample Collection

Fifty-three mandibular molars were selected according to the following selection criteria:
Inclusion criteria: (i) recently extracted non-vital and infected mandibular molars;

(ii) non-endodontically treated teeth; (iii) diagnosis of symptomatic apical periodontitis
and chronic or acute apical abscesses; (iv) root canals with moderate curvature (between 10◦
and 25◦) according to Schneider’s criteria [19]; and (v) narrow and permeable mesiobuccal
root canals of mandibular molars.

In order to measure the curvature by Schneider’s criteria, X-rays of the roots were
taken in the same direction of the curve [19]. For this purpose, the extracted teeth were
positioned on a N◦2 X-ray intraoral film with the crown-apical axis of the mesiobuccal
root parallel to the film with the central ray tangent to the curve of the root. To determine
the permeability of the root canals, we used canals where a #10 K-file was the highest
instrument which reached patency.

Exclusion criteria: teeth with previous history of endodontic access or treatment; and
fused, incompletely developed and straight or fractured roots.
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2.2. Study Groups

The selected root canals with moderate curvatures were randomly divided into
two groups: Group 1 consisting of 24 root canals instrumented by using RaCe rotary
files (FKG Dentaire SA, La Chaux-de-Fonds, Switzerland) and using PUI; and group 2
consisting of 24 root canals instrumented with RaCe rotary files and using CI with syringes
as control. Five non-instrumented root canals were used for assessing histological intraob-
server error calibration. Groups 1 and 2 were further divided in two subgroups: 1A, in
which an instrument with an apical diameter of #25 (n = 10) was used; 1B, in which an
instrument with an apical diameter of #35 (n = 10) was used; 2A, in which an instrument
with an apical diameter of #25 (n = 12) was used; and 2B, in which an instrument with an
apical diameter of #35 (n = 12) was used.

2.3. Instrumentation Procedures

Immediately after extraction, the teeth were kept in a 10% formalin buffer solution
for a week. The teeth were allocated into different groups by a randomised and alternate
assignment following the sequence 1A, 1B, 2A, and 2B. Instrumentation procedures were
performed by two experimented and calibrated operators (J.O. and C.D.). Teeth were
endodontically accessed and patency achieved with a size 10 K-file (Dentsply Maillefer,
Ballaigues, Switzerland). Coronal pre-flaring was accomplished with a size 20 K-file
(Dentsply Maillefer) and PreRaCe file #30/0.06 taper to obtain straight line access to the
canal and eliminate coronal curvature. A size 10 K-file (Dentsply Maillefer, Ballaigues,
Switzerland) was passively introduced into each canal until its tip was visible at the apical
foramen. The working length (WL) was established by subtracting 1 mm from the previous
distance. The root canal preparation was performed using RaCe file #15/0.04 taper and
RaCe file #25/0.04 taper for subgroups 1A y 2A, and an additional RaCe file #35/0.04
taper for subgroups 1B y 2B. During the instrumentation procedure, the root canals were
irrigated before and after each instrument with 0.5 mL of NaOCl 5.25%, using a 27 G needle
(Monoject) and positive pressure irrigation at WL −2 mm, followed by a final wash with
0.5 mL of EDTA for 2 min and 1 mL NaOCl 5.25%.

For group 1, the root canal preparation was finished using the same final protocol
irrigation together with PUI. The file was passively inserted at WL −2 mm and activated
for 30 s with a Varios 560 multifunctional ultrasonic scaler (NSK, Kanuma, Japan) with
2.5 power and ultrasonic tips with a diameter of #20. Attempts were made to maintain
the file centred in the canal during activation. Each file was used and discarded after five
samples. For group 2, the root canal preparation was finished using the same final protocol
irrigation using CI with syringes. The RaCe rotary files were operated in a continuous
rotation motion at 350 rpm and a torque of 2 Ncm by an electric motor model Endo-Mate
TC (NSK, Kanuma, Japan).

2.4. Histological Procedures and Organic Remnant Analysis

After instrumentation, the teeth were fixed in 10% formalin, demineralised in a 5% Ni-
tric Acid solution for 48 hrs and then moved to an Ana Morse solution for two weeks. Decal-
cified roots were included in paraffin and then perpendicular crosscut slices (5-micrometers
thickness) were obtained. Four slides with 2–4 cuts each were prepared at 2 and 4 mm
from the apex, stained with haematoxylin and eosin (H&E) and stored for further analy-
sis. Therefore, at least eight cuts were made at both depths in each sample and the most
representative section was chosen for further histological analysis.

During histological procedures, two teeth were lost in groups 1A and 1B, so the final
sample size for these groups was ten teeth each. The root transversal samples were analysed
with a light microscope Leica DM5000 (Leica Microsystems, Wetzlar, Germany) at different
magnifications. Images were captured using LAS EZ 3.2.0. photo capture software. The
root canal cleanness was evaluated by a single blinded and calibrated observer (A.O.) with
a 0 to 3 score scale, similar to that used by Langeland et al. [20,21] in which we eliminated
score 4 (i.e., the count of inflammatory cells in samples from animal models, which is not
the case in this study). The score used was: 0 to refer to a root canal with organic remnant,
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predentin or debris in all the lumen of the histological sample; 1 to refer to a root canal with
organic remnant in most parts of the lumen; 2 to refer to a relatively wide root canal with
organic remnant in the margins; and 3 to refer to an absolutely clean root canal (Figure 1).

Score 0 Score 1

Score 2 Score 3

*

*
*

*

d

d
d

d

d

d

d
d

Instrumented
area Instrumented

area

Figure 1. Representative images of the score scale used for the evaluation of root canal cleanness
(based on Langeland et al.). Score 0: Root canal with organic remnant, predentin or debris in every
histological sample. Score 1: Root canal with organic remnant in most part of the lumen. Score 2:
Relatively wide root canal with organic remnant in the margins. Score 3: Absolutely clean root canal.
H&E staining. Original magnification: 10×. * = organic remnant. d = dentin.

2.5. Statistical Analyses

In order to test the hypothesis explaining the effect of the variables under study (i.e.,
PUI vs. CI removal of organic remnant), statistical analyses were carried out as follows:
(i) Epps-Singleton (ES) test for equal distributions to assess the effect of each diameter
separately and Kruskal-Wallis test for equal medians to test the diameter effect as a whole,
(ii) Mann-Whitney pairwise test to test the diameter of the instrument on the canal cleanness
score observed after biomechanical instrumentation (BIns), and (iii) Principal Coordinate
Analysis to assess the overall effect of PUI compared to CI, using a one-way Analysis of
Similarities (ANOSIM) as a post-hoc test. The rationale behind using an ES test instead of
the widely used Kolmogorov-Smirnov (KS) two-sample test lies in the greater statistical
power of the first test when compared with the second [22]. Regarding the ANOSIM
post-hoc test, it is the non-parametric version of the one-way ANOVA for ranked ordinal
data [23]. All the analyses were run in PAST 4.06b statistical program [24].

3. Results

3.1. Effect of PUI on the Organic Remnant Removal Regarding the Instrumentation with
Different Diameters

When the instrumentation procedures were analysed separately, only the instrumen-
tation with #25 at 2 mm crosscut from the apex showed statistically significant differences
between the PUI and CI samples (1A vs. 2A) (Figure 2 and Table 1). After pooling the #25
and #35 groups, regardless of the depth of the observation (crosscuts of 2 and 4 mm from
the apex), the pair #25 + CI vs. #35 + PUI showed statistically significant differences (group
2A vs. group 1B) (Figure 2 and Table 1).
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Figure 2. Frequency of cleanness scores registered after analysing the root transversal samples used in this study. In single
diameter radar plots (first two rows) teeth 1–10 = PIU, and teeth 11–22 = CI. In pooled diameter radar plots (last row) teeth
1–20 = PIU, and teeth 21–44 = CI. * Statistically significant differences when comparing PIU and CI scores (p < 0.001, for
details see Table 1). Bins = Biomechanical instrumentation (#-mm from apex).

Table 1. Effect of PUI on debris removal regarding the diameter of the instrument used during
biomechanical instrumentation.

Instrument Size (#-mm from
Apex)

Epps-Singleton W2 p Value (Same Distance)

25-2 43.58 7.84 × 10−9

25-4 1.39 0.8460

35-2 0.40 0.9823

35-4 3.24 × 10−16 1

25 (2, 4) 21.10 3 × 10−4

35 (2, 4) 0.22 0.9944

A representative histological section, at 2 mm from the apex, is shown in Figure 3,
with apical enlargement of #25 without PUI, where the presence of organic remnants is
evident, (Figure 3A,B) vs. an apical histological section with enlargement of #25 with PUI,
where the organic remnant is starkly reduced (Figure 3C,D).
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Figure 3. Representative images, at 2 mm from the apex, of root canals instrumented with RaCe
system with and without PUI. (A,B): Root canals instrumented with RaCe system #25 without PUI.
Organic remnant is observed adjacent to the walls of the apical canal. (C,D): Apical canals instru-
mented with RaCe system #25 with PUI. The walls of the apical canal are observed without organic
remnants. H&E staining. Magnification: (A,C), 10× (B,D), 40× * = organic remnant. d = dentin.

3.2. Effect of PUI and the Diameter of Endodontic Instruments for Biomechanical Removal on
Teeth Cleanness

Compared with the control samples, the cleanness of the teeth under the effect of PUI
and endodontic instrumentation was significantly improved (Kruskal-Wallis test for equal
medians: H (Chi2) = 11.52, Hc (tie corrected) = 13.62, p (same) = 0.003474).

Regarding the endodontic instrumentation, the observed differences are mainly ex-
plained by the diameter of the operational device (#35 vs. #25), independently from the
depth of the observation (2 vs. 4 mm from the apex) (Table 2). In addition, in the histologi-
cal sections obtained from the samples of this study, we observed that none of the studied
root canals were completely free from debris readily accumulated in the isthmus of mesial
root canals (Figure 4).

Table 2. Effect of the diameter of the instrument on the canal cleanness score observed af-
ter biomechanical instrumentation (Mann-Whitney pairwise test, Bonferroni corrected p values).
BIns = Biomechanical instrumentation (#-mm from apex).

BIns 25-2 BIns 25-4

BIns 25-4 0.9076

BIns 35-2 0.03814 0.5247

BIns 35-4 0.01547 0.1988
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A B

C D

Figure 4. Representative images, at 2 mm from the apex, of roots canals prepared with different
instrument diameters. (A): Root canal instrumented with #35 without PUI. Magnification 10×.
(B): We can observe the remains of detritus in the isthmus after instrumentation (black arrow).
Magnification 10×. (C): Root canal instrumented in a single pole with lime RaCe #25. We can observe
the remains of detritus in the polar opposite (black arrow) Magnification 10×. (D): Approach of the
previous case. Magnification 40×.

After applying a PCoA to the ordinal raw data obtained by the Langeland’s ordinal
scale for teeth cleanness, the effect of PUI explained 64.9% of the overall variance when
compared with the control (conventional irrigation, CI). The percentage of PCo 1 expected
by chance variance was below what was observed, implying a statistically significant
difference between the PUI and CI samples (i.e., 52% vs. 64.9%, respectively, after a broken-
stick model) (Figure 5). These results were corroborated by a one-way ANOSIM post-hoc
test (R = 0.3383, p (same) = 0.0005, mean ranks = 95.7–134.8, using Manhattan similarity
index after 9.999 permutations).

Figure 5. Principal Coordinate Analysis (PCoA) of the raw data. Visualization of the dissimilarities of the ordinal raw data

69



Appl. Sci. 2021, 11, 7495

used in this study after assigning a location to each observation in a low-dimensional space represented by the Principal
Coordinate axes, where PCo1 > PCo2 > . . . > PCoZ.

Finally, Table 3 is a summary of our findings and it compares the elimination of organic
material after the biomechanical rotary instrumentation of narrow, infected and curved
root canals with or without PUI and apical enlargements of #25 and #35.

Table 3. Summary of the experimental design to assess the effect of three relevant variables on RCS
cleanness: (1) Distance from the apex (depth); (2) Irrigation system (PUI vs. Conventional syringes);
and (3) Diameter of the instrument used during biomechanical instrumentation (#25 vs. #35). A”+”
sign indicates the presence of a significant effect of each of the analysed variables; its absence means
that there are no differences between them. RCS = Root canal system; CI = Conventional irrigation.

Irrigation System
Diameter of the Instrument

(RaCe 0.04 Taper)

PUI CI #25 #35

+ – – +

+ – + –

4. Discussion

We compared the effect of PUI on the efficacy of the elimination of organic material
remaining into infected, narrow and moderated curved mandibular root canals after their
instrumentation using the RaCe rotary files 0.04 taper with apical enlargements of #25 and
#35, following an instrumentation protocol similar to the one we used in clinical practice.

Our results show that when PUI was combined with the RaCe rotary system instru-
mentation, there was no difference in the elimination of organic material between groups
1A and 1B (with apical enlargements of #25 and #35, respectively). Our results agree
with the study of Lee et al. who compared different apical diameters with and without
PUI [18]. They found that PUI reduces remnant pulp tissues in canals to small preparations.
However, in the present study we performed an instrumentation and irrigation protocol
which is closer to the real clinical practice than the one used by Lee et al., who used a
single file protocol. In addition, we used infected and moderate curved root canals instead
of vital pulp teeth. Regarding the latter, there is a consensus that PUI is more effective
than traditional syringe irrigation, removing more efficiently the organic tissue, planktonic
bacteria and dentine debris from the root canal. These phenomena could be explained
because the ultrasound creates a higher speed and flow volume of the irrigant in the canal
during irrigation, thereby eliminating more debris, producing less apical packing, allowing
better access of the chemical product to accessory canals and even causing a flush effect to
be produced by ultrasound but not manual irrigation [3,13].

On the other hand, in our study when the instrumentation was performed without PUI
in apical enlargements of #25 and #35, the difference in the elimination of organic material
was significant, with a pronounced reduction in the 2B group (with apical enlargement
of #35) compared with 2A group (with apical enlargement of #25). This is in agreement
with several studies regarding apical enlargement that establish a directly proportional
relationship between the increase of last instrument diameter and the reduction of organic
and bacterial remaining [5–7,10,15,21,25–28]. In fact, during canal preparation, apical size
has been crucial in defining the successful debridement of the RCS because the penetration
of the irrigant into the apical one-third of the canal and the removal of debris depend on
the final size of the instrument used in the canals; so, an increase in the apical preparation
size significantly enhances the root canal disinfection [10,25].

In addition, several studies have shown the relevance not only of the apical preparation
but also of the taper in the instrumentation of the apical one-third of root canals. Regarding
this, a previous study by Plotino et al. (2014) showed that the cleanliness of the apical canal
walls was better when the apical preparation was performed after a basic preparation of a
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size #25/0.06 taper, irrespective of the technique used to perform the apical preparation [29].
Srikanth et al. (2015) showed that for proper penetration of irrigants, removal of debris and
the smear layer from the apical third region, the enlargement to #30 file size is adequate
when the suitable coronal taper is achieved. A more recent study by Xu et al. (2018)
determined that when the apical size increased to #40, the remnant debris significantly
decreased in the mesial roots of mandibular first molars [30].

In our study, we observed an important reduction of the organic remnant when using
PUI during apical preparations up to #25 (1A vs. 2A groups). In addition, the amount
of organic remnant in group 1A was comparable with what we observed in group 2B.
In other words, using PUI instead of CI improves the #25-diameter efficiency as well as
the #35-diameter with a CI protocol. This is particularly relevant when the clinician is
instrumenting complex root canal morphology (e.g., mesiobuccal roots of upper molars),
where it often becomes impossible to reach apical diameters of #35 or higher without
transportation and/or perforation risk. Additionally, we found a cleaner area of the
samples studied at 4 mm from the apex with and without PUI, compared to the area
at 2 mm from the apex which had the highest content of detritus. This coincides with
Paqué et al. (2005), who found an increase in the amount of debris towards the apical
region using RaCe without PUI [31]. We believe that this may be explained by an increased
flow, and therefore, greater solvent action of hypochlorite in this region, at 4 mm from
the apex.

It is important to note that none of the root canals from the four groups analysed in
this study was completely free from hard-tissue debris, with debris readily accumulated
in the isthmus of mesial root canals (Figures 2 and 3). In this regard, we consider that all
rotary instrumentations must be complemented by a thorough manual instrumentation
in order to achieve optimal debridement, because those systems tend to keep a centred
positioned inside the canal, failing to reach both internal and external pole of the canal.
This, together with activation of sodium hypochlorite during instrumentation, could more
effectively eliminate the presence of organic debris within the canals, especially from areas
which are difficult to access or inaccessible by mechanized instrumentation.

One of the limitations of this study was the use of an ordinal scale to assess a change
which is intrinsically infinitesimal, like the quantity of organic remnant found in RCS after
instrumentation. This limitation can be overcome by calculating and comparing the surface
occupied by debridement in the root canal of the control and experimental histological
samples. A further development of this study will be to evaluate the debridement efficacy
of infected root canals using EndoActivator (Dentsply Maillefer) or XP-Endo Finisher (FKG
Dentaire) compared with PUI.

5. Conclusions

This work adds evidence regarding the clinical treatment of infected and curved root
canals, showing that the use of PUI becomes fundamental when the augmentation up
to #35 or #40 of apical diameter is difficult, if not impossible, because of the presence of
curves or little amount of dentinal wall in the apical third of the root canal. Therefore, we
consider that clinicians should incorporate PUI as part of their regular therapeutic strategy,
since it helps to remove pulp tissue from isthmus and flattened root canals from vital teeth.
Also, in cases of infected root canals, it might have an antibacterial effect by disorganizing
biofilm into root canals, thus significantly improving the prognosis of these treatments.
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A.; Śmieszek-Wilczewska, J.; Mertas,

A. Advantages of Dynamic

Navigation in Prosthetic Implant

Treatment in Terms of the Clinical

Evaluation and Salivary

Pro-Inflammatory Biomarkers: A

Clinical Study. Appl. Sci. 2023, 13,

9866. https://doi.org/10.3390/

app13179866

Academic Editor: Bruno Chrcanovic

Received: 4 July 2023

Revised: 30 August 2023

Accepted: 30 August 2023

Published: 31 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Advantages of Dynamic Navigation in Prosthetic Implant
Treatment in Terms of the Clinical Evaluation and Salivary
Pro-Inflammatory Biomarkers: A Clinical Study

Kacper Wachol 1,*, Tadeusz Morawiec 1, Agnieszka Szurko 2, Domenico Baldi 3, Anna Nowak-Wachol 4,
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Abstract: Successful implantation in augmented areas relies on adequate bone density and quality,
along with thorough planning. The minimisation of the risks involved in the surgery and recovery
phases is also of tremendous relevance. The aims of the present research were to clinically and
biochemically evaluate the healing process after implant surgery (dental implants) using dynamic
surgical navigation following prior bone augmentation. Thirty healthy patients who had implant
treatment were analysed. The study participants (30 patients) were randomised between two groups.
The 15 patients in the study group were treated with Navident dynamic navigation by using a
flapless technique. The control group included 15 subjects in whom the implantation procedure was
performed classically using the elevation flap full-thickness method. In all cases, the patient’s clinical
condition, the patient’s subjective visual assessment of post-operative pain using the Visual Analogue
Scale (VAS), and the levels of the salivary biomarkers interleukin 6 (IL 6) and C-reactive protein (CRP)
immediately before surgery on the first post-operative day and on the seventh post-operative day
were assessed. The healing process was shown to be faster in patients in the study group due to
the low invasiveness of the treatment, which was confirmed by lower levels of pro-inflammatory
cytokines in the study group versus the control group. The statistical analysis used Student’s t-test
and Mann–Whitney test. The implementation of dynamic navigation and the application of the
flapless technique reduced post-operative trauma, leading to a reduced risk of infection, reduced
patient discomfort, and faster recovery.

Keywords: dentistry; implantology; cytokine; saliva; biomarkers; flapless implantology; dynamic
navigation; minimally invasive implantology

1. Introduction

Conventional implant surgery involves incisions of the alveolar mucosa and elevation
of the mucoperiosteal flap to visualise and access the bone. This approach ensures the
identification and protection of the underlying vital anatomical structures: vessels, nerves,
or the maxillary sinus [1,2]. Insufficient bone in the regions to be treated with implants
requires prior bone regeneration. The materials involved in bone augmentation can be
classified as autogenous (grafts taken directly from the patient’s tissues), allogenic (human
bone material), xenogenic (derived from animals), or alloplastic (synthetic or natural
provenance) [3]. Recently, an autogenous bone substitute extracted from the appropriately
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processed dentin of retained teeth has been successfully used to meet biological and
physical criteria [4,5].

In the case of reduced alveolar bone, elevation of the full-thickness or partial-thickness
flap results in loss of bone mass and increased osteoclast activity [6], which further aggra-
vates the local anatomical conditions [7,8]. In extreme cases, it can lead to complications,
such as injury to the inferior alveolar nerve or nasopalatine nerve and the perforation of
the nasal cavity or the maxillary sinus, including accidental migration of a dental implant
into the sinus [9,10].

Recently, surgical navigation techniques have been developed that provide safety,
aesthetics, and comfort with a minimally invasive surgical method and are well accepted
among both doctors and patients [11]. Navigation can be divided into static (using tem-
plates) and dynamic surgical navigation. The use of dynamic navigation techniques does
not require the use of preprepared templates. Digital planning helps to optimise the posi-
tion of the implant, taking into account the requirements for future prosthetic restoration.
The accurate tracking of the position of each instrument in the surgical field by the naviga-
tion system allows for high precision in restricted anatomical conditions, shorter duration,
and better outcomes regarding the procedure performed, along with less patient exposure
to the procedure-related risks of infection, pain, and stress [12,13].

Researchers are attempting to objectively assess the body’s response to a range of con-
ditions, not only systemic, such as systemic lupus erythematosus (SLE), tuberculosis, or ma-
lignant processes [14,15], but also oral conditions, including periodontitis [16], caries [17,18],
lichen planus [19], or peri-implantitis [20]. To this end, the levels of various cytokines,
such as IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IFN-γ, TNF-α, and CRP, are
monitored for diagnostic and prognostic purposes, and their fluctuations are reflected in
the patient’s clinical condition or to assess the severity of the disease [21,22].

Cytokine concentrations can be assessed in body fluids, tissues, and cells [23], and
recently, human saliva has been more widely used [24]. In comparison to blood, saliva col-
lection is a non-invasive procedure, does not involve nursing personnel, and does not evoke
negative associations. Therefore, saliva sampling is especially suitable in cases where blood
sampling is difficult, e.g., in very small children, the elderly, or anxious individuals [25,26].
Inflammatory mediators can affect leukocyte, osteoblast, and osteoclast activity and pro-
mote systemic and local tissue remodelling [27,28]. The frequently assessed biomarkers of
inflammation are CRP and IL-6, and clinical use has been confirmed in studies [29,30].

Interleukin-6 (IL-6) is a pleiotropic cytokine involved in multiple inflammatory re-
sponses, with roles in immune regulation [31] and pathological conditions, including both
acute and chronic inflammatory diseases [32]. IL-6 initiates and up-regulates inflammation,
triggers the release of acute phase proteins, regulates the inflammatory response, attracts
immune cells to sites of injury or infection, and stimulates coagulation [33]. IL-6 levels
in saliva have different correlations with serum levels based on the conditions studied,
e.g., Behçet’s disease [34] or oral lichen planus treated with photo-biomodulation [35].

C-reactive protein (CRP) operates mostly in the innate immune defence, with increased
values in reaction to infection, inflammation, tissue injury, necrosis, malignant tumours,
and allergic reactions [36]. CRP has a clinical diagnosis benefit as a marker of systemic
inflammation and as an independent risk factor for cardiovascular disease in both adults
and paediatric patients [37,38].

The main purpose of this study was to compare values of IL-6, CRP, and VAS between
two surgery techniques and the evaluation of the potential benefits of dynamic navigation
(compared to the classical method) by assessing the salivary levels of soluble inflammatory
mediators (CRP, IL-6) and VAS pain intensity.

2. Materials and Methods

2.1. Patients

Implant treatment was performed on 30 patients enrolled from July 2019 to December
2020 for the rehabilitation of extracted dentition. An extraoral and intraoral examination
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and a CBCT scan (Carestream Dental CS 8100 3d, Carestream Dental LLC, Atlanta, GA,
USA) were conducted. Patients were eligible for the study according to the criteria outlined
in Table 1. Out of a total of 87 patients, 30 participants (12 men and 18 women) were
finally qualified.

Table 1. Patient eligibility criteria.

Inclusion Criteria Exclusion Criteria

aged 18–65 years critical systemic disease (ASA III-IV)

absence of systemic disease comorbidities generalised immunodeficiency

adequate oral hygiene (API < 15%) autoimmune disease

clinically and radiologically diagnosed
inflammatory conditions (active caries,

gingivitis and periodontitis, mucosal diseases,
e.g., leukoplakia, lichen planus)

active nicotinism

use of antibiotics in the past 2 weeks

All participants were informed about the purpose and methodology of this study and
gave written informed consent. The approval of the Bioethics Committee of the Silesian
Medical Chamber in Katowice was obtained (Resolution No. 24/2019 on 25 June 2019).

The patients were then randomly divided into two groups of 15 patients: a study
group and a control group. In the study group, implants were carried out using Navident
dynamic navigation (Navident, ClaroNav, Toronto, ON, Canada) which allows for surgery
using a flapless technique—Figure 1.

Figure 1. Dynamic navigation system in use with status immediately after surgery and clinical
appearance after 7 days.

In the control group, implant treatment was carried out in a classic manner with the
elevation of the mucoperiosteal flap—Figure 2. Due to the study methodology, surgery and
follow-up visits were performed in the morning.
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Figure 2. Implantation in the control group. Visible sutures immediately after the procedure and after
7 days. All patients were carefully examined immediately before surgery, on the first post-operative
day, and on the seventh post-operative day and were asked to rate their pain on a 10-degree VAS
(Visual Analogue Scale) [38].

2.2. Saliva Samples

The samples of unstimulated whole saliva were collected in the morning, after a
minimum hunger period of two hours (between 9 and 11 a.m.), using the Salivette® system
(Sarstedt, Nümbrecht, Germany). Briefly, the patient removed the swab from Salivette®

and placed the swab in the mouth. Then, the patient chewed the swab for about 1 min
to stimulate salivation. Next, the patient returned the swab with the absorbed saliva to
the Salivette®. The obtained saliva samples were then centrifuged for 2 min at 1000× g,
and the obtained supernatants were pipetted into Eppendorf tubes which were stored at
−80 ◦C until the day of the CRP and IL-6 assay. Then, these saliva samples were completely
thawed, vortexed, and centrifuged at 1500× g for 15 min to remove mucins and other
particulate matter which may interfere with antibody binding and affect the CRP or IL-6
test results.

2.3. Determination of Saliva CRP Concentration

The concentration of CRP in the saliva samples was determined by using the Salivary
C-Reactive Protein ELISA Kit Generation II (Salimetrics, State College, PA, USA), which
is an enzyme-linked immunoassay (ELISA) for the quantitative measurement of human
CRP in oral fluid. This is an indirect sandwich ELISA kit wherein a “sandwich” is formed
when the precoated captured anti-CRP antibody present on the plate binds CRP from the
standard (Salimetrics’ High and Low CRP Generation II Controls) and tested samples. After
each incubation, the unbound components were washed away. Bound anti-CRP antibody
enzyme conjugate was then added, and the levels of detected CRP were measured by the
reaction of the horseradish peroxidase enzyme to the substrate tetramethylbenzidine. The
effect of this reaction is a blue colour in the solutions in the plate wells. Next, a yellow colour
was formed after stopping the reaction with an acidic solution, and then the optical density
was measured at 450 nm using a microplate reader EonTM Microplate Spectrophotometer
(BioTek, Winooski, VT, USA). The corresponding concentration of CRP in pg/mL was
determined from the standard curve (nonlinear regression curve fit) using the average
optical density values of the controls and saliva samples. The functional sensitivity of the
Salivary C-Reactive Protein ELISA Kit Generation II is 19.44 pg/mL.
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2.4. Determination of Saliva IL-6 Concentration

The concentration of IL-6 in the saliva samples was determined using the Salivary
IL-6 ELISA Kit (Salimetrics, State College, PA, USA), which is a sandwich immunoassay for
the quantitative measurement of salivary IL-6. This is a sandwich ELISA kit wherein the
IL-6 standard (Salimetrics’ High and Low IL-6 Controls) and tested samples bind to the
antibody binding sites on a microtiter plate. After incubation, the unbound components
were washed away. Next, biotin conjugated to goat antibodies and to human IL-6 was
added and attached to the bound IL-6. After incubation, the unbound components were
washed away, and streptavidin (conjugated to horseradish peroxidase) was added (and
binds to the biotin conjugated and the goat antibodies), and the levels of detected IL-6
were measured by the reaction of the horseradish peroxidase enzyme to the substrate
tetramethylbenzidine. The effect of this reaction is a blue colour in the solutions in the
plate wells. Next, a yellow colour was formed after stopping the reaction with an acidic
solution, and then the optical density was measured at 450 nm using a microplate reader
(EonTM Microplate Spectrophotometer; BioTek, Winooski, VT, USA). The corresponding
concentration of IL-6 in pg/mL was determined from a standard curve (four-parameter
nonlinear regression curve fit) using the average optical density values of the controls and
saliva samples. The functional sensitivity of the Salivary IL-6 ELISA Kit is 2.08 pg/mL.

2.5. Statistical Analysis

The results obtained were then collected, and statistical analyses were performed
using the STATISTICA 10 program (StatSoft Polska, Kraków, Poland). For each analysis, the
Shapiro–Wilk test was performed to check the type of distribution of measurable features.
We checked whether the distribution of the variables was normal and if the variances were
homogeneous. On the basis of those positive results, it was decided that parametric tests
(including Student’s t-test for independent groups in the case of, for example, the analysis
of different parameters (CRP, Il-6, and VAS) would be performed to observe changes over
time between the groups of patients treated with the standard procedure and the patients
free-lobe treated. When the essential assumptions for the parametric tests were not met,
nonparametric tests were used (including the Mann–Whitney test). Data are expressed as
the mean and median values ± standard deviation (SD) and standard error (SE). The level
of significance was p < 0.05. The results are presented in box graphs.

3. Results

Comparison of CRP concentration ratio at 1st day after surgery (Day 1) and before
treatment (Day 0) obtained for study group treated by flapless method was 3.74 and control
group treated with standard procedure was 2.5.

Comparison of CRP concentration ratio at 7th day after surgery (Day 7) and before
treatment (Day 0) obtained for study group treated by flapless method was 1.2 and control
group treated with standard procedure was 1.7.

Comparison of VAS scale ratio (Day 1/Day 0) at 1st day after surgery (Day 1) and
before treatment (Day 0) obtained for study group treated by flapless method was 1.04 and
control group treated with standard procedure was 1.5.

Comparison of VAS scale ratio (Day 7/Day 0) at 7th day after surgery (Day 7) and
before treatment (Day 0) obtained for study group treated by flapless method was 0.51 and
control group treated with standard procedure was 0.52.

The presented box graphs in Figures 3 and 4 show the differences between the CRP
concentration ratio from day 1 after surgery and before treatment, as well as the CRP
concentration ratio measured on day 7 after surgery and before treatment, obtained for
the study group treated with the free-lobe method and the control group treated with the
standard procedure, respectively.

Despite the fact that there were no significant differences between the mean values for
the CRP concentration ratio on Day 1/Day 0 as well as on Day 7/Day 0 when comparing
the study group treated with the flapless method and the control group treated with the
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standard procedure, there are some observable tendencies that may show completely
different characters. First of all, the concentration of CRP decreases with time after surgery
in both studied groups. However, the ratio coefficient calculated on day 1 after surgery
seems to be higher for the study group and on day 7 after the tendency is opposed. This
may suggest that the inflammatory state in the study group treated with the flapless
method decreased faster over time than in the control group. Moreover, on day 7 after
the procedure, the concentration drop is deeper for the study group. Such results are not
statistically significant, so they may show some tendencies that can only be confirmed by
using a larger group of patients.

The next analyses are presented as box graphs in Figures 5 and 6, which show the
differences in the VAS scale ratios on day 1 after surgery and before treatment as well as
the VAS scale ratio calculated on day 7 after surgery and before treatment, obtained for
the study group treated with the flapless method and the control group treated with the
standard procedure, respectively.
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Figure 3. Comparison of CRP concentration ratio on day 1 after surgery (Day 1) and before treatment
(Day 0), obtained for the study group treated with the flapless method and the control group treated
with the standard procedure.

The obtained results show statistically significant (p = 0.005) differences between the
VAS scale ratio (Day1/Day0) on day 1 after surgery and before treatment, obtained for
the study group treated with the flapless method and the control group treated with the
standard procedure; the significantly higher value was obtained for the control group
(VAS = 1.5), and for the study group, it was nearly 0.5 lower. Such results prove that
the flapless method leads to less pain reported by patients just after surgery than does
the standard method. Further measurements showed that the pain felt and described by
patients from both groups is similar and much lower than before the surgery.

Figure 7 presents a box graph that shows the differences between the saliva Il-6
concentration ratios on day 1 after surgery and before treatment as well as the ratio
calculated on day 7 after surgery and before treatment, obtained for the study group treated
with the flapless method and the control group treated with the standard procedure.
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Figure 4. Comparison of CRP concentration ratio on day 7 after surgery (Day 7) and before treatment
(Day 0), obtained for the study group treated with the flapless method and the control group treated
with the standard procedure.
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Figure 5. Comparison of VAS scale ratio (Day 1/Day 0) on day 1 after surgery (Day 1) and before
treatment (Day 0), obtained for the study group treated with the flapless method and the control
group treated with the standard procedure.

It should be noted that there were no significant differences between the studied
groups. However, some tendencies can be seen, such as a significantly higher mean
increase in the salivary Il-6 concentration in the control group on the first post-operative
day. On the other hand, the Il-6 concentration ratio on day 7 after treatment seems to be
similar and significantly lower in comparison to the ratios calculated after the first day for
both groups.
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Figure 6. Comparison of VAS scale ratio (Day 7/Day 0) on day 7 after surgery (Day 7) and before
treatment (Day 0), obtained for the study group treated with the flapless method and the control
group treated with the standard procedure.
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Figure 7. Box graph presenting the differences between saliva Il-6 concentration ratios on day 1
after surgery and before treatment (brown), as well as the ratios calculated on day 7 after surgery
and before treatment (green), obtained for the study group treated with the flapless method and the
control group treated with the standard procedure.

Generally, the saliva concentration with the pro-inflammatory factors considered (CRP,
Il-6) and the VAS pain scale are lower after flapless surgery compared to the standard
procedure. However, conclusions must be drawn cautiously due to the small size of the
study groups and the observed trends. Only in some cases was a statistically significant
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(p = 0.005) higher VAS scale ratio (Day1/Day0) confirmed on day 1 after surgery when
compared to the pretreatment ratio obtained for the treated control group.

4. Discussion

Saliva is one of the most important body fluids. It performs a number of vital functions,
including ensuring a humid environment in the mouth, participating in water regulation,
pre-digestion, protecting oral cavity structures from damage, acting as an antimicrobial
agent, remineralising enamel, and participating in the perception of taste or pronunciation.
Its composition and properties determine systemic homeostasis, and fluctuations in certain
parameters enable it to be useful as a diagnostic marker for a number of pathologies and as
a screening and treatment tool for oral squamous cell carcinoma, for instance [39].

It is very important to be able to test inflammatory markers in a non-invasive way by
testing a saliva sample. Until now, the most common way to test inflammatory biomarker
levels has been from a blood serum sample, which involves venipuncture and trauma,
which is an invasive procedure and involves qualified personnel, laboratory equipment,
and significant financial resources. In contrast, saliva collection is non-invasive, stress-free,
and painless and provides an effective alternative diagnostic method [40].

A range of scientific papers that have recently been published discusses the potential
use of IL-6 and CRP in the monitoring and early diagnosis of oral diseases. A study by
Dineshkumar et al. [41] evaluated IL-6 among a large group of 100 patients with potentially
malignant lesions (PML) in the oral cavity, 100 diagnosed oral squamous cell carcinoma
(OSCC) cases, and 100 controls. Among other things, it showed a twofold to threefold higher
level of inflammatory markers in saliva than in serum in those patients with diagnosed
OSCC when compared with PML and a group of healthy subjects, demonstrating 96%
specificity and 99% sensitivity for IL-6 in saliva in distinguishing PML from OSCC.

A study by Fonseca et al. [19] assessed the levels of a variety of pro-inflammatory cy-
tokines in 22 edentulous patients who presented with clinical mucositis or peri-implantitis.
Assessing a broad panel of markers, including, as in our study, IL-6, showed that the total
IL-6 levels tended to be higher in patients with peri-implantitis in relation to a comparison
group that only manifested mucositis around the implants. This demonstrated that the
level of severity of the inflammatory reaction developing around the implant is reflected
in IL-6 levels.

A pilot study by Draft et al. [42] on seven patients with implants, compared to three
patients in the control group, assessed the levels of total antioxidant status (TAS), amounts
of IL-6, IL-8, and TNF-α (tumour necrosis factor), and salivary lactate dehydrogenase
(LDH) levels in correlation with bone loss around the implant over one year. Two patients
in the study group had the lowest TAS levels, the highest IL-6 and IL-8 levels, and by far the
highest marginal bone loss (1.0 and 0.85 mm at one year in relation to results in the range
of 0.02–0.08 mm in the other implant patients). Admittedly, no strong assumptions can be
drawn on such a small group; however, the authors did give consideration to screening
implant patients using saliva biomarkers. Those with low TAS values or elevated levels
of pro-inflammatory cytokines should undergo more frequent follow-up visits for close
monitoring and the prevention of more severe complications.

A study by Cennamo et al. [43] published in May of 2023 highlights the role of point-
of-care tests for the detection of salivary levels of cytokines (including IL-6) as an important
tool for early diagnosis and timely treatment of inflammatory-based diseases such as
periodontitis. The SPR-POF biosensor solution was presented, which allows for detecting
IL-6 levels from 40 pM to 2 nM, while the GNG biosensor was designed to detect IL-6
range from 680 aM to 25 fM. The devices have applications in the diagnosis of plasma and
salivary concentrations, which appears to be crucial for monitoring an individual response
to a specific therapy for a particular disease.

Systemic C-reactive protein (CRP) is a sensitive marker of systemic inflammation and
an independent risk factor for CVD (cardiovascular disease) [36,37].
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A pilot study by Azar and Richard [43] conducted on 45 young Canadians (mean age:
18.89 years, SD = 2.62) determined the CRP levels from a saliva sample in active smokers,
passive smokers, and nonsmokers. The CRP levels were highest in active smokers, lower
in passive smokers, and lowest in nonsmokers. Passive smokers had significantly higher
CRP levels than nonsmokers. Interestingly, the difference in CRP levels in the passive and
active smokers did not reach significance. In addition, the investigators stated that salivary
CRP levels appear to have a similar relationship with tobacco smoke exposure (TSE) as it is
a widely used serum biomarker counterpart [44].

A cohort study [19] on 30 patients with oral lichen planus and 30 healthy patients
showed that the levels of TNF-α, G-GSF, IL-1α, IL-1β, and IL-8 were statistically signif-
icantly higher in OLP patients than in the healthy group. Spearman’s rank correlation
analysis showed that levels of TNF-α, GM-CSF, MIP-1α, MIP-1β, IL-1β, and IL-6 in saliva
were positively correlated with the severity of the OLP lesion, meaning they have great
potential as biomarkers for diagnosing and predicting the prognosis of OLP.

In implant manufacturing, several concepts have been developed for coating the
implant surface and local delivery of agents regarding antimicrobial, bioactive, or ther-
apeutic effects. For example, a coating of bioactive materials (calcium phosphates and
hydroxyapatite (HA)) increases the bioactivity of the surface, improving osteointegration.
Bisphosphonate coatings are designed to stimulate osteoblasts and inhibit osteoclast ac-
tivity and bone resorption, and implants coated with gentamicin and polylactic acid have
antimicrobial effects [45].

However, bone loss with implants progresses independently of the coatings applied to
the implant surface. In the case of reduced alveolar bone, the dehiscence of the full as well
as partial-thickness flap consequently leads to a loss of bone mass and increased osteoclast
activity [6], which further aggravates the local anatomical conditions [7,8]. Hence, the
innovative approach is complimentary implantation, which reduces the invasiveness of the
procedure, improves and accelerates the healing process, and reduces the pain sensation of
patients, as confirmed in our study.

The complementary technique may also lead to less bone loss compared to the tradi-
tional technique, as confirmed by a meta-analysis [46].

According to the analysis by Carosi et al. [47], computer-assisted flapless implant
placement by means of mucosa-supported templates in complete arch restorations can be
considered a reliable and predictable treatment choice despite the potential effects that the
flapless approach can bring to the overall treatment.

Furthermore, on the basis of a comparative analysis of the planning and execution
of freehand implant treatment using navigation, it has been shown that dynamic navi-
gation may improve the quality and safety of surgical procedures and reduce the risk of
complications compared to freehand implant placement [48].

Dynamic surgical navigation is also used during zygomatic implant placement pro-
cedures for the reconstruction of edentulous maxilla among patients whose osseous con-
ditions do not allow for the placing of implants into the alveolar bone of the maxilla. A
study by Bhalerao et al. confirmed that free zygomatic implant placement under dynamic
navigation guidance represents a technique with minimal surgical complications [49].

Research confirms that surgery with the flapless technique provides a lower temper-
ature for the operated area and bone bed, which contributes to improved healing and
reduced likelihood of perioperative complications; this is confirmed by thermographic
studies in patients operated on with flapless and classical techniques [50,51].

Equally important is the pre-operative and post-operative care of the surgical patient.
Clinical studies have shown satisfactory efficacy in eliminating pathological oral flora
with therapeutic preparations of natural origin, such as tea tree oil and ethanolic propolis
extract [52,53], and preparation for surgery by rinsing with antiseptics before surgery,
i.e., chlorhexidine, may reduce the risk of post-operative complications [54,55].

Our clinical study reveals an innovative approach to the issue of the biochemical
and clinical assessment of healing in implant patients. The currently available literature
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has not previously explored a similar topic, indicating that there is potential space for
further in-depth study of this issue. It should also be taken into account that the analysis
of saliva samples and their testing requires a certain research and analytical background
and an appropriate selection of patients for comparative methods. In the future, as the
availability of diagnostic methods increases and their cost decreases, monitoring the clinical
status of patients with objective results will allow for individual modifications to the
therapy conducted.

In addition, complex surgical treatment requires the monitoring of many clinical
parameters, and patient saliva may be only one of them. This also implies the limitations
of the treatment method presented in this paper, which may include the patient’s general
health, old age, or significant general obstructions that would disqualify the patient from
surgical treatment.

In these cases, alternatives for the reconstruction of the lost dentition with implants
may be proposed. In this case, “classic” prosthetic solutions such as bridges or remov-
able denture or telescopic prosthetic devices supported by the current residual dentition
may be used.

5. Conclusions

The results of this study confirm the advantages of dynamic navigation in implant
treatment, supplementing previous knowledge in this aspect with observations of changes
in CRP and IL-6 levels and pain intensity in the first week after surgery.

Objectively, pain is lower in the free methods than in the conventional methods and a
lower level of inflammation was observed on the basis of lower biomarker parameters in
the study group.

Dynamic navigation may reduce patient discomfort and facilitate faster recovery,
as could be indicated by lower levels of pro-inflammatory cytokines compared to the
control group.
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A. Radiological and Microbiological Evaluation of the Efficacy of Alveolar Bone Repair Using Autogenous Dentin Matrix—
Preliminary Study. Coatings 2022, 12, 909. [CrossRef]

6. Fickl, S.; Kebschull, M.; Schupbach, P.; Zuhr, O.; Schlagenhauf, U.; Hürzeler, M.B. Bone loss after full-thickness and partial-
thickness flap elevation. J. Clin. Periodontol. 2011, 38, 157–162. [CrossRef]

7. Araujo, M.G.; Lindhe, J. Dimensional ridge alterations following tooth extraction. An experimental study in the dog. J. Clin.
Periodontol. 2005, 32, 212–218. [CrossRef]

8. Araújo, M.G.; Lindhe, J. Ridge alterations following tooth extraction with and without flap elevation: An experimental study in
the dog. Clin. Oral Implant. Res. 2009, 20, 545–549. [CrossRef]

9. Volberg, R.; Mordanov, O. Canalis Sinuosus Damage after Immediate Dental Implant Placement in the Esthetic Zone. Case Rep.
Dent. 2019, 2019, 3462794. [CrossRef]

10. An, J.-H.; Park, S.-H.; Han, J.J.; Jung, S.; Kook, M.-S.; Park, H.-J.; Oh, H.-K. Treatment of dental implant displacement into the
maxillary sinus. Maxillofac. Plast. Reconstr. Surg. 2017, 39, 35. [CrossRef]

11. Pellegrino, G.; Bellini, P.; Cavallini, P.F.; Ferri, A.; Zacchino, A.; Taraschi, V.; Marchetti, C.; Consolo, U. Dynamic Navigation in
Dental Implantology: The Influence of Surgical Experience on Implant Placement Accuracy and Operating Time. An in Vitro
Study. Int. J. Environ. Res. Public Health 2020, 17, 2153. [CrossRef] [PubMed]

12. Vercruyssen, M.; Laleman, I.; Jacobs, R.; Quirynen, M. Computer-supported implant planning and guided surgery: A narrative
review. Clin. Oral Implant. Res. 2015, 26 (Suppl. S11), 69–76. [CrossRef] [PubMed]

13. Bover-Ramos, F.; Viña-Almunia, J.; Cervera-Ballester, J.; Peñarrocha-Diago, M.; García-Mira, B. Accuracy of Implant Placement
with Computer-Guided Surgery: A Systematic Review and Meta-Analysis Comparing Cadaver, Clinical, and In Vitro Studies. Int.
J. Oral Maxillofac. Implant. 2018, 33, 101–115. [CrossRef] [PubMed]

14. Zian, Z.; Bouhoudan, A.; Mourabit, N.; Azizi, G.; Mechita, M.B. Salivary Cytokines as Potential Diagnostic Biomarkers for
Systemic Lupus Erythematosus Disease. Mediat. Inflamm. 2021, 2021, 8847557. [CrossRef]

15. Diesch, T.; Filippi, C.; Fritschi, N.; Filippi, A.; Ritz, N. Cytokines in saliva as biomarkers of oral and systemic oncological or
infectious diseases: A systematic review. Cytokine 2021, 143, 155506. [CrossRef]

16. Teles, R.P.; Likhari, V.; Socransky, S.S.; Haffajee, A.D. Salivary cytokine levels in subjects with chronic periodontitis and in
periodontally healthy individuals: A cross-sectional study. J. Periodontal Res. 2009, 44, 411–417. [CrossRef]

17. Gornowicz, A.; Bielawska, A.; Bielawski, K.; Grabowska, S.Z.; Wójcicka, A.; Zalewska, M.; Maciorkowska, E. Pro-inflammatory
cytokines in saliva of adolescents with dental caries disease. Ann. Agric. Environ. Med. 2012, 19, 711–716.

18. Ribeiro, C.C.C.; Pachêco, C.d.J.B.; Costa, E.L.; Ladeira, L.L.C.; Costa, J.F.; da Silva, R.A.; Carmo, C.D.S. Proinflammatory cytokines
in early childhood caries: Salivary analysis in the mother/children pair. Cytokine 2018, 107, 113–117. [CrossRef]

19. Zhu, Z.-D.; Ren, X.-M.; Zhou, M.-M.; Chen, Q.-M.; Hua, H.; Li, C.-L. Salivary cytokine profile in patients with oral lichen planus.
J. Dent. Sci. 2022, 17, 100–105. [CrossRef]

20. Fonseca, F.J.P.O.; Junior, M.M.; Lourenço, E.J.V.; Teles, D.d.M.; Figueredo, C.M. Cytokines expression in saliva and peri-implant
crevicular fluid of patients with peri-implant disease. Clin. Oral Implant. Res. 2014, 25, e68–e72. [CrossRef]

21. Vohra, F.; Alkhudhairy, F.; Al-Kheraif, A.A.; Akram, Z.; Javed, F. Peri-implant parameters and C-reactive protein levels among
patients with different obesity levels. Clin. Implant. Dent. Relat. Res. 2018, 20, 130–136. [CrossRef] [PubMed]

22. Melguizo-Rodríguez, L.; Costela-Ruiz, V.J.; Manzano-Moreno, F.J.; Ruiz, C.; Illescas-Montes, R. Salivary Biomarkers and Their
Application in the Diagnosis and Monitoring of the Most Common Oral Pathologies. Int. J. Mol. Sci. 2020, 21, 5173. [CrossRef]
[PubMed]

23. Decker, M.-L.; Gotta, V.; Wellmann, S.; Ritz, N. Cytokine profiling in healthy children shows association of age with cytokine
concentrations. Sci. Rep. 2017, 7, 17842. [CrossRef] [PubMed]

24. Chauhan, A.; Yadav, S.S.; Dwivedi, P.; Lal, N.; Usman, K.; Khattri, S. Correlation of Serum and Salivary Cytokines Level with
Clinical Parameters in Metabolic Syndrome With Periodontitis. J. Clin. Lab. Anal. 2016, 30, 649–655. [CrossRef] [PubMed]

25. Szabo, Y.Z.; Slavish, D.C. Measuring salivary markers of inflammation in health research: A review of methodological considera-
tions and best practices. Psychoneuroendocrinology 2021, 124, 105069. [CrossRef]

26. Cazalis, J.; Tanabe, S.; Gagnon, G.; Sorsa, T.; Grenier, D. Tetracyclines and chemically modified tetracycline-3 (CMT-3) modulate
cytokine secretion by lipopolysaccharide-stimulated whole blood. Inflammation 2009, 32, 130–137. [CrossRef]

27. Sorsa, T.; Tjäderhane, L.; Konttinen, Y.T.; Lauhio, A.; Salo, T.; Lee, H.M.; Golub, L.M.; Brown, D.L.; Mäntylä, P. Matrix
metalloproteinases: Contribution to pathogenesis, diagnosis and treatment of periodontal inflammation. Ann. Med. 2006, 38,
306–321. [CrossRef]

28. Shahidi, M.; Jafari, S.; Barati, M.; Mahdipour, M.; Gholami, M.S. Predictive value of salivary microRNA-320a, vascular en-dothelial
growth factor receptor 2, CRP and IL-6 in Oral lichen planus progression. Inflammopharmacology 2017, 25, 577–583. [CrossRef]

29. Shiva, A.; Arab, S.; Mousavi, S.J.; Zamanian, A.; Maboudi, A. Serum and Salivary Level of Nitric Oxide (NOx) and CRP in Oral
Lichen Planus (OLP) Patients. J. Dent. 2020, 21, 6–11.

30. Rose-John, S. Interleukin-6 Family Cytokines. Cold Spring Harb. Perspect. Biol. 2017, 10, a028415. [CrossRef]
31. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in Inflammation, Immunity, and Disease. Cold Spring Harb. Perspect. Biol. 2014,

6, a016295. [CrossRef] [PubMed]

85



Appl. Sci. 2023, 13, 9866
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Abstract: Resonance frequency analysis (RFA) is the most extended method for measuring implant
stability. The implant stability quotient (ISQ) is the measure obtained by different RFA devices;
however, inter- and intra-rater reliability and agreement of these instruments remain unknown.
Thirty implants were placed in three different pig mandibles. ISQ was measured parallel and
perpendicular (lingual) to the peg axis with Osstell® Beacon, Penguin® and MegaISQ® by two
different investigators and furthermore, one performed a test-retest. Intraclass correlation coefficient
was calculated to assess the intra- and inter-rater reliability. Pearson correlation coefficient was used
to assess the agreement. Intraclass correlation coefficients ranged from 0.20 to 0.65 for the Osstell®

Beacon; 0.57 to 0.86 for the Penguin®; and −0.01 to 0.60 for the MegaISQ®. The highest ISQ values
were obtained using Penguin® (66.3) in a parallel measurement; the lowest, using the MegaISQ®

(60.1) in a parallel measurement. The highest correlation values with the other devices were obtained
by MegaISQ® in a parallel measurement. Osstell® Beacon and MegaISQ® showed lower reliability
than Penguin®. Osstell® had good agreement for measuring ISQ both in parallel and perpendicular,
and MegaISQ® had the best agreement for measuring ISQ in parallel.

Keywords: resonance frequency analysis; implant stability quotient; reliability; agreement

1. Introduction

Implant stability is critical in implant therapy and varies during the osseointegration
process, reflecting bone/implant interface changes [1,2]. Low levels of implant micromotion
are necessary to avoid implant failure and to achieve successful osseointegration [3–5].

Several existing methods have addressed measuring implant stability, including theo-
retical [6] and experimental modal analysis [7]. Among these, Periotest, insertion torque
value (ITV), and implant stability quotient (ISQ) using resonance frequency analysis [8] are
the ones widely used clinically. Periotest is a damping method that requires to strike the
implant abutment [9], ITV measures the newton centimeters used to screw the implant into
the bone [5], and ISQ sensors register the response of the electromagnetic stimulation of an
abutment fixed to the implant called transducer peg, measuring the implant stability [10].
Periotest and ISQ are considered modal analysis methods based on the displacement signal
secondary to an external impulse force [7]. Successfully integrated implants involve low
implant micromotion levels, which usually correspond to low Periotest values and high
ITV and ISQ values. These ITV and ISQ values are inversely correlated with low implant
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micromotion. However, the relationship between ITV and implant micromotion becomes
exponential for higher ITV values [5]. Besides, ITV only measures implant stability at the
moment of the insertion [8]. For these reasons, ISQ is usually the preferred method to
measure implant stability.

Devices used to measure ISQ return a quotient value ranged from 0 to 100 corre-
sponding to minimum and maximum vibration, respectively [11]. According to existing
literature, a minimum ISQ value of 57 corresponds to a maximum implant micromotion
of 150 μm. Clinically, this micromotion represents implant stability and it is required to
maintain osseointegration [2,5].

There are several studies analyzing the reliability of existing devices for measuring the
ISQ. These analyses have focused on two devices: Osstell® (W&H, Göteborg, Sweden) and
Penguin® (Integration Diagnostics Sweden AB, Göteborg, Sweden) [12–14]. For instance,
Buyukguclu et al. [12] reported better reliability for Osstell®, while Romanos et al. [13]
reported that both devices were sensitive and reliable. Bural et al. reported excellent relia-
bility for Penguin®, but they did not report the reliability of Osstell® [14]. Norton et al. [15]
reported the agreement between the measurements obtained by two different Osstell®

versions and Penguin®, and the authors considered these differences not clinically relevant.
Therefore, reliability results reported so far are contradictory.

Osstell® Beacon is the wireless version of Osstell® that can be connected online to the
Osstell® database for statistical analysis. The smartpegs for Ostell® are not autoclavable.
On the other hand, the multipegs for Penguin® are autoclavable and the device is wireless.
MegaISQ® (Megagen Implant CO, Daegu, Korea) is a portable, but not wireless device
that uses the Osstell® smartpegs. To the best of our knowledge, inter- and intra-rater
reliability and agreement among Osstell® Beacon, Penguin® and MegaISQ® have not yet
been investigated.

The goal of this study was to determine and compare the inter- and intra-rater reliabil-
ity of Osstell® Beacon and MegaISQ® versus Penguin® as control. This study also aimed
to explore the agreement between these devices for ISQ measurement. This study was
conducted in vitro by two investigators to obtain the inter- and intra-rater reliability and
the agreement level among these three devices.

2. Materials and Methods

In this in vitro study, 30 BioHorizons® Internal implants (BioHorizons, Birmingham,
AL, USA) were inserted in fresh pig mandibles (Figure 1). The manufacturer drilling
protocol was used to place 10 implants (4.6 mm diameter, 12 mm height) in 10 different
positions of 3 different mandibles (Figure 1). Considering an alpha error of 0.05 and a beta
error of 0.2, in a two-sided test, a minimum of 20 samples were necessary from each group
to identify a statistically significant difference greater than or equal to two units. Based on
a recent study [16], standard deviation was assumed to be 5 and the correlation coefficient
measurement was 0.9.

ISQ was measured using three different devices: Osstell® Beacon (W&H, Göte-
borg, Sweden), Penguin® (Integration Diagnostics Sweden AB, Göteborg, Sweden) and
MegaISQ® (Megagen Implant CO, Daegu, Korea). The transducer peg for each device
(smartpeg for Osstell and MegaISQ and multipeg for Penguin) was inserted on each im-
plant according to the manufacturer’s instructions, and two measurements were recorded
parallel and perpendicular (lingual) to the longitudinal axis of the peg. Due to the reliability
provided by previous studies [12–15], Penguin® was used as the control.

The smartpeg for Osstell®, the multipeg for Penguin® and the smartpeg for MegaISQ®

were removed between each measurement, and the stability of the 30 implants placed in
the three different mandibles was evaluated with the three devices.
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Figure 1. Implant locations in a representative mandible with a Penguin® multipeg inserted in one of the implants.

All procedures were repeated by two different experienced and calibrated investiga-
tors (MB and RA) after the implant insertion, in order to assess the inter-rater reliability,
and one operator (RA) repeated the procedures 5 min later in order to perform a test-retest
check for measuring the intra-rater reliability in the same conditions. While it was not
possible to blind the device used, the order in which implants were measured and which
device was used was randomized. The measurements were coded by these two operators
in order to blind the statistical analysis.

Statistical Analysis

Shapiro–Wilks and Levene tests were respectively used for assessing criteria of nor-
mality and homogeneity of variances (Supplementary Table S1). Test-retest was used to
calculate the intraclass correlation coefficient (ICC) using a mixed model with a random
effect on the individual in order to assess the intra- and inter-rater reliability. ICC values
were classified as poor-moderate-good according to Koo et al. criteria. [17]. Absolute
ISQ values obtained using each method were reported as mean (95%CI). The agreement
between the devices was assessed by means of the Pearson correlation coefficient. To
establish the level of agreement and the correlation between the different devices a mean
value from the two operators was calculated. All analyses were performed using the IBM
Statistics for Windows v24.0 software package (IBM Corp., New York, NY, USA) (p < 0.05).

3. Results

Table 1 shows the implant stability measurements obtained by each device. As shown,
using Penguin in parallel measurement yields the highest ISQ values; in contrast, using the
MegaISQ® in a perpendicular measurement results in the lowest values.
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Table 1. Mean values (95% CI) of implant stability quotient (ISQ) according to the device and the
orientation.

Device Technique ISQ
Difference with

Mean ISQ Values
62.1 (59.2 to 65)

OSSTELL®

Beacon
parallel 62.2 (59.5 to 64.9) 0.1 (−0.1 to 0.1)

perpendicular 60.6 (58.0 to 63.3) −1.5 (−1.7 to −1.15)

PENGUIN® parallel 66.3 (62.4 to 70.1) 4.2 (3.25 to 5.1)

perpendicular 63.1 (60.0 to 66.3) 1 (0.85 to 1.3)

MEGAISQ® parallel 60.1 (57.5 to 62.6) −2 (−2.4 to −1.65)

perpendicular 60.2 (57.5 to 62.8) −1.9 (−2.2 to −1.65)
ISQ—implant stability quotient. 95% CI—95% confidence interval.

The difference between the values obtained with each device and technique and the
mean ISQ values is shown in Figure 2. The mean of these differences was 0.13 (95% CI:
−5.79 to 6.05) for the Osstell® Beacon in a parallel measurement; −1.45 (95% CI: −7.78 to
4.88) for the Osstell® Beacon in a perpendicular measurement; 4.2 (95% CI: −6.20 to 14.60)
for the Penguin® in a parallel measurement; 1.03 (95% CI: −7.40 to 9.47) for the Penguin®

in a perpendicular measurement; −2.02 (95% CI: −7.30 to 3.27) for the MegaISQ® in a
parallel measurement and −1.09 (95% CI: −13.03 to 9.23) for MegaISQ® in a perpendicular
measurement.

Figure 2. Cont.
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Figure 2. Bland–Altman plot with the difference between the measurements of each device and technique and the mean
ISQ values.

Table 2 shows the reliability scores for the three devices. The highest inter- and
intra-rater reliability was obtained by Penguin® when measuring in parallel. The lowest
inter-rater reliability was obtained by MegaISQ® measuring perpendicularly, Osstell®

Beacon measuring perpendicularly, and MegaISQ® measuring in parallel. The lowest
intra-rater reliability was obtained by Osstell® Beacon.

Table 2. Reliability (ICC; 95% CI) of the three devices used to measure ISQ.

Reliability ICC Classification

INTER-RATER INTRA-RATER

METHOD ICC (95% CI) ICC (95% CI)

OSSTELL®B parallel 0.37 (0.40 to 0.64) poor 0.65 (0.38 to 0.81) moderate

OSSTELL®B perpendicular 0.20 (−0.17 to 0.52) poor 0.47 (0.13 to 0.71) poor

PENGUIN® parallel 0.86 (0.72 to 0.93) good 0.85 (0.70 to 0.92) good

PENGUIN® perpendicular 0.57 (0.26 to 0.77) moderate 0.78 (0.56 to 0.89) good

MEGAISQ® parallel 0.26 (−0.11 to 0.57) poor 0.60 (0.26 to 0.79) moderate

MEGAISQ® perpendicular −0.01 (−0.38 to 0.36) poor 0.57 (0.27 to 0.77) moderate

ICC—intraclass correlation coefficient, two-way random, absolute agreement for single measurement; OSSTELL®B—Osstell® Beacon.

A matrix with the Pearson correlation coefficients is shown in Table 3. The highest
correlation value with the other devices was obtained by MegaISQ® measuring parallel;
however, this device obtained the lowest correlation value when measuring perpendicular.
Osstell® Beacon obtained high correlation values with the other devices measuring either
in parallel or perpendicular. Penguin® obtained correlation values lower than Osstell®

Beacon, both measuring parallel and perpendicular, but higher than MegaISQ® when
measuring perpendicular.
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Table 3. Matrix of Pearson correlation coefficients for the different devices used to measure ISQ.

Osstell®

Beacon
Parallel

Osstell®

Beacon
Perpend.

PENGUIN®

Parallel
PENGUIN®

Perpend.
MEGAISQ®

Parallel
MEGAISQ®

Perpend.
TOTAL

OSSTELL®

Beacon
parallel

1 0.723 ** 0.667 ** 0.555 ** 0.766 ** 0.405 ** 4.12

OSSTELL®

Beacon
perpend.

0.723 ** 1 0.575 ** 0.652 ** 0.653 ** 0.525 ** 4.13

PENGUIN®

parallel
0.667 ** 0.575 ** 1 0.760 ** 0.691 ** 0.298 * 3.99

PENGUIN®

perpend.
0.555 ** 0.652 ** 0.760 ** 1 0.675 ** 0.404 ** 4.05

MEGAISQ®

parallel
0.766 ** 0.653 ** 0.691 ** 0.675 ** 1 0.449 ** 4.23

MEGAISQ®

perpend.
0.405 ** 0.525 ** 0.298 * 0.404 ** 0.449 ** 1 3.08

* p < 0.01; ** p < 0.001; perpend.—perpendicular.

4. Discussion

Based on the ICC scores, our results suggest that Osstell® Beacon and MegaISQ®

exhibited lower reliability than Penguin®. The reliability of Penguin® was good in parallel
measurements, and between moderate to good when measuring perpendicularly. Osstell®

Beacon presented a poor to moderate reliability when measuring parallel and poor when
measuring perpendicular, and MegaISQ® obtained poor to moderate reliability when
measuring both parallel and perpendicular. The lower reliability obtained by Osstell®

Beacon and MegaISQ® compared to Penguin® can be attributed to differences in the
electromagnetic functioning, since these devices use the same smartpeg from Osstell®, and
Penguin® uses a magnetized multipeg. From these results, Penguin® should be used to
monitor the implant micromotion and the evolution of osseointegration.

Our ICC scores were lower than a recent study [14]; however, in this study, the mean
of the perpendicular and parallel ISQ values was considered as the final ISQ of each
implant, then the differences of each device measuring parallel or perpendicular could
be not detected. High ICC scores were also reported for both Penguin® and Osstell®, but
only when the implant surrounding material was stiff [12]. The differences in bone density
between studies could explain the different results obtained.

The inter-rater ICC values obtained in our study were mostly lower than the intra-
rater ICC values for the majority of devices and techniques. This observation suggests
that the values obtained from these devices can be operator dependent. All three devices
presented higher ICC values when measuring parallel than perpendicular. One study
reported increased variability and reduced reliability when measuring buccolingual [14].
These results suggest that the clinical evaluation of implant micromotion by means of
parallel ISQ could be recommended.

Osstell® Beacon showed lower values than previous studies using different types of
Osstell® (Osstell® ISQ and Osstell® IDX) [14,18]. These differences can be attributed to the
bone density and the device version. In our study, the highest ISQ values were obtained
using Penguin® and the lowest values were obtained using MegaISQ®. This observation
can lead the clinician to overestimate the implant stability with Penguin®. The MegaISQ®

values were the lowest, suggesting that MegaISQ® tends to underestimate the implant
stability. However, the difference between the MegaISQ® values and the mean was twice as
low as with Penguin, then the underestimation of MegaISQ® has not reached the magnitude
of the Penguin® overestimation. These differences could be clinically relevant when the ISQ
measure is around 57 corresponding to the minimum threshold of osseointegration. This
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value can be interpreted as a correct osseointegration of a failed implant with Penguin® or
as a failed implant with a correct osseointegration with MegaISQ®.

Comparing the correlation between each instrument, MegaISQ® measuring parallel
had the higher correlation to the others (considering every instrument and technique).
However, the same instrument obtained the lowest correlation when measuring perpendic-
ular (lowest Pearson correlation coefficient and widest difference of agreement with the
mean ISQ values in the Bland–Altman plot). On the other hand, Osstell® Beacon obtained
good correlation for measuring both parallel and perpendicular (and the narrowest differ-
ence of agreement with the mean ISQ values), and Penguin® had similar correlation values
with the other methods measuring parallel and perpendicular.

This study has some limitations. The bone density can affect ISQ values [19] and no
previous evaluation of the different bone locations where implants were placed was done.
However, some aspects that could affect ISQ values, such as implant length and diameter
were controlled using the same implant size for all measurements. Another limitation was
the manual tightening of the transducers, but this technique was previously reported to
be objective and reliable [20]. Finally, it was not possible to blind the investigators within
the instrument used, and the study was performed in an animal model. Therefore, further
research is needed to clinically assess in vivo the behavior of these devices.

5. Conclusions

Within the limitations of this study, Osstell® Beacon and MegaISQ® showed a larger
deviation in the measurements than Penguin®; Penguin® exhibited moderate to good inter-
rater reliability and good intra-rater reliability for measuring the implant micromotion;
Osstell® Beacon had good agreement for measuring ISQ both parallel and perpendicular
and MegaISQ® had the best agreement for measuring ISQ parallel, but not for measuring
perpendicular.
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Abstract: Objective: The goal of this systematic review was to study the relationship between the use
of bisphosphonates (oral or intravenous) and its effect on implant osseointegration. Methods: The
focused question was “In patients medicated with bisphosphonates and who underwent surgery to
place dental implants, what is the influence of that medication (of different generations) on the failure
of dental implants (O)?” Following specific eligibility criteria, four databases (PubMed/MEDLINE,
Scopus, Web of Science, DOAJ) were electronically screened to search the articles. Specific MeSH
terms were used in combinations with Boolean Operators “AND” and “OR” for the research. In
addition, a manual search was done. The data extracted were the (i) author, (ii) year of publication,
(iii) country, (iv) research question, (v) study design, (vi) patient information, (vii) the number of
patients included, (viii) patient/implant status, (ix) the number of implants evaluated, (x) type of
implant, (xi) risk factors, and (xii) findings obtained. Moreover, the following were also registered:
the (i) type, generation, duration, and route for BP administrated; (ii) the presence of any systemic
condition and drug treatment; (iii) follow-up (months); and (iv) implant failure rate (%). The quality
assessment of the included studies was carried out using the Modified Newcastle–Ottawa scale.
Results: A total of 491 articles were found (183 in PubMed/MEDLINE, 171 in Scopus, 65 in Web
of Science, and 72 articles in DOAJ), and 17 articles were considered for full-text reading. After the
exclusion of 3 articles, 14 were included in this systematic review (11 case reports, 2 retrospective, and
1 prospective study). The reasons for the bisphosphonates intaking included osteoporosis, multiple
myeloma, breast cancer, knee cancer, and osteogenesis imperfecta. The oral administration involved
Alendronato (eight studies), Risedronate (three studies), and Ibandronate (three studies); whereas
the intravenous administrations were Zoledronate (seven studies), Clodronato (one study), and
Pamidronato (three studies). The duration of use of bisphosphonates at the time of implant placement
was diverse; it ranged from no interruption of bisphosphonate intaking up to its discontinuation for
2, 3, or 6 months before surgery, with respective use being resumed 1, 3, or 8 months after surgery.
Antibiotic treatment (amoxicillin + clavulanic acid) was performed before the intervention in two
cases and after the intervention in three cases. Finally, the percent of implant failure rate when
intaking BPs had an average of 49.96%. Conclusions: Within the limitation of this systematic review,
it was possible to conclude that a high mean failure rate of implant osseointegration (49.96%) was
found, regardless of the generation of bisphosphonates used. Moreover, the failure rate was lower in
patients using second generation bisphosphonates (Alendronate and Pamidronate) and was higher
with the IV administration compared to the oral administration of bisphosphonates.

Keywords: bisphosphonates; dental implants; osseointegration; medication-related osteonecrosis of
the jaw
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1. Introduction

Osseointegration is defined as a connection between the living bone and the implant
surface in a stable and functional way. This involves anchoring the implant by forming bone
tissue around the implant without fibrous tissue growth at the bone–implant interface [1].
This direct contact between the implant surface and the bone is decisive for the success of
the implant, since it decreases the risk of failure, improves stability, and promotes implant
longevity. In order to enhance osseointegration, it is possible to change the roughness of
the implant surface [2].

Over the years, studies have been carried out to find the most suitable material for the
composition of the implants and the consequent success or failure of their osseointegration [3–5].
The most scientifically studied implants are titanium implants, and more recently, investi-
gations and comparisons with zirconia material have emerged [3–5]. According to Hanawa
(2020) [6], titanium has shown excellent biocompatibility, corrosion-resistance, and high
fracture toughness based on high strength and elongation. Compared to titanium, zirconia
reported a significantly reduced bacterial biofilm formation and increased microcirculation
in the peri-implant soft tissues [3]. Regarding peri-implant soft tissues, both materials
have similar integration properties. However, titanium appears to have a faster initial
osseointegration process when compared to zirconia. Survival rates of more than 96% for
titanium implants with microrough surfaces have been reported after being followed for
10 years [3]. On the other hand, Sivaraman et al. (2018) [7] reported higher success rates
(95.8%) for titanium and zirconia implants (90.9%) in the mandible compared to the maxilla,
at 71.9% and 55%, respectively.

Nevertheless, the use of bisphosphonate (BP) may impair the osseointegration. It
is a class of drugs that are frequently selected when there is an alteration in the bone
metabolism, which are utilized to prevent bone loss [8]. It can be administered orally
(e.g., daily, weekly, or monthly) for treatment of osteoporosis and Paget’s disease, or intra-
venously (every 3 months or annually) to treat malignant skeletal oncological diseases [9].
BPs can also be classified according to generations, with the first generation being non-
nitrogenous and including drugs such as Clodronate, Etidronate, and Tiludronate. The
second and third generation, on the other hand, contain nitrogen. Regarding the second
generation, it includes drugs such as Alendronate, Neridronate, and Pamidronate and
the third generation includes drugs such as Risedronate, Minodronate, Zoledronate, and
Ibandronate [9].

Despite the fact that they increase the quality of life of the patients, there is an elevated
risk that BPs can cause osteonecrosis of the jaw. This is characterized by an exposure of
necrotic bone in the mandibular region that normally persists for 8 or more weeks [10].
Patients who have been treated with BPs intravenously have shown a greater chance of
developing medication-related osteonecrosis of the jaw (MRONJ) or implant loss compared
to oral-intaking therapy [11].

In a study developed by Gelazius et al. [10], patients taking BPs who were treated
intravenously lost 6 implants out of 68, which yielded an 8.82% for failure rate; patients
treated with intraoral therapy had a failure of 5 implants in 423 (1.18%), which was more
than 7-fold less. They considered the dental implant a failure if the implant had mobility,
active inflammation for more than 8 weeks without healing with antibiotic therapy, drainage
of purulent secretion near the implant, the presence of necrotic bone or unhealed soft tissue,
or implant loss [10].

A study by Chen et al. [12] showed that Zoledronate (the third generation of BPs) and
Alendronate (the second-generation BPs) improved titanium implant osseointegration in
ovariectomized rats. In this case, a single dose injection of Zoledronate (0.1 mg/kg) was
shown to be able to increase bone implant contact (BIC), osseointegration, more than the
oral administration of Alendronate (7 mg/kg/week) [12]. However, in oral mucosa cells,
which provide the first physical and immunological barrier to prevent bacterial invasion,
these BPs have been shown to have a difficult adhesion and metabolism [13]. In addition,
the potential risk of medication-related osteonecrosis of the jaw (MRONJ) or loss of the
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implant associated with BP therapy cannot be disregarded, and more standardized studies
are needed to provide more accurate information on this subject.

Therefore, the aim of this review was to systematically study, in the literature, the asso-
ciation of bisphosphonates (oral or intravenous) and its effect on implant osseointegration.
The null hypothesis was that there is an impairment of the bone formation/osseointegration
around implants when the patient is intaking bisphosphonates (BPs).

2. Material and Methods

2.1. Focused Question

A focused question was constructed according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines and Participants Intervention
Control Outcomes (PICO) protocol. The focused question presented in this systematic
review was “In patients medicated with bisphosphonates (P) and who underwent surgery
to place dental implants (I), what is the influence of that medication (of different generations)
(C) on the failure of dental implants (O)?” (Table 1).

Table 1. PICO characterization.

Participants (P) Patients using bisphosphonates

Intervention (I) Placement of one or more dental implants

Control (C) Different generations and administration routes of BFs

Outcomes (O) Dental implant failure rate

2.2. Eligibility Criteria

Inclusion criteria were (i) patients undergoing therapy with BPs (oral or intravenous),
(ii) patients undergoing a dental implant placement procedure, (iii) using different gener-
ations and routes of BPs, (iv) that studied the influence of BPs intake on implant failure,
(v) random controlled trials, case-control, case series, retrospective studies, prospective
studies, (vi) trials conducted between 2000–2021, and (vii) in English language. The exclu-
sion criteria included the following: (i) patients undergoing drug therapy other than BPs,
(ii) patients whose surgical procedure was not the placement of dental implants, (iii) studies
that did not refer to the type of BP used, (iv) studies that did not assess the relationship
between dental implants and local/systemic therapy with BPs, (v) reviews, meta-analysis,
commentaries, editorial, in vitro or preclinical studies, letters to the editor, duplicated
articles, and (vi) other languages.

2.3. Literature Search and Screening

Four databases (PubMed/MEDLINE, Scopus, Web of Science, DOAJ) were used to elec-
tronically search for the articles. The following MeSH (Medical Subject Headings) terms were
used: “Diphosphonates”, “Bisphosphonates”, “Clodronate”, “Etidronate”, “Alendronate”,
“Pamidronate”, “Risedronate”, “Ibandronate”, “Dental Implants”, “Bisphosphonate-Associated
Osteonecrosis of the Jaw” and their related entry terms were used in different combinations
using the Boolean Operators “AND” and “OR” for the research and specific related-terms
with the theme of this study. In addition, a manual search was made by each one of
the researchers with the terms: “Osseointegration”, “Tiludronate”, “Neridronate”, “Min-
odronate”, “Zolendronate” (Table 2).

2.4. Data Extraction

The data collected from the included articles were inserted in an Excel spreadsheet
(Microsoft Excel® for Mac, v. 16, Redmond, WA, USA, USA). They were the following:
(i) author, (ii) year of publication, (iii) country, (iv) research question, (v) study design,
(vi) patient information, (vii) number of patients included, (viii) patient/implant status,
(ix) number of implants evaluated, (x) type of implant, (xi) risk factors, and (xii) findings
obtained. Moreover, the following were also registered: the (i) type, generation, duration,
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and route for BP administrated; (ii) the presence of any systemic condition and drug
treatment; (iii) follow-up (months); and (iv) implant failure rate (%).

Table 2. Search strategy.

Database Equation Implemented Filters

Pubmed/
MEDLINE

((((((((((((diphosphonates [MeSH Terms]) OR bisphosphonates [MeSH Terms]) OR
clodronate [MeSH Terms]) OR etidronate [MeSH Terms]) OR alendronate [MeSH

Terms]) OR pamidronate [MeSH Terms]) OR risedronate [MeSH Terms]) OR
ibandronate [MeSH Terms]) OR “bisphosphonate- associated osteonecrosis of the

jaw” [MeSH Terms]) OR tiludronate) OR neridronate) OR minodronate) OR
zoledronate AND (osseointegration OR dental implants [MeSH Terms])

In English, from
January 2000 to
December 2021,

humans

Scopus

ALL ((diphosphonates OR bisphosphonates OR clodronate alendronate OR
risedronate OR bisphosphonate-associated AND osteonecrosis AND jaw) OR

tiludronate OR neridronate OR etidronate OR pamidronate OR ibandronate OR
(minodronate OR zoledronate) AND (osseointegration OR dental AND implants)
AND (failure AND rate)) AND PUBYEAR > 1999 AND PUBYEAR < 2022 AND

(LIMIT-TO (PUBSTAGE, “final”)) AND (LIMIT-TO (DOCTYPE, “ar”)) AND
(LIMIT-TO (EXACTKEYWORD, “Humans”)) AND (LIMIT-TO (LANGUAGE,

“English”)) AND (LIMIT-TO (SRCTYPE, “j”))

In English, from
January 2000 to
December 2021,

humans, final stage

Web of Science

(diphosphonates OR bisphosphonates OR clodronate OR etidronate OR
alendronate OR pamidronate OR risedronate OR ibandronate OR

(bisphosphonate-associated AND osteonecrosis AND of AND the AND jaw) OR
tiludronate OR neridronate OR minodronate OR zoledronate) AND

(osseointegration OR dental implants) AND failure (All Fields)

In English, from
January 2000 to
December 2021

DOAJ

(diphosphonates OR bisphosphonates OR clodronate OR etidronate OR
alendronate OR pamidronate OR risedronate OR ibandronate OR

(bisphosphonate-associated AND osteonecrosis AND of AND the AND jaw) OR
tiludronate OR neridronate OR minodronate OR zoledronate) AND

(osseointegration OR dental implants) AND failure (All Fields)

In English, from
January 2000 to
December 2021,

humans

2.5. Quality Assessment

After the selection of articles, an assessment of their quality was carried out. For this,
we used the Modified Newcastle–Ottawa scale, in which the following parameters were
evaluated: representativeness, selection, comparability, blinding and, finally, the follow up.
All parameters had a maximum score of 1 value, except for comparability, which can be
evaluated up to a score of 2 values, totaling 7 points. From 0 to 3 points, the study was
considered to have a low level of quality; between 4–6 was considered a moderate level;
and a 7 score was considered a high level of quality.

3. Results

After carrying out the search, 491 articles were found. Of these, 183 articles were
identified in PubMed/MEDLINE, 171 in Scopus, 65 in Web of Science, and 72 articles in
DOAJ. Then, the articles that were duplicated (n = 214) were eliminated, which resulted in
277 studies. After analyzing the title and abstract, another 260 articles were excluded. Then,
a total of 17 articles remained for full-text reading. After performing the full reading, four
more articles were excluded due to lack of information and detail on the patient follow up.
Thus, 13 articles were included in this systematic review (10 case reports, 2 retrospective
studies, and 1 prospective study). The agreements between reviewers were, for initial
assessment, k = 0.97 and, for assessment of the final inclusion, k = 0.91 (Figure 1).

The demographic data for the patients/implants and studies included are summarized
in Tables 3 and 4. A total of 67 patients were analyzed and 163 dental implants were
placed in the studies included. All of them were Caucasian, with a mean age of 62 years
old (58 female and 9 male). The mean follow-up period was 28.9 months (ranging from
12 months to 48 months). The risk factors reported were hypertension, tobacco, poor oral
hygiene, and diabetes, and all of these factors were respectively linked to higher implant
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failure rates of 8%, 19%, 2%, and 7%. Most of the diseases for which BPs were taken were
osteoporosis, multiple myeloma, breast cancer, lung cancer, prostate cancer, knee cancer,
and osteogenesis imperfecta.

Figure 1. Article selection strategy, according to the PRISMA Flowchart (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses).

The routes of BP administration were oral and intravenous. A total of 42 patients (63%)
were on therapy with BPs administered orally, and 25 patients (37%) received BPs through IV.
For oral administration, the drugs were Alendronate [14–21], Risedronate [16,17,21], and Iban-
dronate [14,17,19], whereas those administered intravenously were Zoledronate [14,17,19,22–26],
Clodronate [27], and Pamidronate [14,19,26]. The duration of the use of BPs at the time
of implant placement was diverse. It varied from no interruption of BP intake to its dis-
continuation from 2, 3, or for 6 months before surgery, with respective resumption 1, 3, or
8 months after surgery. Antibiotic treatment (amoxicillin + clavulanic acid) was performed
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before the intervention in two cases and before and after surgical treatment in three cases.
Use only after intervention was not found. Antibiotic treatment proved to be effective in
cases where it was used as a pre- and post-surgical therapy. Finally, a percentage of implant
survival in the group taking BPs had an average failure rate of 42.27%. Four studies did
not have any implant failure [15,16,22,24].

The most prevalent BPs corresponded to the second generation (Alendronate and
Pamidronate), which were used in 61% of the cases, followed by the third generation
(Zoledronate, Ibandronate, and Risedronate), which were found in 38% of the cases; only
one case utilized first generation BPs (Clodronate). Regarding this variable, a lower failure
rate was noted when patients used the second-generation BPs (37%), followed by third
generation (38%) and first generation (100%). Moreover, when patients discontinued BP
therapy (45% of the cases), lower failure rates were obtained than patients with continuous
use (55%). The quality assessment of the study was considered to be of low/moderate
level, with all studies excepting Yajima et al. presenting values between 2 and 5 (Figure 2).

Figure 2. Qualitative assessment of the studies by the Modified Newcastle-Ottawa Quality Assess-
ment scale for Cohort and Case-Control Studies (m-NOS). (Flieger (2019) [15]; Bayani et al. (2019) [21];
Holzinger et al. (2014) [14]; Tripodakis et al. (2012) [16]; Caicedo-Rubio et al. (2017) [23];
Favia et al. (2015) [22]; Junquera et al. (2011) [24]; Kwon et al. (2014) [17]; Shirota et al. (2009) [25];
Yajima et al. (2017) [18]; Favia et al. (2011) [26]; Jacobsen et al. (2013) [19]; Storelli et al. (2019) [20]).
* 1 point for the score; ** 2 points for the score.
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4. Discussion

The objective of the present systematic review was to analyze the negative influence of
BPs on dental implant osseointegration. Of the 67 Caucasian patients who were included,
there was a predominance of females (58 patients) most of whom were in an age for
menopause, over 50 years old, and had an elevated risk for osteoporosis [27]. On the
other hand, male patients constituted the minority (9 individuals). That pathology can be
diagnosed in other age groups and also in men. Worldwide, this pathology affects a total of
200 million women, with a growing trend in North America and Europe [28].

4.1. BP Use and Dental Implants

BPs are prescribed in several pathologies, whether they affect the bone (osteoporosis,
OI, Paget’s disease) or in malignant pathologies (malignant hypercalcemia, bone metastases,
lung and breast cancer, and MM), because they prevent bone resorption. Of the studies
included in this systematic review, 44 patients had osteoporosis, 8 had MM, 10 had breast
cancer, 2 had lung cancer, 1 had prostate cancer, 1 had Langerhans cell histiocytosis, and
1 had OI. The administration of BPs is more prevalent in patients with osteoporosis, since,
as reported in the literature, this is one of the most common bone pathologies in developed
countries and one which has the most indication for the prescription of these drugs due to
the risk of occurrence of bone fractures [29].

Of all the studies included, the presence of patients undergoing therapy with second
generation (Alendronate, Pamidronate) [14–20,25] and third generation BPs (Risedronate,
Zoledronate and Ibandronate) [14,16,17,19,21–25] were greater than the use of first gen-
eration (Clodronate) [26]. The first generation seems to show a decreasing trend in use
nowadays. On the other hand, the failure rate for osseointegration proved to be lower in
patients who used therapy with second generation of BPs (about 37%) compared to patients
who had therapy with first and third generations. Second generation BPs have been shown
to be a well-tolerated drug, with low side effects. This fact has been shown through their
growing use in recent years [30].

The interruption of therapy with BPs was a parameter with varied results in this
systematic review, from patients who did not discontinue to patients who discontinued
for 2, 3, or 6 months before surgery, with respective resumption for 1, 3, or 8 months after
surgery. Tripodakis et al. [16] reported the case of two female patients, both in their seventh
decade of life, who requested rehabilitation with implant placement. The patients were
medicated with second and third generation BPs (Alendronate and Risedronate). After
consultation with the attending physician, the patients discontinued BPs 3 months before
and resumed 3 months after implant placement. They received antibiotic therapy after
surgical interventions, and the treatment plan was completed uneventfully and without
complications during a 2-year follow up. In another study, Flieger [15] reported the case
of a female patient (56 years old), who intended to carry out the prosthetic reconstruction
of the crown of two molars lost in the maxilla with the placement of two implants. She
was medicated with Alendronate (a second-generation BP) for osteoporosis. There was
no bone loss around both implants, and it was observed that the peri-implant soft tissue
did not show any signs of inflammation. Bayani et al. [21] reported that the placement
of dental implants in patients with MM undergoing therapy with third generation BPs
(Zoledronate) can be performed. Therefore, a meticulous selection of cases, an adequate
medical consultation, and a minimally invasive surgery should be considered.

Flieger [15], Yajima et al. [18], and Storelli et al. [20] recommended that patients
(n = 13) not interrupt their therapy with BPs during implant placement surgery. Fliger [15]
and Yajima et al. [18] obtained a low failure rate in the implant placement procedure
of 0% and 12% respectively. On the contrary, Storelli et al. [20] had a complete failure
rate (100%). Similarly, in the study carried out by Kwon et al. [17], a complete failure of
implant placement was observed in patients who started therapy with BPs before implant
placement surgery.
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Otherwise, Bayani et al. [21] reported the discontinuation of BP therapy for6 months
before surgery that was resumed therapy 8 months after surgery. The failure rate was 0%,
and no complications were observed. The same happened with Tripodakis et al. [16] who
interrupted therapy 3 months before the surgery and resumed it for 3 months after. After
17 implants were placed, none of them failed. Caicedo-Rubio et al. [23] discontinued the
therapy 2 months before the surgery and resumed it 1 month later, and they also obtained
0% for implant failure rate. This fact suggests an association between discontinuing BP
therapy with a low rate of dental implant failure (around 45%) than for non-interruption
therapy (around 55%). These data may still be different depending on the involvement
of risk factors. Moreover, the cumulative dose and duration of drug exposure, medical
comorbidities (corticosteroids, diabetes, immunosuppressive conditions), and dental co-
morbidities (extractions, implant placement, invasive procedures, periodontal disease,
trauma, infection) must be verified. In this way, all the most invasive dental procedures
constitute a risk when we are facing patients who use BPs.

According to Holzinger et al. [14], the occurrence of complications seems to be delayed
when dental implants are inserted before starting BP therapy. However, the incidence of
complications seems to be higher when implants are placed after BP treatment or during its
therapy. Thus, it is suggested as ideal to proceed with implant placement before initiating
BPs therapy; once therapy is started, the risk becomes higher.

Specifically, for four studies without implant failure [15,16,21,23], all cases reported
types of study that must be carefully interpreted, due to the low level of scientific weight,
Bayani et al. [21] found excellent results after a 1-year follow up in a 54-year-old man
patient with multiple myeloma (MM) who complained of difficulty in mastication and
esthetical concern for his upper anterior teeth. He received a monthly infusion of 3.5 mg of
the IV BP drug Zoledronate for a period of 22 months, which is considered a long period
and a high-risk treatment. The other two studies, Flieger [15] and Tripodakis et al. [16],
had 2-year follow up periods without complications and bone loss. Similar results were
obtained by Caicedo-Rubio et al. [23], after 4-year follow up, which showed no evidence of
pathology in the peri-implant tissues.

4.2. Dental Implants Characteristics

Flieger [15] performed a surgical procedure using two implants with widths of 3.45 mm
and lengths of 10 mm at the tissue level. Bayani et al. [21] opted for the placement of a bone-
level implant that was 3.6 mm in diameter and 10 mm in length. Tripodakis et al. [16] placed
a total of 17 implants that were 13 mm long at the bone level. Caicedo-Rubio et al. [23]
placed three implants of 3.75 × 10 mm and 3.75 × 11.5 mm at the subcrestal level;
Junquera et al. [24] placed two subcrestal implants. All these implants showed a signifi-
cantly acceptable success rate, except for the implants placed by Junquera et al. [24], which
resulted in severe complications and implant failure due to the MRONJ. The literature
showed in the Hammerle et al.’s study [31] that the placement of implants at the subcrestal
level was not recommended for these types of patients, who can achieve greater marginal
bone loss [32].

4.3. Implants Associated with Risk Factors

Implant placement can also be influenced by risk factors, local or systemic, which can
lead to complications. This includes cases of smoker patients, patients with pathologies
(diabetes), with poor oral hygiene, and with a history of recent stroke (first 6 months after
the episode) [33]. According to several authors, the risk of implant failure is greater with
the increase in the number of cigarettes smoked per day; therefore, this factor is considered
a real risk factor for implant placement [14]. On the other hand, Caicedo-Rubio et al. [23]
reported that smoker patients and those with poor oral hygiene had favorable results for
the implants. These data must be carefully analyzed due to the reduced sample size present
in the study. This fact has led researchers to exclude from their studies all smoker patients,
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patients with diabetes, those using steroids, or those with poor oral hygiene, precisely
because of the higher implant failure risk [18].

In our study, we found a somewhat significant failure rate in the case of smoker
patients (19%), patients who had diabetes (7%), hypertensive patients (8%), and those who
had poor oral hygiene (2%). However, even though the patients did not present any risk
factor, they had very similar failure rates to those with risk factors. In the case of diabetes
mellitus, this was closely related to oral health. From the data available to date, it increases
the susceptibility to infection and impairs the tissue healing. In addition, there is evidence
that patients with diabetes are more likely to develop complications than patients without
this pathology [17].

4.4. MRONJ and Route of Administration

Several studies have focused on the risk factors for MRONJ development with the
treatment of IV BPs (nitrogenated) and performing tooth extractions (identified as im-
portant risk factors) [10]. There is scientific evidence showing that drugs (Pamidronate
and Zolendronate) whose route of administration is exclusively IV have been strongly
associated with cases of MRONJ [19]. This can be explained because these drugs are more
potent and have greater bioavailability due to the type of administration (IV).

For this purpose, Shirota et al. [25] described a case of a 54-year-old woman with gum
ulceration, bone exposure, and intense spontaneous pain around implants. The patient in
question had undergone IV therapy with BPs (Pamidronate and Zoledronate) for 2 years to
treat bone metastases from breast cancer. The authors reported MRONJ related to BPs, with
symptoms of necrotic bone for more than 8 weeks; the patient did not undergo radiotherapy
in the maxillofacial area.

Drugs, such as Alendronate and Risedronate, are administered exclusively orally. It
has been reported that these drugs are safer and have a lower risk of MRONJ [16]. This was
observed in the Flieger’s study [15] of a a 56-year-old woman who underwent rehabilitation
of two missing molars in the maxilla. She was taking oral Alendronate and, during the
time of osteoporosis treatment with Alendronate, there were no episodes of MRONJ.

Upon analyzing the studies included in this systematic review, it was not possible to
be precise in presenting the failure rates for both routes of administration, due to the lack
of data provided by the studies. Nevertheless, there was a consensus among authors that
the IV route of administration results in a high number of failure cases. Thus, the oral route
of administration still seems to be the safest route.

4.5. MRONJ and Implant Failure

MRONJ can be manifested through several signs and symptoms. Its development may
present clinical manifestations such as the presence of pain, necrotic bone, bone exposure,
the presence of purulent secretion, redness, abscess, swelling, paresthesia of the right inferior
alveolar nerve, an ill-defined radiolucent area, bleeding upon probing, bone resorption
around the implants, and the presence of mobility. These symptoms can persist for more than
8 weeks. It is a problem with a multifactorial origin; it is difficult to predict its occurrence.

Favia et al. [22] showed failure in four of the seven implants placed in the same patient
that were related to the occurrence of MRONJ. In this case, the reported symptoms were
essentially pain, the presence of purulent secretion, and paresthesia of the inferior alveolar
nerve on the right side associated with an ill-defined radiolucent area that extended from
the right posterior mandible to the opposite region of the premolar. These data were
attributed to the patient’s poor oral hygiene. As for the remaining implants that still
showed acceptable osseointegration, it was not possible to conclude what would be the
long-term prognosis, since the follow-up only occurred after 18 months.

Similar results happened with Junquera et al. [24]. The patient had two implants
presenting features compatible with MRONJ (necrotic bone, left lower lip paresthesia, and
purulent secretion in only one of the implants). Also, Shirota et al. [25] reported a case with
three implants placed; two of them presented pain, bone exposure, redness, and swelling.
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On the other hand, we had cases, in this study, where there was complete failure of the
implants, and all patients developed MRONJ. Kwon et al. [17] and Jacobsen et al. [19]
obtained the same results from evaluating a total of 23 implants, which all failed with
reports of necrotic bone exposure, purulent secretion, pain, abscess, paresthesia, fistula,
and swelling for more than 8 weeks.

Storelli et al. [20] reported a case of MRONJ in a 77-year-old female patient. After
receiving oral implant rehabilitation and an immediate-load fixed prosthesis in the maxilla,
she began to report pain and purulent secretions, which were neglected by the responsible
professional. She returned to see the same professional after another episode of acute pain.
The fixed prosthesis was removed and exposure of necrotic bone around the implants was
observed. In this case, all implants failed. The patient was submitted to surgery to remove
necrotic bone blocks. This was the most severe case analyzed in this systematic review.

4.6. Study Limitations

One of the main limitations of this study was the non-inclusion of randomized clinical
trials. This occurred because there is scarce and limited literature. It was confirmed by
the analysis of the quality of the included studies, in which the majority were classified
as low and moderate quality. Several variables were studied that likely caused bias in
analyzing the influence of BPs on implant placement. However, we presented the most
clinically relevant results that can be interpreted from a trend perspective. Some of the
studies included in this systematic review did not include all information regarding the
influence of the route of administration on the implant failure rate. This situation made a
statistical treatment of the variable under analysis impossible. Thus, it is suggested that, in
a future investigation, the exploration of this theme be continued and that a longitudinal
cohort study be developed.

5. Conclusions

Within the limitation of this systematic review, it was possible to conclude that a high
mean for failure rate of implant osseointegration (49.96%) was found, regardless of the
generation of BPs used. Moreover, the failure rate was lower in patients using second
generation BPs (Alendronate and Pamidronate) and when there was an interruption of the
BP therapy when placing implants when compared, respectively, with third generation
and the continuous administration. Otherwise, it was higher with the IV administration
compared to the oral administration of BPs. Furthermore, if the patients were smokers,
diabetic, had hypertension, or poor oral hygiene, they were more prone to failure of the
implants placed. However, more studies must be conducted to better understand the
clinical findings associated with BPs and implant therapy.
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Featured Application: This study presents a strategy for operators to acquire more accurate dig-

ital impressions in single implant cases in terms of the orientation of the scan body and the

scanning method.

Abstract: This study investigated the trueness of a digital implant impression according to the
orientation of the implant scan body (ISB) and the scanning method. With the flat surface of the ISB
facing either the buccal or proximal direction, the ISB was scanned using one tabletop scanner (T500)
and three types of intraoral scanner (TRIOS 3, CS3600, and i500). The effects of differences in the
scanning method and ISB orientation were assessed. Postalignment data were subsequently obtained
with the abutments generated using a digital library, and superimposed with reference data using a
best-fit algorithm, followed by root-mean-square error (RMSE) analysis. The RMSE was lower in the
buccal groups (28.15 ± 8.87 μm, mean ± SD) than in the proximal groups (31.94 ± 8.95 μm, p = 0.031),
and lower in the full-scan groups (27.92 ± 10.80 μm) than in the partial-scan groups (32.16 ± 6.35 μm,
p = 0.016). When using the tabletop scanner, the trueness was higher when the ISB was connected
buccally (14.34 ± 0.89 μm) than when it was connected proximally (29.35 ± 1.15 μm, p < 0.001). From
the findings of this study it can be concluded that the operator should connect the ISB so that its flat
surface faces the buccal direction, and attempt to scan all areas. Additionally, it is advantageous to
connect an ISB buccally when using a tabletop scanner.
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1. Introduction

Manufacturing an accurate dental prosthesis requires an accurate impression to be
obtained. Precision impression materials, such as polyether and polyvinyl siloxane, have
traditionally been used to fabricate fixed prostheses, and these have been selected by many
clinicians for decades due to their excellent volume stability and precision [1]. However,
the traditional method has inherent errors due to the shrinkage of the impression material
during polymerization and expansion of the gypsum. The dimensional stability of the
impression materials is also affected by the temperature, the time taken to make a model
after taking the impression, the surface wettability of the gypsum, and the disinfection
process [2–6].

Taking an impression for an implant prosthesis requires accurately transferring the
position and orientation of the implant fixture, as well as the relationship with surrounding
structures, such as the adjacent teeth, onto the master cast. An inaccurate impression
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procedure may result in a poor fit of the prosthesis and biological and mechanical compli-
cations [7]. In addition, errors on the occlusal and proximal sides of the resulting implant
crown may occur, possibly lengthening the operating time for repairing the prosthesis or
causing discomfort to the patient, or even requiring remanufacturing [8].

The high accuracy of optical scanners allows digital impressions to be applied in
various fields of dentistry, not only to produce inlays, onlays, crowns, and fixed partial
dentures, but also to fabricate implant prostheses by capturing the three-dimensional (3D)
position of the implant [9,10]. Digital impression-taking has the advantages of creating
a virtual model using an optical method, easy standardization, and high interoperator
repeatability [11]. In particular, in the case of direct digitalization using an intraoral scanner,
information in the oral cavity is acquired without the process of taking impressions and
producing the work model. This makes the processing time efficient and also comfortable
for the patient, particularly for those with a heightened gagging reflex [12,13].

In the digital implant impression process, instead of using an impression coping,
an implant scan body (ISB) is connected to the implant fixture before performing the
scanning process, and information, such as the depth or direction of the implant fixture
placed in the alveolar bone, is obtained. ISBs have various sizes and shapes, and the scan
region has an asymmetrical shape and contains important information about the angle
and orientation of the implant [14]. The position of the ISB in the dentition is recorded
through optical scanning, and the library information for the ISB and the implant is used
to reproduce the position of the implant fixture connected to each ISB and the abutment
using CAD (Computer Aided Design) software. The reproduced data are then used in
CAD software to design a prosthesis that is subsequently produced using CAM (Computer
Aided Manufacturing) [15].

Factors affecting the accuracy of digital implant impressions using intraoral scanners
and ISBs include the angle and depth of the implant, the implant-to-implant distance, implant
location, geometry variance, scanning method, and ISB materials and designs [16–23]. Most
previous studies have investigated either complete or partial but multiple edentulous
cases, and there have been very few studies on the accuracy of implant digital impressions
according to the ISB orientation or scanning method in cases of single implants. One
previous study found that the deficiency of the scanned image of the ISB affects the
position of the virtual implant in the single implant case, but that study only considered a
single oral scanner, and it simulated deficient scan images experimentally after completing
the scanning procedure [24].

According to the International Organization for Standardization, accuracy consists
of trueness and precision [25]. Trueness is the deviation of the test results from its refer-
ence value, whereas precision is the deviation between the test results. The methods of
measuring the accuracy of the intraoral scanners have been either two-dimensional or
three-dimensional, and the three-dimensional measuring method using superimposition is
advantageous because it also evaluates local errors three-dimensionally [26]. In order to
evaluate the trueness in three dimensions, data obtained by industrial optical or desktop
scanners are required as a reference. On the other hand, since precision measures the re-
peatability between test results, the reference is not required, and it is sufficient to measure
the deviation between the test results.

The purpose of the present study was to compare the trueness of digital implant
impressions in a single implant case according to two variables: the ISB orientation and the
scanning method. This was achieved by evaluating prealignment data containing the ISB
on the virtual model, and postalignment data containing a virtual abutment reconstructed
using the implant library. The first null hypothesis was that the trueness of prealignment
and postalignment data obtained by the intraoral scanner is not affected by the type of
intraoral scanner, ISB orientation, or scanning method. The second null hypothesis was
that the trueness of prealignment and postalignment data obtained by a laboratory scanner
is not affected by the ISB orientation.
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2. Materials and Methods

The overall experimental process is summarized in Figure 1. The number of samples
in each group was set to eight, and a post hoc sample power calculation was performed
using the G-Power sample power calculator (University of Kiel, Kiel, Germany). The power
of the sample with an effect size of 0.4 was determined to be 0.941 with an alpha of 0.05 [27].

 
Figure 1. The overall workflow of the study. One dataset was selected randomly among the 8 reference scans.

2.1. Master Model Production

A maxillary full-arch dentate dental model (Dentiform, Nissin Dental Products, Kyoto,
Japan) was scanned using a tabletop scanner (T500, Medit, Seoul, Korea), and then a dental
CAD software (DentalCAD, exocad, Darmstadt, Germany) was used to modify and design
the experimental model digitally. The unilateral half was removed from the full-arch
model; the lateral incisor, first premolar, and first molar teeth were deleted; and the model
was then modified into an edentulous ridge shape. The designed file was exported to a
file in Standard Tessellation Language (STL) format, and the model was printed on a 3D
printer (Form 2, Formlabs, Somerville, MA, USA) using a photocurable resin (standard gray
resin, Formlabs). Three screw-type implants (length 10 mm, ø4.1 mm; Straumann, Basel,
Switzerland) with a quadrangular internal structure were placed on the three edentulous
areas at the bone level, with the implants’ four antirotation (flat) surfaces facing in the
buccal and proximal directions.

2.2. Implant Scan Body Connection and Scanning Procedure
2.2.1. Test Group Scanning with a Tabletop Scanner and Intraoral Scanners

This study used an ISB (SC-BLR, Geomedi, Gyeonggi-do, Korea) with a cylindrical
shape and a flat surface, and one tabletop scanner (T500, Medit) and three oral scanners
(CS3600, Carestream Dental, Atlanta, GA, USA; TRIOS 3, 3Shape, Copenhagen, Denmark;
i500, Medit). Information about the scanners used in this study is provided in Table 1, and
the experimental group design is summarized in Table 2.

All scanners were calibrated according to the manufacturer’s instructions prior to
starting the scans, and then the following experimental procedure was performed: The
ISBs were connected to the fixtures at a torque of 15 Ncm and oriented so that their flat
surfaces faced in the buccal direction (Figure 2A). The teeth were scanned first, and then
the ISB portions were scanned. Scanning using the tabletop scanner was performed in
the automatic scan mode provided by the equipment’s own software (n = 8), while that
using the intraoral scanners was performed over the entire area (n = 8) or only a partial
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area (n = 8). Scanning the entire areas of the ISBs involved scanning all sides of the ISBs
without any gaps, whereas scanning under the partial-area condition was performed
mainly on the buccal and lingual surfaces. The connection direction of the ISBs was then
changed so that their flat surfaces faced the proximal direction (Figure 2B), and the same
scanning procedure was repeated. Each set of prealignment data was then converted into
postalignment data containing the virtual implants and the abutments.

Table 1. Scanners used in this study.

Scanner Manufacturer Scanning Technology Scanning Tip Size

T500 Medit Phase-shifting optical triangulation -

TRIOS 3 3Shape Confocal microscopy, continuous imaging 16 mm × 20 mm

CS3600 Carestream Dental Structured light-active Speed 3D Video™ 16 mm × 12 mm

i500 Medit 3D-in-motion video technology 19 mm × 15.2 mm

Table 2. Experimental group design.

Scanner ISB Orientation Scanning Method

T500 Buccal Automatic scan
Proximal Automatic scan

TRIOS 3 Buccal Full scan
CS3600 Proximal Partial scan

i500 Buccal Full scan
Proximal Partial scan

 
Figure 2. In order to compare the trueness according to the ISB orientation, the flat surfaces of the ISBs faced either the
buccal (A) or proximal (B) direction.

2.2.2. Reference Scanning with Tabletop Scanner

After performing the test scans, the marginal gingival part of the model was ground
to expose the ISBs completely, the ISBs were connected to the buccal or proximal surface,
and eight scans were performed using the tabletop scanner in each orientation.

2.3. Data Processing and Assessment

In order to evaluate the trueness of each test group, the trueness of the prealign-
ment and postalignment data were evaluated. The reference file and each test file were
aligned with a best-fit algorithm in 3D analysis software (Geomagic Control X, 3D Systems,
Morrisville, SC, USA) to perform superimposition. After alignment, ISB areas in the pre-
alignment data and abutment areas in the postalignment data were extracted to obtain the
root-mean-square error (RMSE) value calculated according to the following formula:

RMSE =
1√
n
∗
√

n

∑
i=1

(χ1,i − χ2,i)
2
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where χ1,i is the reference scan value at measurement point i, χ2,i is the evaluated scan value
at measurement point i, and n is the total number of measurement points in the analysis.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS software (version 25.0, IBM SPSS Statis-
tics, Chicago, IL, USA). All acquired data were subjected to Levene’s test to evaluate its
homoscedasticity and to the Shapiro–Wilk test to test for normality (α = 0.05). Three-way
ANOVA was used to evaluate the prealignment and postalignment data, and the effects of
the type of oral scanner, the ISB orientation, and the scanning method and their interactions
on the RMSE values were analyzed (α = 0.05). One-way ANOVA and post hoc Bonferroni
testing were performed to analyze the effects of combinations of ISB orientation and the
scanning method for each scanner on the RMSE (α = 0.05). The comparative analysis of
the RMSE according to the ISB orientation of the T500 scan data was performed using a
Student’s t-test (α = 0.05).

3. Results

The precision of the reference scan was 7.23 ± 0.34 μm (mean ± SD) when the flat
surface of the ISB faced the buccal direction, and 6.84 ± 0.34 μm when it faced the proximal
direction. One of these data was randomly selected as the reference data for the trueness
evaluation of the test data.

Prealignment data on trueness according to the ISB orientation, scanning method, and
type of intraoral scanner are shown in Figure 3. The three-way ANOVA of prealignment
data revealed that all main effects of ISB orientation (F = 65.493, p < 0.001), scanning
method (F = 137.794, p < 0.001), and scanner type were statistically significant (F = 47.865,
p < 0.001). Analysis of two-way interactions revealed significant interaction effects of the
scanning method and the scanner type (F = 8.177, p = 0.001), while the other interaction
effects were not statistically significant (ISB orientation and scanning method: F = 3.343,
p = 0.071; ISB orientation and scanner type: F = 0.015, p = 0.985). The three-way interaction
effect of the ISB orientation, scanning method, and scanner type was not statistically
significant (F = 2.445, p = 0.093). The overall RMSE according to the ISB orientation and
scanning methods was lower in the buccal groups (67.50 ± 18.56 μm) than in the proximal
groups (82.80 ± 16.73 μm), and lower in the full-scan groups (64.05 ± 14.74 μm) than in
the partial-scan groups (86.24 ± 16.59 μm). RMSE values for the overall prealignment
data according to the type of intraoral scanner were significantly lower for the TRIOS
3 device (62.46 ± 11.51 μm) than for the CS3600 (78.73 ± 20.76 μm, p < 0.001) and i500
(84.25 ± 17.30 μm, p < 0.001) devices.

Figure 3. Overall trueness in the prealignment data according to (A) ISB orientation, (B) scanning
method, and (C) type of intraoral scanner. Data are mean and SD values. Different letters indicate
significant differences.

Postalignment data on trueness according to the ISB orientation, scanning method, or
type of intraoral scanner are shown in Figure 4. The three-way ANOVA of postalignment
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data revealed that there were significant main effects of the ISB orientation (F = 4.811,
p = 0.031) and scanning method (F = 6.022, p = 0.016), but not of the scanner type (F = 3.104,
p = 0.050). Analysis of two-way interactions revealed that there were no significant in-
teraction effects of the ISB orientation and scanning method (F = 2.446 p = 0.122), ISB
orientation and scanner type (F = 1.061, p = 0.351), or scanning method and scanner type
(F = 1.241, p = 0.294). The three-way interaction effect of the ISB orientation, scanning
method, and scanner type was not statistically significant (F = 0.454, p = 0.636). The overall
RMSE according to the ISB orientation and scanning methods was significantly lower
in the buccal groups (28.15 ± 8.87 μm) than in the proximal groups (31.94 ± 8.95 μm),
and significantly lower in the full-scan groups (27.92 ± 10.80 μm) than in the partial-scan
groups (32.16 ± 6.35 μm). RMSE values for the overall postalignment data according to the
type of intraoral scanner were significantly lower for the TRIOS 3 device (27.61 ± 8.33 μm)
than for the i500 device (32.84 ± 8.13 μm, p = 0.040).

 
Figure 4. Overall trueness in the postalignment data according to (A) ISB orientation, (B) scanning method, and (C) type of
intraoral scanner. Data are mean and SD values. Different letters indicate significant differences.

Prealignment data on trueness according to combinations of the ISB orientation and
scanning method for each scanner are shown in Figure 5. For the T500 scanner, the RMSE
was significantly lower in the buccal groups (33.45 ± 1.50 μm) than in the proximal groups
(56.91 ± 3.60 μm, F = 4.088, p < 0.001). The TRIOS 3 scanner showed significant differences
in one-way analysis according to ISB orientation (F = 32.923, p < 0.001). The RMSE was
lowest for the ISB with its flat surface facing the buccal direction and full scanning (buccal–
full:47.02 ± 5.91 μm), and highest for the ISB with its flat surface facing the proximal
direction and partial scanning (proximal–partial: 74.91 ± 3.99 μm). The CS3600 scanner
also showed significant differences in one-way analysis (F = 25.929, p < 0.001), with the
RMSE being lowest for buccal–full (56.09 ± 7.74 μm) and proximal–full (69.79 ± 11.18 μm),
and highest for proximal–partial (102.79 ± 9.22 μm). The i500 scanner also showed a
significant difference in one-way analysis (F = 22.046, p < 0.001), with the RMSE being
lowest for buccal–full (60.91 ± 10.74 μm). The common result for all scanners was that in
the case of prealignment data, the RMSE was the lowest for buccal–full and the highest for
proximal–partial.

Postalignment data on trueness according to combinations of the ISB orientation
and scanning method for each scanner are shown in Figure 6. For the T500 scanner, the
RMSE was lower in the buccal groups (14.34 ± 0.89 μm) than in the proximal groups
(29.35 ± 1.15 μm, p < 0.001). The TRIOS 3 scanner showed significant differences in one-
way analysis according to the ISB orientation and scanning method (F = 5.342, p < 0.005),
with the RMSE being lower for buccal–full (19.45 ± 8.42 μm) than for buccal–partial
(31.89 ± 6.07 μm) and proximal–partial (31.20 ± 6.70 μm). For the CS3600 scanner, the
RMSE values did not differ between the groups (F = 0.059, p = 0.981). The i500 scanner
showed significant differences in one-way analysis (F = 3.369, p = 0.032), with the RMSE
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being lower for buccal–full (26.18 ± 10.11 μm) and buccal–partial (32.69 ± 7.31 μm) than
for proximal–partial (36.54 ± 3.08 μm).

Figure 5. Trueness in the prealignment data for each scanner according to combinations of the ISB orientation and scanning
method: (A) T500, (B) TRIOS 3, (C) CS3600, and (D) i500. Data are mean and SD values. Different letters indicate
significant differences.

Figure 6. Trueness in the postalignment data for each scanner according to combinations of the ISB orientation and
scanning method: (A) T500, (B) TRIOS 3, (C) CS3600, and (D) i500. Data are mean and SD values. Different letters indicate
significant differences.

Figures 7 and 8 show representative images from the trueness evaluation of test
data for the i500 scanner. Figure 7 shows prealignment data for the deviation of the ISB
areas, which was higher in the proximal groups (Figure 7C,D) than in the buccal groups
(Figure 7A,B), and higher in the partial-scan groups (Figure 7B,D) than in the full-scan
groups (Figure 7A,C). Figure 8 shows postalignment data for the deviation of the abutment
areas, which was higher in the proximal groups (Figure 8C,D) than in the buccal groups
(Figure 8A,B), and higher in the partial-scan groups (Figure 8B,D) than in the full-scan
groups (Figure 8A,C). Comparing the prealignment and postalignment images reveals that
the degree of deviation tended to be lower in the postalignment data.
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Figure 7. After connecting the ISB, scanning procedures were performed to obtain prealignment data, and the trueness was
evaluated by superimposing the reference scan data and extracting the ISB areas. The deviation tended to be lower in the
buccal groups than in the proximal groups, and lower in the full-scan groups than in the partial-scan groups: (A) buccal–full
group, (B) buccal–partial group, (C) proximal–full group, and (D) proximal–partial group.

 

Figure 8. The postalignment data in which the virtual abutments were created by aligning using the implant library, and the
trueness was evaluated by superimposing the reference scan data and extracting the abutment areas. The deviation tended
to be lower in the buccal groups than in the proximal groups, and lower in the full-scan groups than in the partial-scan
groups. The deviation tended to decrease relative to the prealignment data: (A) buccal–full group, (B) buccal–partial group,
(C) proximal–full group, and (D) proximal–partial group.

4. Discussion

This study compared the trueness of digital implant impressions according to the ISB
orientation and scanning method in the cases of a single implant in the presence of adjacent
teeth. For two of the three intraoral scanners, there were significant differences according
to the ISB orientation and the scanning method. For the tabletop scanner, it was found to
show higher trueness to connect the ISB with its flat surface facing the buccal direction;
that is, the null hypothesis of this study was partially rejected for three types of intraoral
scanner, and rejected for one laboratory scanner.

For the prealignment data, the overall RMSE was significantly lower in the buccal
group than in the proximal group for the three intraoral scanners. Deep, undercut, angled,
inclined, or crowded surfaces of surrounding structures are difficult to scan and hence cause
inaccurate point clouds, which may decrease the scan accuracy in proximal areas [28,29].
This difference in ease of scanning between the buccal and proximal surfaces would have
influenced the trueness according to the ISB orientation.

For the postalignment data, the RMSE was lower when the flat surface of the ISB faced
the buccal direction and a full scan was performed. The effects of the ISB orientation and
scanning method do not seem to be completely compensated for even in the process of
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aligning with a virtual implant, which seems to have a subtle effect on the completion of
the process of aligning library data. In the case of fabricating restorations from natural
teeth, it is important to capture the details of the teeth well, including in the margin area.
However, in the case of implants, only the location of the ISB is important, resulting in
differences in the reported importance of the scanning method [30]. However, the present
study confirmed that a meticulous full scan of the entire areas of the ISBs is important even
when scanning an implant case using ISBs. This is consistent with the finding of Park et al.
that the imaging deficiency of the ISB influenced the position of the virtual implant; these
authors suggested that a surface area deficiency of more than 10% in an ISB should be
avoided [24].

The present study found that both prealignment and postalignment data showed
differences in RMSE values according to the ISB orientation and scanning method for
different scanners. For the implant, after data are acquired by scanning, mesh reconstruc-
tion is performed using an implant library, and a virtual implant is created by surface
matching with the digital implant library [9]. Therefore, not only the scan quality but also
the shape-matching algorithm affect the accuracy. The differences in trueness according to
scanner types in the present study may have resulted from not only the scanning process
itself but also during data processing. Previous studies have found that the accuracy when
using different intraoral scanner systems varies with factors such as the familiarity of the
operator, learning curve, ergonomic design of the handheld camera, design of hardware
and software, and the research method and design [31]. Therefore, future comparisons of
the accuracy of scanners for digital implant impressions will require the establishment of a
standardized research model [31].

The T500 device is a laboratory scanner, and unlike intraoral scanners that acquire
small images using a small scanner head and stitch these images together to obtain the
entire image, the overall accuracy is higher for a laboratory scanner because it obtains a
whole image of the entire area and scans by rotating the model table [32]. The present study
found that the accuracy of the T500 scanner was higher when the flat surface of the ISB
facing the buccal direction in both the prealignment and postalignment data. The model
table was scanned within the limit that allowed rotation, so the flat surface of the ISB faced
the buccal direction, and the scan accessibility of the flat surface was higher, which would
have contributed to increased trueness.

This was an in vitro study, and real clinical scanning procedures are further influenced
by patient movements (e.g., breathing), humidity, and the restricted intraoral space [33].
Therefore, future studies need to reproduce the in vivo environment of the oral cavity.
Additionally, the present study analyzed the trueness by matching a reference file and the
test file using a best-fit algorithm to obtain RMSE values. This method presents negative
and positive deviations for each region as a color map in the scan file in three dimensions,
and provides an average deviation value for the entire area as an RMSE value; however, a
limitation is that it does not indicate the accuracy of the actual implant position. Future
studies should, therefore, evaluate linear and angular discrepancies in the positions of
implant fixtures, and also the final restorations in order to assess clinically significant
differences. Moreover, the ISBs used in this study had a cylindrical shape with a flat surface
and were made of polyether ether ketone. Since clinicians use various types of ISBs in
clinical practice, it is necessary to conduct additional research into the effects of different
materials and types of ISBs [22]. Finally, since scanning results are also affected by the
individual’s experience, it is also necessary to investigate outcomes for several researchers
to determine the intra- and interoperator reliabilities [34].

Previous studies on the accuracy of digital implant impressions have mainly involved
edentulous cases or multiple cases [16–23]. In contrast, this study focused on partial-arch
models with single implants in the presence of adjacent teeth. In particular, the effect of ISB
orientation and the scanning method was examined. Clinically, the operator must invest
additional time and effort to completely scan all areas, including the proximal surface of
the ISB. The results of this study indicate that when performing oral scanning, the operator
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should connect the ISB so that its flat surface faces the buccal direction, and should try to
scan the full area. It was also found that it is advantageous to connect the ISBs buccally
when using a tabletop scanner.

5. Conclusions

Within the limitations of this in vitro study, when taking a digital implant impression
using an intraoral scanner in a single implant case in the presence of adjacent teeth,
connecting the ISBs so that their flat surfaces faced the buccal direction and scanning
the full area produced more accurate results. When using the laboratory scanner, the
trueness was higher when connecting the ISB buccally rather than proximally.
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Abstract: (1) Background: Stereophotogrammetry has recently been investigated showing high
accuracy in complete implant supported cases but has scarcely been investigated in cases of tilted
implants. The aim of this in vitro study was to compare the accuracy of digital impression techniques
(intraoral scanning and photogrammetry) at the level of intraoral scan bodies in terms of angular
deviations and 3D discrepancies. (2) Methods: A stone master cast representing an edentulous maxilla
using four implant analogs was fabricated. The two anterior implants were parallel to each other,
and the two posterior implants were at an angulation of 17 degrees. Digital intraoral scanning (DIOS)
impressions were taken after connecting implant level scan bodies to the master cast and STL files
were exported (n = 15). Digital photogrammetry (DPG) impressions were captured using a PiC
Camera after tightening implant level PiC optical markers and STL files were exported (n = 15).
Superimposition was carried out by a software for determining the accuracy of both. (3) Results:
Significant angular discrepancies (ΔA) and 3D deviations of scan bodies were found among the
groups in trueness with lower deviations for the DPG (p value < 0.001). However, trueness within
ISBs varied between angular and 3D deviations and outcomes were not specific to determine the
effect of implant angulation. In precision, no significant differences were detected within ISBs and
among both groups in terms of angular deviation. However, DPG had less deviations than DIOS
group in terms of 3D deviations (p value < 0.001). (4) Conclusion: Digital photogrammetry technique
conveyed the utmost accuracy in both trueness and precision for the intraoral scan bodies among
both impression methods assessed. In addition, implant angulation did not influence the precision of
the impression techniques but affected their trueness without explicit conclusions.

Keywords: angulated implants; implant supported prosthesis; intraoral scanning; photogrammetry

1. Introduction

Digital technology in the dental field has been a game-changer ever since its intro-
duction into surgical and prosthetic procedures [1,2]. Transforming workflows to cope up
with this advancement necessitates the need of intraoral scanners (IOS)s, intraoral scan
bodies (ISB)s, computer software, milling machines, and digital ceramic materials [3–5].
This new era has been met with great success facilitating the fabrication of crowns and
bridges, restoration of missing teeth, planning, and prosthetically guiding implant place-
ment [6–8]. It has also revealed higher predictability and consistency of results in contrast
with conventional techniques that were considered as hosts to a wide assortment of human
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and technical errors [9,10]. From that time on, technology has revolutionized treatment
modalities, especially in implant-supported cases.

However, there are still many lingering problems with scanning full arch implant
prosthesis where a passive fit is still questionable. This is due to several factors affecting
the accuracy when taking a digital impression such as implant position [11–14], scanning
strategy [15], light intensity [16,17], and arch length [18]. Additionally, when performing
scans of multiple implants, it may be hard for the IOS to distinguish identical ISBs and to
recognize their locations [19]. The IOS in this case will analyze dissimilar scan bodies as
only one and may fix images on top of each other [20]. In addition, obtaining consistent
digital scans with edentulous patients is demanding since the scanned surface may lack ref-
erence points between point clouds that may accompany improper stitching of the images.
Accordingly, the images may be stitched with compounding errors including imprecise
and noisy mesh [21]. Also, the main parts of the scan may be recognized as redundant and
eventually will be cut out by the software’s post-processing algorithm [21–23].

The technological evolution did not stop with digital intraoral scanners (DIOS) but
grew to bring forth a new digital technique called photogrammetry (DPG). This develop-
ment is based on obtaining reliable information about physical objects through processes of
recording, measuring, and interpreting photographic images and patterns and is devoid of
any direct physical contact with the measured object [24]. In 1999, DPG was proposed by
Jemt and Back as a technique for complete implant-supported impressions showing similar
fidelity results with conventional procedures [25]. The supremacy of this technique lies in
that the presence of blood, saliva, or any other residue does not affect the measurement
precision [26]. Its camera is based on measuring angles and distances between prosthetic
attachments allowing the patient total freedom of movement. In a randomized clinical trial,
Peñarrocha-Diago et al. reported that stereophotogrammetric and traditional impressions
showed no differences in implant success rate, marginal bone loss, or prosthesis survival
after one year of follow-up [27]. In addition, numerous clinical reports also stated that
this technique ensures optimum fit of the framework representing a predictable solution
for complete implant-supported cases [28–33]. Although new technologies are based on
the premise of achieving higher quality prosthesis, their direct comparison with digital
intraoral scanning is still lacking robust evidence in the literature (specifically with tilted
implants) [34–36].

Accuracy is a blend of precision and trueness according to the ISO standards [37].
Precision is the closeness of measurements to each other in a specific group which makes the
results more expectable. However, trueness refers to how much these measurements are in
accordance with fact [38,39]. To date, no article has investigated the fidelity of implant level
impressions using DPG in comparison with DIOS in all on four cases with posteriorly tilted
implants. Hence, the aim of this in vitro study was to assess and compare the accuracy
in terms of trueness and precision of these methods and the effect of implant angulation
through measuring the intraoral scan body 3D deviation and angular distortion. The
first null hypothesis was that there was no significant difference in the accuracy (trueness
and precision) between the DIOS and DPG groups. The second null hypothesis was that
implant inclination would not affect the fidelity.

2. Materials and Methods

A scannable gypsum cast covered with pink gingiva used as the reference model
(RM) was a representative of a fully edentulous maxilla with four implant analogs (RC
Bone Level Implant Analog; Institut Straumann AG) located in right first premolar (RP),
right lateral incisor (RLI), left first premolar (LFP), and left lateral incisor (LLI) regions
demonstrating a typical clinical scenario. The two anterior analogs were parallel whereas
those posteriorly situated were of 17 degrees angulation. This cast was obtained from an
all-on-four acrylic model by taking a polyether (Impregum Polyether Impression Material;
3M ESPE, Seefeld, Germany) impression with splinted implant level impression copings
(Implant level open tray impression post, D4.6 mm, Straumann, Basel, Switzerland). Auto-
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polymerizing pattern resin (Pattern Resin LS; GC) was used to join the copings where
it was sectioned and rejoined after 24 h of setting to minimize the resin polymerization
shrinkage [40]. Light pink impression silicone (Gingifast Rigid; Zhermack, Badia Polisine,
Italy) was first placed surrounding the impression copings to create the gingival mask. Then
scannable plaster (CAM-Stone N; SILADENT, Goslar, Germany) was mixed according
to the manufacturer’s instructions and poured over the impression. To create control
Standard Tessellation Language (STL) files for trueness comparison, new identical four
implant level ISBs (Cares Mono Scanbody D4.6mm PEEK/TAN, Institut Straumann A/S,
Basel, Switzerland) of the same diameter and height were chosen and prior to tightening,
the pink silicone was covered with scanning powder. After that they were tightened at
15 N over the gypsum model and digitized with a desktop scanner (E3; 3Shape A/S,
Copenhagen, Denmark) of 7 μm accuracy. This file was considered as a baseline scan acting
as a standard to which all other scans would be compared.

On the part of the DIOS group, fifteen scans were obtained using a previously cali-
brated IOS (TRIOS3 Cart; 3Shape A/S) after tightening implant level scan bodies (Cares
Mono Scanbody D4.6mm PEEK/TAN, Institut Straumann A/S) on the RM (Figure 1). To
escape the impending adverse effects of practitioner fatigue, a 5-min break was scheduled
between scans. The progress of the scanning strategy used was slow and constant where
the practitioner started from the occlusal surface, continued to capture the buccal region,
and then ended by registering the palatal area starting from the scan body of implant LFP
and ending at that of implant RFP. The operator tried to capture all the details of each ISB,
without asserting too much on them from the same angle, to prevent unnecessary reflection.
All scans were captured in the same environmental conditions with ambient light of 1003
lux, without interference from any external light sources [16,17].

Figure 1. Implant level intraoral scan bodies tightened on the reference model.

For the DPG group, implant level Pic transfers (PiCabutment; PiC dental, Miami, FL,
USA) were screwed on top of the analogs (Figures 2 and 3). A stereo-camera positioned
15–30 cm away from the reference cast with a supreme angle of 45 degrees with respect to
the transfers was used to register implant positions (PiC camera; PiC dental). After defining
the code of each Pic transfer, the information was captured and processed by a customized
Pic program (Pic Cam Soft v1.1; PiC dental) that created vectors representing the implants’
positions. From the Pic library file, ISBs having the same shape as the ones used for the
RM were chosen to replace the vectors, and STL files were exported. Fifteen STL files were
attained for this group.
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Figure 2. Implant level PiC transfer with an engaging configuration.

Figure 3. PiC transfers screwed on the reference model.

After all scans were captured, the reference file and the scans obtained from the
DIOS group were trimmed using reverse engineering software (Geomagic Control X; 3D
System, Boston, MA, USA) leaving the scan bodies only and disregarding the surrounding
structures. This was carried out to have all files in resemblance with DPG captures that are
devoid of surface scans ensuring a close number of point clouds between all registrations.
After this, the scans were assessed and compared by the same software. For trueness,
each scan of each group was compared with the reference. However, for precision, the
scans of each group were superimposed randomly over each other [41]. Each alignment
entailed two steps where the initial alignment option was carried out first to proceed
to the final rough alignment through the best fit option ensuring a top-notch merging
(Figure 4) [42–48]. Fifteen superimpositions were conducted for each group, for a total of
thirty alignments for each of precision and trueness.

Figure 4. STL file to be measured superimposed over the reference STL file using best fit algorithm.

Congruence between the two superimposed scans was expressed quantitatively by
measuring the 3D deviations (Figure 5) and angular deviations of each ISB. 3D comparison
option was used to determine 3D distortions in mm. Then, means ± standard deviations
(SD) of these distortions were calculated after obtaining the Root Mean Square (RMS) of
each ISB that was unitless [49]. For the angular discrepancies, the geometrical deviation
option in the software was implied after defining the geometrical shape to be cylindrical
in this case due to the topography of the ISBs. The distortion level between the control
and measured scans was calculated in degrees. Finally, for a better empirical evaluation of
the 3D deviations between the files and interpretation of the directivity of the deviation,
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the software allowed engendering a colorimetric map (Figure 5). This map was generated
for the ISB where the blue color was for inward defects, red for outward excesses, and
green for minimal deformities. The surface tolerance was set with the scale ranging from
a maximum deviation of +50 to −50 μm. This value was determined according to the
maximum clinically acceptable framework misfit tolerance [50]. All of the data collected
were included in datasheets used for statistical analysis. The sample size was determined
adequate for the analysis by a professional statistician. The appropriate significance was
set at 0.05 and the power level was set at 0.80. A sample size of 15 in each group would
detect a significant difference with a standardized effect size of 1.080.

Figure 5. Colorimetric map showing the 3D deviation of intraoral scan bodies of an STL file obtained
from digital intraoral scanning group.

The statistical analysis was performed with IBM SPSS Statistics (version 26.0, New York,
NY, USA). The level of significance was set at p value ≤ 0.05. Kolmogorov-Smirnov and
Shapiro-Wilk tests were used to assess the normal distribution of quantitative variables.
Repeated-measure analyses of variance followed by univariates analysis and Bonferroni
multiple comparisons tests were performed to compare the 3D deviation and angular
deviations of precision and trueness between impression techniques and within ISBs. The
Bonferroni test was performed to prevent data from incorrectly appearing to be statistically
significant during multiple comparison testing since each comparison can impact other
results creating multiple false positives.

3. Results

The results of the repeated-measure analyses of variance followed by univariates
analyses and Bonferroni multiple comparisons tests for trueness are shown in Table 1 and
Figure 6 and for precision in Table 2 and Figure 7.

Table 1. Means and standards deviations of angular distortions among implant level impression
techniques in terms of trueness.

Angular Deviation for Trueness (Mean ± SD) in Degrees (◦)

ISBs DIOS (n = 15) DPG (n = 15) p Value

LFP 1.682 ± 0.205 b 0.586 ± 0.088 a <0.001
LLI 1.907 ± 0.234 c 0.346 ± 0.038 a <0.001
RLI 1.496 ± 0.142 1.293 ± 0.068 0.398
RFP 1.890 ± 0.293 b 0.672 ± 0.081 a <0.001

Global 1.744 ± 0.175 b 0.724 ± 0.064 a <0.001
p value <0.001 <0.001

RLI < LFP < LLI =
RFP LLI < LFP < RFP < RLI

a–c different letters indicate the presence of significant difference between impression techniques using post
hoc tests. ISBs, intraoral scan-bodies; LFP, left first premolar; LLI, left lateral incisor; RLI, right lateral incisor;
RFP, right first premolar; DIOS, digital intraoral scanning; DPG, digital photogrammetry.
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Figure 6. Trueness of intraoral scan bodies in terms of 3D deviation. RMS, root mean square; ISBs,
intraoral scan-bodies; LFP, left first premolar; LLI, left lateral incisor; RLI, right lateral incisor; RFP,
right first premolar; DIOS, digital intraoral scanning; DPG, digital photogrammetry.

Table 2. Means and standards deviations of RMS 3D distortions among implant level impression
techniques in terms of precision.

RMS 3D ISBs Deviation for Precision (Mean ± SD)

ISBs DIOS (n = 15) DPG (n = 15) p Value

LFP 0.042 ± 0.020 a 0.019 ± 0.015 a <0.001
LLI 0.042 ± 0.016 a 0.020 ± 0.021 a <0.001
RLI 0.032 ± 0.007 a 0.009 ± 0.007 a <0.001
RFP 0.043 ± 0.012 b 0.010 ± 0.014 a <0.001

Global 0.039 ± 0.009 b 0.014 ± 0.013 a <0.001
p value 0.615 0.666

a,b different letters indicate the presence of significant difference between impression techniques using post hoc
tests. RMS, root mean square; ISBs, intraoral scan-bodies; LFP, left first premolar; LLI, left lateral incisor; RLI, right
lateral incisor; RFP, right first premolar; DIOS, digital intraoral scanning; DPG, digital photogrammetry.
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Figure 7. Mean values of angular deviations among impression techniques when evaluating precision.
ISBs, intraoral scan-bodies; LFP, left first premolar; LLI, left lateral incisor; RLI, right lateral incisor;
RFP, right first premolar; DIOS, digital intraoral scanning; DPG, digital photogrammetry.
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For trueness, means and standard deviations for angular discrepancy were signifi-
cantly different between impression techniques (p < 0.001); it was the lowest with DPG
(0.724 ± 0.064◦) and elevated for DIOS (1.744 ± 0.175◦). With DIOS and DPG, the angular
deviations within the ISBs were also significantly different. For DIOS, deviation was the
highest on LLI and RFP, intermediary on LFP, and the smallest on RLI (p < 0.001) but no
significant differences were found between LLI and RFP (p = 1.000). With DPG, it was
smaller on LLI, intermediate on LFP followed by RFP and elevated on RLI (p < 0.001).
The mean RMS 3D deviation was significantly different between impression techniques
(p < 0.001); it was smaller with DPG (0.078 ± 0.001) and raised with DIOS (0.536 ± 0.063).
The mean RMS 3D deviation within the ISBs was also significantly different (p < 0.001).
With DIOS, it was elevated on LLI and RLI, intermediate on RFP, and smaller on LFP
(p < 0.001). The difference was not significant between RLI and LLI (p = 1.000). With DPG,
the 3D deviation was smaller on LLI, followed by RFP, RLI and finally elevated on LFP
(p < 0.001).

For precision, the mean angular deviation was not significantly different between
impression techniques (p = 0.067) and within ISBs for DIOS (p = 0.090), and DPG (p = 0.725).
The mean RMS was significantly different between impression techniques (p < 0.001); it
was smaller with DPG (0.014 ± 0.013) and elevated with DIOS (0.039 ± 0.009) The mean
RMS for 3D deviation within ISBs was not significantly different for DIOS (p = 0.615) and
DPG (p = 0.666).

4. Discussion

This study aimed to measure the trueness and precision of different implant level
impression techniques in an all-on-four fully edentulous cast with anterior parallel implants
and posteriorly tilted implants. The first null hypothesis was partially rejected. In terms of
trueness, statistically significant differences were found between the DIOS and DPG groups
in comparison with the true value. However, in terms of precision, scans were consistently
reproducible within each group when analyzing angular deviations, yet DPG had fewer
discrepancies when comparing 3D distortion datasets. The second null hypothesis was
also partially rejected.

Trueness within ISBs revealed significant differences but did not have a clear direction
since the results varied between parallel and angulated ISBs. However, parallel and
distal implants were equally precise in terms of angular deviation and 3D deviation for
both groups. This is important since the correlation between trueness and precision is a
substantial aspect in choosing a proper impression technique for the intended application.

Several factors can influence impression accuracy which may project in the passivity
of the prosthesis including implant angulation, implant depth, implant connection type,
and inter-implant distance [11–13]. These factors were highlighted with conventional
impressions in previous studies. However, different paths of results can be found when
studying scans of digital impressions. With regards to implant angulation, the fidelity
of digital impressions must not be affected by the angulation of implants as the worry
of impression material distortion during removal, or movement of impression transfer
is not a problem in this technique [11,12]. However, the results of this study showed no
clear results for trueness when comparing parallel and distal implants where alternating
values were recorded, having parallel implants more accurate in some cases and distal ones
more legitimate in others. In the DIOS group, higher angular deviations were observed at
scan body of the LLI and RFP followed by RLI and LFP. A possible analysis of this can be
directional inaccuracy when bending the IOS as it approaches a different plane disfavoring
the capture of scan bodies located at the curve. In other words, errors may depend not
on implant angulation but rather on the arch shape and how the scanner is oriented to
capture the needed image unlike photogrammetry system being fixed in a certain position
and at a predetermined standardized distance is not influenced by motion or camera’s
inclination. However, this was not the case with 3D deviations of DIOS where RFP and
LFP were truer than RLI and LLI. This means that implant angulation favors accuracy of
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IOSs where results were consistent with Sallorenzo and Gómez-Polo [35]. In contrast, a
systematic review by Carneiro Pereira et al. stated that angulations larger than 15 degrees
can influence intraoral scanning accuracy [13].

It is important to note that differences in the results between 3D distortions and
angular deviations are due to the lack of measurement uniformity between both variables
despite the similarity of the purpose traced. 3D distortions are calculated from the surface
of the ISB while the latter are calculated from the center axis projected by the software.
In addition, RMS used to calculate the surface fit is more sensitive to outliers [48] than
the mean absolute deviation used to calculate angular deviations. However, RMS was
used instead of mean values since the best fit algorithm matching produces positive and
negative deviations between reference and test objects which could lead to results canceling
each other and not representing the real divergence [47].

The findings in this study did not relate directly to the previous work. Congruence is
made difficult by the lack of standardization of measurement methodology, comparison pro-
grams, number of implants, origin of the reference dataset, and IOS and DPG technologies
used. Although perfect superimposition is still difficult to obtain with digital comparison
software, the technique using best-fit alignment significantly amended the merging accu-
racy and dwindled the quantification fallacy [42]. Also, many researchers quoted outcomes
for measuring change using the best fit alignment [14,43–47] although other authors relied
on the zero-method technique for calculating deviations [11,12,18,21,35]. The zero method
relies on the implant center to calculate angulations and distance deviations. In addition,
some preceding studies used a coordinate measuring machine (CMM) instead of desktop
scanner [11,12,18,21,35]. Even though the CMM is a repeatable measuring method, it shows
abbreviated exactitude in assessing small areas due to its probe size and shape [37]. In our
previous work and in a similar study by Sallorenzo and Gómez-Polo similar conclusions
were found showing favorable results for photogrammetry even when the latter used the
zero-method technique [35,36]. In contrast, Revilla-León and her colleagues contradicted
the results of this investigation and stood out among other previous clinical reports stating
that photogrammetry provided the least accurate values, with the highest discrepancy [34].
It is critical to mention that a different DPG system called Icam Imetric was used, which
may have a different capture complexity than Pic.

Despite the significant findings of this study, limitations do exist. Correlating findings
of this in vitro study to clinical situation should be carried out with attentiveness as there
are contributing factors that although standardized are different in the oral environment [9].
This includes different light reflectivity, presence of saliva, and limited access during
scanning. In addition, upon importing the STL files into Geomagic software, inconsistencies
in the mesh quality were noticed between the groups. Since DPG STL files were imported
from Pic library, they had the least irregularities in comparison with DIOS. This may be
the reason behind the underestimation of the intraoral scanning technology which may
have influenced the RMS 3D deviation. However, angular deviations were sufficient to
reflect the validity of the results. Further analysis should investigate the effect of mesh
topography when weighing up STL files and determining accuracy. Also, the current study
only attempted to assess the data acquisition step of the workflow and did not investigate
what effect this may have on the manufacturing procedures, such as the processing and
production of the definitive full arch framework. Challenges remain in identifying the
appropriate methodology for comparing these techniques since alignment of datasets
is still highly prone to errors and these techniques vary in their workflow and strategy.
Future studies should be directed towards evaluating the influence of various comparison
methodologies, implant angulation, photogrammetry systems, and ISBs on the legitimacy
of the impression techniques.
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5. Conclusions

Within the limitations of this in vitro study, the following conclusions can be drawn.
Digital photogrammetry impressions were truer than the digital intraoral scanning

ones but were of similar precision in terms of angular deviation.
Implant angulation had little effect on precision in both techniques. In terms of

trueness, angulated implants had less 3D distortions in the digital intraoral scanning group
than parallel implants. However, no clear results were observed for both techniques when
angular deviations were evaluated.
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Abstract: Clinicians and researchers have used various methods to reproduce the maxillomandibular
relationship and mandibular movement of individual patients using an articulator, with efforts being
made to reduce errors associated with the conventional technique. When a change to a vertical
dimension is required during the conventional prosthesis construction process, the maxillary and
mandibular casts are mounted on the mechanical articulator using a facebow and bite registration
and the elevation of the anterior guide pin of the articulator is used. However, this can inevitably
cause errors due to differences between the articulator hinge movement and the actual trajectory
of the patient. There has recently been increasing interest in tracking the trajectory of jaw motion
of a patient, and this paper presents a new technique for altering the vertical dimension based
on the measured trajectory. Target materials for performing tracking are attached to the maxillary
and mandibular anterior teeth to record opening and closing movements of the patient’s mouth in
real time and align the patient’s scanned intraoral data or cast data. The movements of the targets
are replaced with the movement of the patient’s oral scan data. Additionally, then the occlusal
vertical dimension is set to a new position based on the obtained trajectory. After determining the
optimal vertical dimension with consideration of the space required for restoration, maxillary and
mandibular STL files are exported and the designed cast is created using a 3D printer. The printed
cast is mounted on an articulator for subsequent procedures. This approach maintains the patient’s
actual maxillomandibular relationship at various vertical heights and can also reduce the chair time
required when adjusting for errors.

Keywords: target tracking; digital dentistry; CAD-CAM; occlusal vertical dimension; maxillo-
mandibular relationship

1. Introduction

The loss of posterior teeth loss results in the occlusal plane collapsing due to the
extraction of the antagonist teeth and the lack of posterior support results in severe wearing
of the remaining teeth. When there is insufficient space for a prosthesis due to excessive
tooth wear, prosthetic restoration is necessary at the position where the original vertical
dimension needs to be restored. The interventions in such cases require consideration of
various of factors, including accurate assessment and diagnosis of the vertical dimension,
the status of the remaining teeth, and the history of temporomandibular joint disease [1,2].
Determination of vertical dimension is important for fabrication of all restorations. Many
techniques have been used for the measurement of the vertical dimension of occlusion such
as facial landmarks, swallowing, phonetics, oscilloscope, freeway space, and cephalometric
radiographs. There has been much debate in the dental literature concerning whether
or not it is permissible to alter the occlusal vertical dimension (OVD). Physiologic OVD
can better be described as a range instead of a fixed point or position for most subjects
and the width of that comfort zone may vary among individuals according to their adap-
tive capacity [3]. From the clinical perspective, it is advantageous to consider altering
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the vertical dimension for restorative material, enhancing the esthetic tooth display and
allowing for re-establishment of physiologic occlusion [4]. When the orthodontic force is
applied to the teeth, periodontal ligament and alveolar bone change occurs abruptly due
to the biochemical adaptive response [5,6]. Therefore, it is important to alter the vertical
dimension as little as necessary after obtaining an accurate maxillomandibular relationship
so that the residual teeth are not affected. Additionally, it is of paramount to mount the
study casts in centric relation.

In the traditional method, an impression acquisition process is used to create a plaster
cast that reproduces the patient’s oral condition, which records the maxillary position based
on the patient’s cranial base. A facebow and the check-bite in centric relation position
are used to transfer the cast to the articulator. A temporary dental prosthesis is then
fabricated based on the newly set vertical dimension by raising the incisal guide pin of
the articulator [4]. However, for convenience, facebows are not based on the patient’s true
hinge axis points. In addition, since the patient may have a centric relation–maximum
intercuspation (CR–MI) discrepancy, the difference in the positions of the maxilla and
mandible may occur when the gypsum model is mounted on the articulator. Therefore,
the position and the maxilla-to-mandible vertical dimension of the cast may differ from
the patient’s actual dimensions [7], and errors may accumulate in the prosthesis being
constructed based on this position.

Recent technological advances in digital dentistry have led to various methods for
tracking jaw movement being proposed. A target-based method for tracking the move-
ment of a specific reference point using an optical scanner is simpler than other tracking
methods that involve mounting bulky and inconvenient equipment on the head, and has
the additional advantage of recording the natural movements of patients [8–10].

This article proposes a process for transferring the gypsum cast or three-dimensional
(3D) printed cast to the articulator that includes alteration of the vertical dimension. This
alteration is determined using a target tracking method that can record the actual jaw
motion in patients exhibiting a reduced vertical dimension due to the loss of posterior
tooth support and overall wearing of the remaining teeth.

2. Materials and Methods

2.1. Attaching Target Materials to the Anterior Tooth and Tracking Jaw Movements

Before performing the target tracking process, a patient’s remaining teeth, the presence
of temporomandibular joint(TMJ) disease, the muscular system, and the current occlusal
vertical dimension were evaluated. In the present example, a patient with extreme worn
dentition due to the loss of posterior tooth support needed treatment for rehabilitation and
did not have any TMJ disease selected. Four 3-mm-diameter non-reflective double circle
targets (Target Sticker; Medit Corporation, Seoul, Korea) were attached to the maxillary and
mandibular anterior teeth of the patient (Figure 1). Targets were attached after retracting
the patient’s cheeks using a mouth retractor and drying teeth surface sufficiently. The
temporary filling material (Quicks Blue; Denkist, Gyeonggi, Korea) was additionally
applied to enhance the adhesive force of the targets.

The anterior dentition is scanned using an intraoral scanner (i500; Medit Corporation,
Seoul, Korea) to record the relationship between the targets and the teeth. Casts of the
maxillary and mandibular arches using alginate impressions are each scanned and in
the maximum intercuspal relationship using a 3D tabletop scanner (Identica Blue; Medit
Corporation, Seoul, Korea). An optical scanner (Rexcan CS2; Medit Corporation, Seoul,
Korea) is then positioned with its focal length at the patient’s anterior dentition to detect
the positions of the targets for tracking. The trajectories of the target movements are
then tracked continuously with the optical scanner while the patient opens and closes
their mouth repeated. After scanning the patient’s mouth and cast of the full arch and
completing the alignment using the scanned data of the target, the movements of the
targets are replaced with the movement of the patient’s oral scan data (Figure 2).
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Figure 1. (A) Target tracking materials are attached to the labial surface of the upper and lower anterior teeth. (B) The
restoration space is insufficient on the lateral side after losing the antagonist teeth.

 

Figure 2. The mandibular movement is recorded in real time and replaced with data of the entire arch model.

The procedure of oral scanning after attaching the targets, target tracking of the
anterior teeth using an optical scanner, and replacement of the entire arch data were
performed in this case by aligning with referenced target stickers and the same position in
the cast [11].

2.2. Confirmation of CR–MI Discrepancy

When the patient closes his mouth to the tooth contact position, it is possible to check
whether a sliding motion occurs at the first contact position and the presence of CR–MI
discrepancy can be checked (Figure 3A). If such a discrepancy is present, a horizontal
trajectory (between two green dots) appears and its size can be measured by tracking
software (Ezscan8; Medit Corporation, Seoul, Korea). Additionally, then it can be exported
by specifying the positions of the maxilla and mandible in the centric relation position
(Figure 3B). The centric relation recording followed the chin-point guidance method among
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the traditional methods and the target tracking method was used instead of the bite
registration material in the step of recording the relationship between the maxilla and the
mandible at the CR position.

 

Figure 3. (A) Closing the mouth so that the teeth are in contact can reveal lateral sliding and the presence of a CR–MI
discrepancy. (B) Prototype software confirmed that the difference was about 0.6 mm in this case.

2.3. Vertical Dimension Alteration

When adjustment of the occlusal vertical dimension is necessary during prosthetic
restoration, the STL file produced based on the opening and closing movements of the
patient’s mouth can be exported after determining the optimal vertical dimension from
consideration of the space required for restoration (Figure 4). Considering the patient’s
facial height and freeway space, alteration should be the minimum necessary to harmonize
dento-facial esthetics and improve the occlusal relationship. Clinicians can select the
optimal vertical dimension on a point of the trajectories of jaw motion. Maxillary and
mandibular STL files were imported into 3D CAD software (Exocad dentalCAD; Exocad
GmbH, Darmstadt, Germany) to reproduce the positional relationship in the digital model
with the altered vertical dimension (Figure 5).

 

Figure 4. (A) Relationship between maxillary and mandibular arches in the state of maximum intercuspation. (B) An image
showing the attempted alteration of the occlusal vertical dimension using digital software.
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Figure 5. Images loaded from CAD software after exporting data and the relationship between the
two arches with the desired occlusal vertical dimension.

2.4. Fabrication and Mounting of a 3D Printed Cast

A 3D printed cast was created using the obtained data. In order to physically relocate
the position of the cast with the altered vertical dimension, a cast base and mounting
pin should be designed using software (Model Creator; Exocad GmbH, Darmstadt, Ger-
many) (Figure 6A). The designed cast was produced using a 3D printer (Form2; Formlabs,
Somerville, MA, USA) and 3D printing resin (Grey Resin; Formlabs, Somerville, MA, USA)
(Figure 6B).

 

Figure 6. (A) A 3D printed model constructed using the exported data. Three mounting pins were designed to maintain the
altered vertical dimension. (B) The 3D printed cast with altered vertical dimension. (C) The 3D printed cast is mounted on
the mechanical articulator.

The printed cast with the optimal vertical dimension was mounted on a mechanical
articulator while taking into account the positional relationships of the mounting pins
(Figure 6C). Diagnostic wax modeling can be put on the cast or the case can be virtually
waxed-up before printing the cast and the required prosthesis was then constructed.

2.5. Mounting Process of the Existing Plaster Cast

If the existing gypsum cast mounting is required for the laboratory process, a jig for
mounting the gypsum cast can be fabricated using the data associated with the optimal
vertical dimension (Figure 7A). After designing the jig using the bite splint module of the
CAD software (Exocad dentalCAD; Exocad GmbH, Darmstadt, Germany), the jig was
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printed using the 3D printer (Form2; Formlabs, Somerville, MA, USA) and flexible 3D
printing resin (Flexible Resin; Formlabs, Somerville, MA, USA) (Figure 7B).

 

Figure 7. (A) Designing a flexible bite jig consistent with the altered vertical dimension for mounting the plaster cast.
(B) The 3D printed bite jig for the gypsum cast mounting process constructed from flexible resin. (C) Mounting the plaster
model on the mechanical articulator using the flexible bite jig.

The plaster cast was mounted on the articulator using the printed jig (Figure 7C). Wax
was added to the cast for a diagnostic purpose and the required prosthesis was constructed.

2.6. Preliminary Study for Evaluating Tracking Accuracy

Preliminary study data for evaluating tracking accuracy according to the arrangement
of targets were presented. The static model mounted on the articulator was recorded using
the optical scanner while closed position and 4 mm (distance of tip of upper and lower
central incisors) opened position. Targets were attached to the maxillary and mandibular
central incisors and canines. The accuracy of target tracking was evaluated at maxillary
and mandibular anteriors and the mesio-buccal cusp of the 2nd molars (Figure 8). Tracking
data for 7 s at 50 frames per second was acquired and a total of 350 frames of data were
recorded and compared with reference coordinates.

 

Figure 8. The accuracy of target tracking was evaluated at maxillary and mandibular anterior targets
and the mesio-buccal cusp of the 2nd molars.

3. Results

The jaw movements of a patient were successfully tracked. Even a small CR–MI
discrepancy within 1 mm could be detected and the optimal occlusal vertical dimension
could be determined based on the opening and closing movements of the patient’s mouth.
A 3D printed model or an existing plaster model consistent with the newly set occlusal
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vertical dimension within jaw motion trajectories could be used to mount the model on the
articulator and subsequent procedures.

The mean deviation at the closing state was smaller than that of the 4 mm opening
state. The mean deviation of maxillary and mandibular anterior points were smaller than
that of the maxillary and mandibular 2nd molar. The accuracy of the tracking data was
within 10 μm in the anterior target region and within 30 μm in the cusp of the second molar,
confirming that it showed very high accuracy in all environments (Figure 9).

Figure 9. Mean deviation at the closing state was smaller than that of the 4 mm opening state (mean
+ standard deviation).

4. Discussion

The new technique presented here was able to reproduce the actual opening and
closing movements of the patient’s mouth, since the positions of the targets attached to the
teeth were tracked using an optical scanner. A method was also proposed for confirming
the CR–MI discrepancy and transferring the altered vertical dimension to the mechanical
articulator. This can be used to fabricate the patient’s prosthesis based on the observed
trajectory, which allowed the actual maxillomandibular relationship to be maintained
despite changes in the vertical dimension even when the patient had a CR–MI discrepancy.
In the conventional technique, the facebow and semiadjustable articulator were manu-
factured based on the assumption that the patient’s face and mandibular movements are
symmetrical, and so errors can occur when the patient exhibits asymmetry. The occurrence
of horizontal displacement during opening and closing trajectories is difficult to reproduce
on the articulator. Our novel technique can overcome these limitations of the traditional
method since it reproduces the detailed mandibular movements of the patient using digital
software.

Another disadvantage of the conventional method is that converting between the
digital cast and the physical cast is difficult on the digital articulator embedded in the CAD
software. However, in the proposed technique, a 3D printed jig can be used to mount the
patient’s actual plaster cast in addition to the 3D printed cast. This approach can be very
useful in cases that require an existing gypsum cast for the production of different kinds of
prosthesis, such as a removable dental or implant prosthesis.

However, our technique also has some limitations. While it is only necessary to
attach targets on the anterior teeth for target tracking, which is performed using an optical
scanner, the retractor required to keep the targets exposed can interfere with the patient’s
natural jaw movement. It is important that the targets are in the same position without
falling out even during jaw movement. If the position of the targets changes while tracking
jaw motion, errors are generated and clinicians have to start over again. There are also
limitations associated with the need to have access to optical scanner equipment. In order
to fit exactly into the existing plaster casts without any damages, the bite jig needs to be
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flexible. However, there is a possibility that errors may occur due to the flexibility of the
bite jig at the same time. It is necessary to confirm that the bite jig should be in the correct
position when mounting the casts. Additionally, when flexible materials become too thick,
occlusal errors may occur due to the elasticity of the material.

Future studies should assess the accuracy and reproducibility of our new method for
altering the vertical dimension and the associated mounting procedure, and consider its
compatibility with existing CAD software. The results obtained could lead to this technique
having wide clinical applications.

5. Conclusions

The present dental technique records the actual mandibular movement of the patient
in real time using targets attached to the maxillary and mandibular anterior teeth in patients
with reduced vertical occlusion resulting from the loss of posterior teeth and wearing of
the remaining teeth. The 3D printed maxillary and mandible casts can be mounted or a
flexible bite jig can be constructed with increased vertical dimension to enable mounting of
the existing gypsum cast.
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Featured Application: Digital complete denture.

Abstract: This technical procedure demonstrates a 4-step completely digital workflow for the fabri-
cation of complete dentures in edentulous patients. The digital scan data of the edentulous arches
were obtained using an intraoral scanner, followed by the fabrication of modeless trial denture bases
using additive manufacturing. Using the trial denture base and a wax rim assembly, the interarch
relationship was recorded. This record was digitized using an intraoral scanner and reversed for
each maxillary and mandibular section individually. The digital scan data directly obtained using
the intraoral scanner were superimposed over the reversed data, establishing a proper interarch
relationship. The artificial teeth were arranged virtually and try-in dentures were additively manu-
factured. Subsequently, the gingival and tooth sections were additively manufactured individually
and characterized. Thus, fabrication of digital complete dentures can be accomplished using digital
data characteristics. The workflow includes data acquisition using an intraoral scanner, data processing
using reverse engineering and computer-aided design software programs, and additive manufacturing.

Keywords: additive manufacturing; complete denture; computer-aided design; edentulism; interarch
relationship registration; reversing and superimposing technique

1. Introduction

Complete dentures have been manufactured using a conventional workflow, which
requires multiple visits of the patients to a dental clinic and complex laboratory proce-
dures [1,2]. With recent advances in computer-aided design and computer-aided manufac-
turing (CAD-CAM) technology, the digital design and fabrication of complete dentures
have become an active area of research. The advantages of this workflow include the
elimination of cumbersome denture tooth arrangement and subsequent resin injection
or packing and reproducibility of the dentures, which can be attributed to the use of a
digital workup; the designed data file can be stored in a backup device and reused later to
manufacture the same denture [3].

Moreover, the performance of intraoral scanners has also dramatically increased;
several studies and clinical reports have described the feasibility of intraoral scanners
for obtaining digital scans in edentulous arches [4,5]. This direct digitization reduces
chair time for impression making and enables real-time verification of the accuracy of the
obtained impression through a monitor connected to the intraoral scanner. Nevertheless,
a barrier for complete digitization is the inability to establish a three-dimensional (3D)
interarch relationship using intraoral scanners. When using intraoral scanners, the interarch
relationship is established by registering the bilateral buccal surfaces of the teeth; however,
in cases of complete edentulism, this approach is not applicable since there are no teeth
present to be registered [6].

Appl. Sci. 2021, 11, 5786. https://doi.org/10.3390/app11135786 https://www.mdpi.com/journal/applsci
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The transformation of a negative imprint into a positive object is a fundamental
concept of dentistry; for example, a definitive cast is fabricated by pouring dental stone into
a negative dental impression. Commercial reverse engineering software programs have
a similar function in a digital world; they enable free transformation of the 3D scan data
between positive and negative shapes. This paper presents a digital workflow to register
the interarch relationship by using a reversing and superimposing (RAS) technique.

2. Materials and Methods

The digital intraoral scan data of both the maxillary and mandibular arches were
obtained using an intraoral scanner (TRIOS 3; 3Shape A/S, Copenhagen, Denmark)
(Figure 1A,B). The scanned data were saved in the standard tessellation language (STL)
file format. Modeless trial denture bases were designed using a CAD software program
(Meshmixer; Autodesk, San Rafael, CA, USA) and additively manufactured using a 3D
printing material (NextDent Try-In TI2; 3D Systems, NextDent B.V., Soesterberg, The
Netherlands) and a 3D printer (NextDent 5100; 3D Systems, NextDent B.V., Soesterberg,
The Netherlands). A wax rim was subsequently placed on each of the trial denture bases
(Figure 1C). The trial denture base and wax rim assemblies were placed in the patient’s
mouth. They could be adjusted, if needed, to achieve better esthetic and functional out-
comes. The interarch relationship was recorded using an occlusal registration material
(O-Bite; DMG, Hamburg, Germany). The obtained, united assembly was scanned using
the same intraoral scanner (TRIOS 3; 3Shape A/S, Copenhagen, Denmark) (Figure 1D).

  

  

Figure 1. Impression making and bite registration for edentulous arches. (A) Digital intraoral scan
data of a maxillary arch. (B) Digital intraoral scan data of a mandibular arch. (C) Trial denture base
and wax rim assemblies. (D) Scan data of the united assembly with registered interarch relationship.

The STL file of the scan data of the united assembly with a registered interarch
relationship was imported into a metrology/inspection software program (Geomagic
Control X version 2018.0.1, 3D Systems, Rock Hill, SC, USA) to reverse the maxillary and
mandibular portions individually. Subsequently, each portion was saved as an individual
STL file (Figure 2A,B). The maxillary STL file obtained using the intraoral scanner was
superimposed onto the reversed maxillary STL file. The same procedure was performed
with the mandibular STL file, thus, establishing the interarch relationship for the original
STL files (those obtained using the intraoral scanner) (Figure 2C).

The artificial teeth were arranged using the transformed maxillary and mandibular
STL files as well as the STL file (or the color format file (.dcm)) of the united assembly. The
occlusal plane of the assembly could be viewed by adjusting the translucency of the .dcm
file (Figure 2D). Try-in dentures were additively manufactured with a 3D printing material
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(NextDent Try-In TI0; 3D Systems, NextDent B.V., Soesterberg, The Netherlands) and the
3D printer (NextDent 5100; 3D Systems, NextDent B.V., Soesterberg, The Netherlands)
to evaluate esthetics and function (Figure 2E). Thereafter, the gingival and tooth sections
were additively manufactured individually and characterized (Figure 2F). The digitally
fabricated complete dentures were placed in the patient’s mouth and evaluated for esthetics
and function.

Figure 2. Computer-aided designing and additive manufacturing procedures to fabricate complete
dentures. (A) Reversed maxillary data derived from the united assembly. (B) Reversed mandibular
data derived from the united assembly. (C) Establishment of the interarch relationship for original
standard tessellation language (STL) files. Translucency of the united assembly adjusted to visualize
the interarch relationship. (D) Artificial tooth arrangement using STL files of the transformed
edentulous maxillary and mandibular scan data and the united assembly data. Translucency of the
united assembly was adjusted. (E) Additively manufactured try-in dentures. (F) Finalized digital
complete dentures.

3. Discussion

Since the 1980s, fabrication of dental prostheses using CAD-CAM technology has
become faster and more convenient than conventional methods, with the development
of various scanning devices, software, and manufacturing machines [3]. Recently, an in-
creasing number of studies have focused on reporting the methodologies and clinical cases
for the fabrication of complete dentures using intraoral scanners and CAD-CAM systems.
Presently, the edentulous area can be scanned using intraoral scanners without the aid of ar-
tificial indicators. Nevertheless, it was impossible to obtain the interarch relationship solely
using intraoral scanners owing to the absence of distinct characteristics on the buccal side
of the edentulous gingivae. By using this technique, a 4-step completely digital workflow
for complete denture fabrication in edentulous patients was established: direct intrao-
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ral scanning, interarch relationship registration by the RAS technique, computer-aided
designing, and additive manufacturing.

Russo et al. proposed a digital occlusal registration method, which overlaps the data
obtained from facial scans with those obtained from occlusal rim scans using conventional
methods [7]. However, errors may exist when using this method as the occlusal scan data
are superimposed on the narrow, exposed surfaces when the patient smiles. The method
proposed in the present study, i.e., the RAS technique, may be another effective option
since it uses intaglio surfaces of each trial denture base for superimposition.

The present workflow is advantageous for the following reasons: First, a fully digital
workflow is established, eliminating the need for making impressions that may cause
discomfort to elderly edentulous patients, and the number of patient visits is reduced.
Second, the technique can be expanded to the fabrication of new complete dentures using
old complete dentures that exhibit decreased vertical dimension of occlusion (VDO). Old
complete dentures can be relined to re-establish proper VDO, and the RAS technique can
be applied by reversing the old complete dentures. This eliminates the step of remaking
impressions of edentulous arches.

4. Conclusions

The present article describes a completely digital workflow for complete denture
fabrication in edentulous patients. The workflow begins with data acquisition using an
intraoral scanner, followed by data processing using reverse engineering and CAD software
programs, and ends with additive manufacturing.
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Abstract: Pre-eruptive enamel lesions occur during tooth formation and include fluorosis, trau-
matic hypomineralization, and molar incisor hypomineralization. Minimally invasive treatment
approaches, such as microabrasion, should be considered for these cases. This article presents a case
series of three patients with pre-eruptive enamel defects in esthetically compromised tooth regions
which were treated with the microabrasion technique: two fluorosis cases, moderate and advanced,
and one hypomineralization case of traumatic etiology. In Cases 1 and 3, there was a significant
improvement in esthetics with a total resolution of the enamel defects. However, a slight yellowish
coloration may be detected at close observation. In Case 2 (advanced fluorosis), although there was
no full resolution of the white spots, there was a clear improvement in esthetics. Microabrasion
is a safe and effective, minimally invasive treatment for pre-eruptive enamel lesions. It does not
require local anesthesia, it is less destructive than restorative interventions, and allows good esthetic
outcomes with no significant postoperative sensitivity. Its efficacy is directly related to the lesions’
severity and depth. Although there are some limitations, further improvement can be achieved with
dental bleaching. More invasive treatments might be considered if results are still unsatisfactory.

Keywords: enamel; fluorosis; hypomineralization; microabrasion; minimally invasive

1. Introduction

Smile esthetics is a constant concern for patients, especially for the young genera-
tions. Enamel defects involving color alteration, mainly those in the anterior region, often
compromise the esthetic appearance of teeth [1]. White enamel lesions are an example
of a clinical condition corresponding to an enamel hypomineralization, which translates
into a porous enamel surface that can, depending on the severity of each particular case,
affect patients’ lives and wellbeing [1–3]. These white defects can be classified as pre- or
post-eruptive lesions [1].

Post-eruptive white enamel lesions correspond to the early stages of the carious
disease which we refer to as white spot lesions (WSLs) [1]. WSLs occur due to the accu-
mulation of organic acids produced by bacteria, which compromise the balance of the
demineralization and remineralization process [4]. As such, they develop in sites prone
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to plaque accumulation such as the labial cervical third or around orthodontic appliances.
They are chalky-white and most present well-defined outlines and a continuous enamel
surface with a slight roughness [1,4]. On the other hand, pre-eruptive lesions occur during
tooth formation and include fluorosis, traumatic hypomineralization, and molar incisor
hypomineralization, among others [1]. Dental fluorosis results from the excessive fluo-
ride incorporation during amelogenesis. Clinically, it translates as symmetrical lesions
of homologous teeth and affects several teeth at once [1]. Horowitz et al. [5] proposed
a classification for fluorosis—the Tooth Surface Index of Fluorosis (TSIF)—by which the
teeth are classified from 0 to 7 based on the extent of coronal involvement and clinical
appearance. In milder cases (TSIF 1–3) there is a progression of the affected tooth surface
area by white enamel defects. At more advanced stages (TSIF > 4) the enamel presents
alterations in surface texture, such as pits and fissures, and/or color changes [1,5]. Another
example of pre-eruptive white enamel lesions, traumatic hypomineralization, results from
periodontal trauma of the deciduous preceding teeth or periapical infections during the
maturation stage of the ameloblasts [1]. Clinically, lesions may present with different
shapes, outlines, localization, and color, but they mostly appear as punctiform lesions
on the incisal third of only one tooth, usually a maxillary anterior tooth, in a unilateral
pattern. The opponent mandibular tooth may also be affected [1]. Regarding molar incisor
hypomineralization (MIH), it is characterized by the appearance of well-defined white,
yellowish, or brownish opacities limited to the occlusal half of at least one of the first
permanent molars associated, or not, with lesions of permanent incisors [1]. It may also
affect, although less commonly, canine cusps and second permanent molars. Unlike WSLs,
fluorosis, and traumatic hypomineralization, the lesions are not located at a subsurface
level. Instead, MIH begins at the dentin–enamel junction and progresses outward [1].
Differential diagnosis might be difficult sometimes, but it is essential for the treatment
success and improvement in esthetics.

Before considering a more invasive restorative approach for these enamel defects,
minimally invasive procedures must be considered in an attempt to improve esthetics
with minimal tooth structure loss. Depending on the depth of the enamel lesions, clini-
cians might be able to considerably solve or soften the appearance using these methods.
Treatment options vary between remineralization with casein phosphopeptide-amorphous
calcium phosphate (CPP-ACP) or products containing fluorides, infiltrative resins, such as
ICON® (DMG, Hamburg, Germany), dental bleaching, and microabrasion [1].

The microabrasion procedure allows for the removal of superficial and intrinsic defects
from teeth with minimal enamel loss. A smooth, regular, and lustrous enamel surface is
obtained through a combined effect of abrasion and erosion—the “abrosion effect” [6–9]. It
was first described by Croll and Cavanaugh [8,9], in which they proposed using hydrochlo-
ric acid at 18% and pumice to improve brown spots in the enamel and it has been modified
throughout the years. Nowadays, several safe microabrasion slurries have been developed
with different combinations of acids and abrasive particles [10].

The aim of this article is to describe the microabrasion technique for the management
of pre-eruptive enamel lesions, describing the clinical protocol and the immediate esthetic
outcomes.

2. Materials and Methods

2.1. Cases’ Selection and Description

This article presents a case series of three patients who reported to the Dentistry
Department of the Faculty of Medicine (University of Coimbra) presenting enamel defects
in esthetically compromised tooth regions. A complete assessment of all patients’ medical
history was performed, as well as an intraoral examination to determine the etiology of the
discolorations.

Case 1 (Figure 1) was diagnosed with a moderate case of fluorosis (TSIF 4). Case 2
(Figure 2) was diagnosed with an advanced case of fluorosis (TSIF 5). Case 3 (Figure 3)
was diagnosed with traumatic hypomineralization, due to trauma of the preceding pri-
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mary teeth. All treatment options were presented and discussed along with each patient.
Written informed consent was obtained from each patient, and after careful evaluation, the
microabrasion technique was selected.

Figure 1. Case 1 with a moderate case of fluorosis diagnosis (TSIF 4). (A): Preoperative photograph showing enamel defects
on teeth 11 and 21. (B): Rubber dam isolation with floss ligatures. (C): Opalustre® (Ultradent Products, Inc., South Jordan,
UT, USA). (D): OpalCups™ Bristle (Ultradent Products, Inc., South Jordan, UT, USA). (E): Application of a 1 mm thick layer
of the microabrasive product (Opalustre® over the enamel defects. (F): OpalCups™ Finishing (Ultradent Products, Inc.,
South Jordan, UT, USA). (G): Final polishing with a fluoride paste. (H): Immediate postoperative photograph.

Figure 2. Case 1 with a moderate case of fluorosis diagnosis (TSIF 4). (A): Preoperative photograph showing enamel defects
on teeth 11 and 21. (B): Immediate postoperative photograph.
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Figure 3. Case 2 with an advanced case of fluorosis diagnosis (TSIF 5). (A): Preoperative photograph with rubber dam
isolation showing enamel defects on teeth 13, 11, 21 and 23. (B): Immediate postoperative photograph.

2.2. Microabrasion Procedure

The procedure was similar in all of the reported cases. Firstly, a preoperative intraoral
photograph was taken for future reference (Figure 1A) using an adequate camera (Canon
80D) and lens (macro 100 mm, L series, Canon), and the appropriate parameters for
intraoral photography (F25, shutter speed 1/125, and ISO 100). In all the cases, teeth
were cleaned with water and a prophy brush and the operative field was isolated with
a rubber dam (Figure 1B). Petroleum jelly was applied around the cervical portion of
the teeth to prevent leakage of the hydrochloric acid or damage to the gingiva. Once
the teeth were cleaned and isolated, the microabrasion product, a 6.6% hydrochloric acid
slurry (Opalustre®, Ultradent Products, Inc., South Jordan, UT, USA) (Figure 1C), was
applied in a 1 mm thick layer over the enamel defects and the product was spread over
the lesions using a specially designed rubber cup (OpalCups™ Bristle, Ultradent Products,
Inc., South Jordan, UT, USA) (Figure 1D,E) in a low-speed handpiece (500 rpm according to
the manufacturer’s instructions) under light pressure for 10–12 s. Between applications, the
teeth were rinsed with water. The procedure was repeated 10 times in each tooth, which
was deemed the maximum times the product could be applied without losing too much
enamel. In the end, a 700 ppm fluoride polishing paste (CleanJoy, VOCO, Germany) was
applied with a specially designed rubber cup (OpalCups™ Finishing, Ultradent Products,
Inc., South Jordan, UT, USA) (Figure 1F) in a low-speed handpiece (2000 rpm according
to the manufacturer’s instructions) to polish and remineralize the enamel (Figure 1G).
The rubber dam was then removed, and a postoperative intraoral photograph was taken
(Figure 1H). Patients were also evaluated for postoperative hypersensitivity immediately
after treatment and then again after one week and one month.

3. Results

Regarding Case 1 (Figure 2), the immediate postoperative photograph shows a signif-
icant improvement in esthetics with a total resolution of the brown defects. However, a
slight yellowish coloration may be detected at close observation. The same applies to Case 3
(Figure 4), in which the white enamel defect on tooth 11 was solved but an underlying
yellowish coloration was revealed. As for Case 2 (Figure 3), the teeth were affected by a
more advanced case of fluorosis, with pitting in teeth 13 and 23. Even though there was
no total resolution of the white spots, there was a clear improvement in esthetics as the
microabrasion procedure was able to provide more uniformity, smoothness, and luster to
the enamel. As for postoperative hypersensitivity, all three patients reported no effects
either immediately or in the follow-up evaluations.
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Figure 4. Case 3 diagnosed with traumatic hypomineralization. (A): Preoperative photograph with rubber isolation with
floss ligatures showing a white enamel defect on tooth 11. (B): Immediate postoperative photograph.

4. Discussion

One of the biggest challenges dental clinicians face is the resolution of unesthetic
enamel defects, which may vary in etiology, color, extension, and depth. Hypomineraliza-
tion is the common feature to all white enamel defects, which include white spot carious
lesions, dental fluorosis, traumatic hypomineralization, and molar incisor hypomineraliza-
tion, and different treatment approaches might be used to improve the esthetic appearance
of these lesions [1], which is of utter importance since these enamel defects present an
optical problem due to their higher pore volume [2,3]. It is important to have a proper
differential diagnosis based on clinical appearance, localization, and extension of lesions,
and a detailed medical and dental history to select the best treatment for each case.

For WSLs, post-eruptive enamel defects, the recommended treatments are remineral-
ization [1,4,11,12], microabrasion [6,11,13–15], and/or resin infiltration [1,4,6,11,12,14,16].
These are all valid treatment approaches; however, remineralizing agents, such as fluo-
rides, suffer from very superficial effects and high pH-dependency [17]. When it comes
to fluorosis and traumatic hypomineralization lesions, even though they differ in clinical
aspects, the treatment approaches are similar since they include microabrasion associated,
or not, with dental bleaching [1,6,15], and resin infiltration may also be a possibility [1,6].
Molar–incisor hypomineralization, however, unlike other enamel defects, starts from the
dental–enamel junction and not the enamel subsurface [1]. In severe cases, microabrasion
or resin infiltration may be attempted to attenuate the appearance [1,6], but in mild cases,
no treatment is recommended since microabrasion and other techniques would require the
removal of two thirds of sound enamel [1].

Microabrasion is a safe, practical, and quick technique and is used nowadays by a
great number of clinicians to manage enamel defects. It is a minimally invasive treatment
approach, it does not require local anesthesia, and it allows good esthetic results with
no significant postoperative sensitivity [15].This technique has evolved throughout the
years and several studies have shown the importance of the combined use of abrasive and
erosive actions. Not only is the abrasive component important to neutralize the erosive
action of the acids, but the use of pumice alone is insufficient to remove the outer enamel
layer [7]. Opalustre® (Ultradent Products, Inc.), which was used in the all the clinical cases,
is a premixed slurry of 6.6% hydrochloric acid and silicon carbide microparticles. Its main
advantage over other products is that, being a premixed slurry, it is more easily applied.
According to some authors, other alternatives include using phosphoric acid at 35–37.5%
and pumice, individually or by mixing them before application [7,15]. Due to the caustic
and toxic effects of the hydrochloric acid component of the Opalustre® product (Ultradent
Products, Inc.) [18], it is important to assure proper isolation, which was why in all the
cases a rubber dam was used. However, with the use of the rubber dam, teeth become
much more dry, and will need time to rehydrate, since the air that replaces the organic
fluids when teeth become drier has a lower refractive index (RIair ≈ 1 < RIorganic fluids =
1.33), and the difference between healthy enamel (RIhydroxyapatite = 1.62) and the enamel
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defects becomes more obvious, which is why it is necessary to reevaluate the results at a
second appointment [1].

The good esthetic outcomes achieved through the microabrasion technique are due to
the fact that the mineralized tissue in the enamel surface is compacted within the organic
area, and the outer layer of prism-rich enamel is replaced with a densely compacted prism-
free layer, creating a fluorapatite-rich surface layer [6,7,10,15]. This prism-free layer of
enamel will refract and reflect the light differently, which translates to a clinically smooth,
shiny, and lustrous enamel, and camouflages any mild color imperfections in the underlying
enamel—the “abrosion effect” [6,10,15]. Since the enamel surface becomes smoother, plaque
adhesion is reduced, which is also a great advantage [15]. However, there are also some
drawbacks when using microabrasion since the dental surface may acquire a yellowish
appearance due to the fact that there is a reduction in enamel thickness, and the underlying
dentin may become more visible [6,10], which is noticeable in the final photographs
of Case 1 and 3. Nevertheless, if the Opalustre product is correctly used according to
manufacturer’s instructions, only approximately 10–200 μm of the outer enamel layer is
removed, which is considered as clinically acceptable [19]. Moreover, Yetkiner et al. [11]
showed that even though microabrasion had a favorable outcome initially, this might not
be resistant to discoloration by smoking, consumption of tannin-rich foods, and long-term
use of cationic agents. The efficacy of the microabrasion procedure is also directly related
to the severity and depth of the lesions [7], which can be confirmed by Case 2 where,
even though it was not possible to achieve full resolution of the lesions due to the severity
of the case, it was still possible to improve esthetics significantly. The microabrasion
technique is recommended for stains or defects that are no deeper than a few tenths of
a millimeter in enamel [20], which is why proper evaluation with a photopolymerizer’s
light might be useful to decide between this technique and resin infiltration. By using
the photopolymerizer and allowing the light to go through the tooth, it is possible to
distinguish between deeper lesions, which appear darker, and more superficial lesions,
which appear in a lighter shade. As for contraindications, this technique should not be
carried out in uncooperative patients, patients with a history of sensitivity to hot, cold, or
acidic foods, and patients with dentinogenesis or amelogenesis imperfecta [15].

When necessary, the microabrasion technique may be combined with other treatment
approaches in order to improve the final esthetic result. Treatments such as dental bleaching
may be useful to whiten the yellowish part of the tooth when there is a great enamel
reduction and reduce contrast with the rest of the surface [6,10,18,21]. If, afterwards, there
is still a need to further improve results, a resin-infiltration technique may be attempted
and later, if necessary, a direct composite restoration. Some authors suggest the use of
macro reduction prior to the microabrasion procedure in cases of advanced fluorosis
with pitting [6,10]. Sunfeld et al. [6,10] showed how the use of a high-speed tapered fine
diamond bur and copious irrigation to remove the superficial layer of the stained enamel
was able to drastically improve the final results in severe cases of fluorosis. However, this
procedure is more invasive and should therefore be, as much as possible, used only in
cases where microabrasion and resin-infiltration techniques were attempted and proved
insufficient.

5. Conclusions

Microabrasion is a safe and effective minimally invasive treatment for patients with
enamel defects, namely pre-eruptive lesions. It is less destructive than restorative interven-
tions and allows good esthetic outcomes with no significant postoperative sensitivity. Al-
though there are some limitations to this technique, further improvements can be achieved
if necessary when combining this procedure with other treatment approaches.
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Abstract: Distinguishing composite remnants from tooth structure after trauma splint removal can
be challenging. This study aimed to compare the Fluorescence-aided Identification Technique (FIT)
with conventional light illumination (CONV) in terms of accuracy and time required for the detection
of composite remnants after trauma splint removal. Ten bovine tooth models containing anterior
teeth from 12 to 22 with composite remnants after trauma splint removal were used. These models
were examined by 10 students and 10 general dentists. Each examiner assessed the 10 models using
CONV or FIT three times with an interval of 2 weeks each using a prototype fluorescence-inducing
headlamp with a spectral bandwidth of (405 ± 7) nm for FIT and a dental unit lamp for CONV. The
examiners charted the location of identified composite remnants, and the procedure time needed
for each method was recorded. Statistical analysis was performed with R 3.2.2 software with a
significance level of α = 5%. FIT was more accurate and less time-consuming than CONV (p < 0.001).
There were no significant differences between dentists and students concerning accuracy (CONV:
p = 0.26; FIT: p = 0.73). Students performed FIT significantly faster than the dentists (p < 0.001). FIT is
a quick and reliable method of identifying composite remnants after trauma splint removal.

Keywords: composite detection; fluorescence-aided identification technique; titanium trauma splint
(TTS) removal

1. Introduction

Traumatic dental injuries are common in children and young adolescents [1]. Perma-
nent teeth with root fractures and luxations require careful repositioning or replantation,
followed by splinting [2]. The period of splinting varies depending on the type of injury.
The splint is removed after one to four weeks in most cases (avulsion, subluxation and
lateral, intrusive and extrusive luxation injuries), but may be left in place for as long as
12 weeks after certain injuries, such as root fractures [2]. The Titanium Trauma Splint (TTS,
Medartis AG, Basel, Switzerland) was designed for this application. The TTS is a simple
appliance that meets contemporary esthetic standards [3,4]. It is bendable and can therefore
be adapted to the dental arch. The matt-silver TTS consists of intersecting rhombuses with
gaps for the application of composite resin materials (CRM) to bond the splint to the teeth.
Tooth-colored composite makes the TTS inconspicuous but is also difficult to differentiate
from tooth enamel during splint removal [5].
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Modern tooth-colored composite restorations can nearly perfectly imitate the visual
appearance of the tooth structure [6]. Fluorescent materials, such as rare earth oxides,
are added to the glass fillers of CRM to match the fluorescence properties of the enamel
and dentine [7–9]. Nevertheless, the fluorescence emissions of these restorative materials
differ from those of natural tooth structure when illuminated at different wavelengths of
light [9]. The maximum fluorescence of composite resin materials occurs at a wavelength of
(398 ± 5) nm [9]. The Fluorescence-aided Identification Technique (FIT) takes advantage of
the different fluorescence properties of CRM and makes CRM appear brighter than natural
tooth structure when illuminated with fluorescent light [10].

Several studies have shown that, compared to conventional illumination, fluorescence
illumination improves the identification of composite fillings and selective composite re-
moval on teeth in general and in posterior teeth [10–18]. FIT is a straightforward, fast,
non-invasive diagnostic tool with good reliability and operator agreement [10]. Further-
more, FIT facilitates orthodontic bracket debonding [19–21] and the detection of composite
restorations in forensics [13,22,23].

Dettwiler et al. showed the use of FIT to be beneficial during the removal of composite
bonded trauma splints [5]. Compared to conventional dental lighting, using FIT resulted in
significantly fewer composite remnants and less iatrogenic defects [5].

The potential consequences of composite remnants include esthetic impairment due to
discoloration of composite margins and plaque retention spots that may result in deminer-
alization of the enamel over time [24,25]. Furthermore, composite remnants may impair
the bond strength of later adhesive restorations, which are often required after dental
trauma [26–30].

The detection of composite remnants after trauma splint removal by a dentist or dental
student who did not remove the splint initially has not been investigated to date. Therefore,
the aim of this study was to compare the FIT versus conventional method (CONV) of
detecting composite remnants after trauma splint removal in terms of the accuracy and
procedure time, as well as with respect to the professional experience and gender of
the examiner.

2. Materials and Methods

2.1. Tooth Model Fabrication and Digitalization

Intact extracted bovine incisors that had been cleaned and stored in 0.5% chloramine-T
solution at room temperature directly after extraction until further processing were used
to fabricate 10 upper jaw models (n = 10) of anterior bovine teeth 13 to 23 from ProBase
polymethyl methacrylate resin (Ivoclar Vivadent AG, Schaan, Liechtenstein). Preoperative
surface scans of the teeth were acquired using a CEREC Omnicam and CEREC SW 4.5.1
software (Dentsply Sirona, York, PA, USA). All scans of teeth with unimpaired surfaces
were exported to OraCheck 2.13 (Cyfex AG, Zurich, Switzerland) for later superimposition
and analysis, according to the study protocol.

2.2. Splint Application

A TTS splint (Medartis AG, Basel, Switzerland) was adhesively bonded to teeth 12 to
22 of each bovine model, following a standardized protocol. Briefly, the bonding surfaces
were determined using a customized perforated silicon template. Due to the size of the
bovine teeth, two bonding sites were placed in the middle third of the crown of each tooth
(site diameter: 3 mm). Each bonding site was etched with Ultra-Etch (Ultradent Products
Inc., South Jordan, UT, USA) for 30 s; Heliobond (Ivoclar Vivadent AG, Schaan, Lichten-
stein) was applied and light-cured for 30 s with a Bluephase 20i light curing unit (Ivoclar
Vivadent AG, Schaan, Lichtenstein) at an output intensity of 1200 mW/cm2. Tetric EvoFlow
A2 (Ivoclar Vivadent AG, Schaan, Lichtenstein) was applied using the aforementioned
silicon template and light cured, as described above. The TTS splint was placed on the
applied composite and covered with the same flowable composite while ensuring that the
specified size of the bonding site was respected and not exceeded. The tooth models were
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stored at room temperature in Ringer solution (B Braun AG, Melsungen, Germany) until
further processing.

2.3. Splint Removal

The removal of the TTS splints was performed by two dentists with 2 12 tw1elve
years of professional experience, respectively. To simulate clinical conditions, the upper
jaw model was inserted in the mouth of a dental mannequin (Frasaco GmbH, Tettnang,
Germany), which was seated and secured in an Teneo dental chair (Dentsply Sirona, York,
PA, USA). Splint removal was performed under standardized lighting conditions using
the LEDview dental unit lamp (Sirona, York, PA, USA). The following instruments could
be used in splint removal: dental mirrors, a curved dental explorer, a three-way triple
air-water syringe, a high-speed contra-angle hand piece (1:5, KaVo Master Series, Biberach,
Germany), cylindrical diamond burs (FG 4038, Intensiv SA, Montagnola, Switzerland), and
carbide burs (Bonding Resin Remover, H22ALGK 016, Komet Dental, Lemgo, Germany).
Postoperative surface scans of the teeth were performed using a CEREC Omnicam with
CEREC SW 4.5.1 software (Dentsply Sirona, York, PA, USA). Following splint removal, all
scans were exported to OraCheck 2.13 (Cyfex AG, Zurich, Switzerland) for superimposition
and further analysis according to the study protocol. The models were stored in Ringer
solution (B Braun AG, Melsungen, Germany) at room temperature until further processing.

2.4. Composite Remnant Identification

The tooth models were examined for composite remnants by 10 general dentists
with 3 to 24 years of professional experience and by 10 dental undergraduate students.
The inclusion criteria for participants were normal visual acuity and the absence of color
blindness assessed by an Ishihara test [31]. For undergraduate students, the criteria were
active participation in the first- or second-year master’s degree program in dentistry and an
average grade of B or better. Accordingly, exclusion criteria were visual impairment, color
blindness, and missing clinical activity. The examiners were instructed to identify and chart
all composite remnants using a dental mirror, a curved dental explorer, and a three-way
triple air-water syringe by the respective illumination method. All examinations were
carried out under standardized lighting conditions in a darkened room illuminated only
by artificial light. The tooth surfaces were illuminated with an LEDview dental unit lamp
(Sirona, York, PA, USA) for CONV and with a prototype fluorescence-inducing headlamp
with a spectral bandwidth of (405 ± 7) nm (Karl Storz GmbH & Co. KG, Tuttlingen,
Germany) for FIT (Figure 1). Each model was assessed in triplicate by each examiner with a
break of 14 days in between, so that the participants could not remember previous findings.
The investigators additionally recorded the procedure time required for each model. The
experiments were performed as follows:

• Examination 1: Evaluation of all 10 models by CONV.
• Examination 2 (14 days later): Evaluation of five models by CONV and five models

by FIT.
• Examination 3 (14 days later): Evaluation of all 10 models by FIT.
• All examinations were performed in the same room under the same ambient light condi-

tions (examinations at the same day time with no direct solar irradiation, 500–800 Lux)
at the University Center for Dental Medicine Basel, Switzerland.
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Figure 1. Representative model (a) illuminated by the conventional illumination (b) with visualized
surface changes in the OraCheck software (c), illuminated by the fluorescence-inducing light source.

2.5. Data Analysis

Two experienced dentists (S.S. and T.C.) not involved in the identification of composite
remnants evaluated the dental charting results on the basis of volumetric change calculation.
Briefly, the pre- and postoperative scans were superimposed using the best-fit method [32].
All splinting sites on the teeth were overlapped independently for more accurate super-
imposition. Teeth 13 and 23 were not included in splinting to facilitate the registration of
the scans. The OraCheck software color-coded the results for clear visualization of surface
changes between scans. Green was used to indicate unchanged sites, blue and violet for
substance loss, and yellow, red, and pink for excess material (Figure 1). The visualized
areas were then analyzed with the OraCheck linear and volumetric measurement tool. The
results were used to make a transparent solution template for each model that could be
superimposed over the dental charts for grading purposes.

Each dentist evaluated the correctness of identification of composite remnants (COI) for
each tooth on a scale of 1 to 7 (Table 1), where the score 1 represented “correct” identification
and the scores 2 to 7 were classified as “false” identification for dichotomous analysis. If
the two dentists disagreed on a site, it was jointly re-evaluated by both dentists until a
consensus was reached. The 10 models with four teeth each were assessed for composite
remnants by 20 examiners (10 dentists and 10 students), yielding a total of 800 assessments.

Table 1. Correctness of identification of the composite remnants (COI) scoring system.

1: FD Fully correct detection
2: PD Partly detected
3: ND Not detected
4: FP False positive entirely (no composite in situ)

5: FD+ FD + false positive
6: PD+ PD + false positive
7: ND+ ND + false positive

2.6. Statistical Analysis

As descriptive measures for categorical (years of professional experience) and binary
parameters (CONV vs. FIT; dentist vs. student; male vs. female examiner), count and relative
frequencies were used. For continuous measures (recorded time for examination), mean
values, standard deviation, median, minimum, and maximum were calculated (Table 2) and
normality was checked with quantile-quantile-plots (normality-plots, q-q-plots).
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Table 2. Distribution of correctness of identification (COI) grades 1–7 and their dichotomous catego-
rization as “correct” (score 1) and “false” (score 2–7) for examination 1 (CONV), 2 (CONV and FIT),
and 3 (FIT).

Examination

COI Score 1 2 3

CONV 1 209 95 /
2 93 87 /
3 147 92 /
4 105 31 /
5 58 34 /
6 45 18 /
7 143 43 /

Correct 209 95 /
False 591 305 /

FIT 1 / 354 714
2 / 5 27
3 / 15 22
4 / 10 12
5 / 13 20
6 / 0 1
7 / 3 4

Correct / 354 714
False / 46 86

For inter-rater-reliability and retest-reliability, Cohens Kappa with 95%-confidence
interval (CI) was calculated.

Comparison of the binary outcome (“correct” (rating 1) vs. “false” (rating 2–7))
between examination 1 and examination 3 was calculated with the McNemar test and with
Fisher’s Exact test for examination 2, respectively.

For comparison of the binary outcome “correct” (grading 1) vs. “false” (grading
2–7) between students vs. dentist, male vs. female examiners, and examiners with a
variable professional experience, the Fisher’s Exact test was utilized, excluding data from
examination 2 due to a small sample size.

The recorded time was compared for CONV and FIT using the nonparametric Wilcoxon
test, comparing examination 1 and examination 3 and the measured values within examina-
tion 2. Likewise, the time needed for examination was compared for dentists vs. students
for CONV (examination 1) and FIT (examination 3), using the Wilcoxon test.

The level of significance was set at α = 5% in all analyses, which were performed
utilizing the software R version 3.2.2.

3. Results

3.1. Correctness of Identification of Composite Remnants

Overall differences in the correctness of identification of composite remnants between
CONV vs. FIT were significant (p < 0.001) in examinations 1 and 3, as well as in examination
2 (p < 0.001). The distributions of COI grades 1–7 and their dichotomous categorization as
correct vs. false identification in examinations 1, 2, and 3 are presented in Table 2. There
were no significant differences in COI between dentists vs. students (p = 0.26 for CONV;
p = 0.73 for FIT), male vs. female examiners (p = 0.42 for CONV; p = 0.25 for FIT), or years
of examiner experience (p = 0.74 for CONV and p = 0.46 for FIT). The relative frequencies of
correct identification of composite remnants in the various groups are presented in Figure 2.

156



Appl. Sci. 2022, 12, 10054

Figure 2. Relative frequencies of correctness of identification (COI) grade 1 (“correct”) for (a) CONV
vs. FIT overall, (b) dentists vs. students for CONV and FIT, (c) female vs. male examiners for CONV
and FIT, and (d) years of dental experience for FIT and CONV.

3.2. Procedure Time

Differences in the procedure times for CONV vs. FIT were significant (p < 0.001 for
examination 1 vs. 3; p < 0.001 for examination 2). There were no significant differences in
procedure time between dentist and students for CONV (p = 0.17). However, the procedure
time for the identification of composite remnants by FIT was significantly shorter for
students compared to dentists (22 s vs. 25 s per tooth; p < 0.001). The measured procedure
times are detailed in Table 3.

Table 3. Procedure time required for the identification of composite remnants by CONV vs. FIT.

Examination n
Mean ± Standard

Deviation [s]
Median [s] Min [s] Max [s]

1
CONV 800 117 ± 9 120 70 120

FIT No assessment

2
CONV 400 118 ± 5 120 90 120

FIT 400 23 ± 5 22 10 38

3
CONV No assessment

FIT 800 24 ± 5 24 10 38

3.3. Inter-Rater-Reliability

Inter-rater-reliability was high (κ = 0.98, 95%—CI 0.98–0.99). For retest-reliability, the
agreement was fair for CONV (κ = 0.34, 95%—CI 0.28–0.40) and moderate for FIT (κ = 0.43,
95%—CI 0.30–0.56).

4. Discussion

The main objective of this study was to compare the accuracy and procedure time of
the Fluorescence-aided Identification Technique (FIT) and the conventional illumination
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method (CONV) of detecting composite remnants after trauma splint removal when per-
formed by dentists and students. CEREC surface scanning of the teeth before and after
splint removal was used as the gold standard for remnant identification. Additional data on
the impact of examiner experience and gender on the accuracy and procedure time, as well
as the inter-rater-reliability and retest-reliability of the two methods were also collected.
The detection of composite remnants after trauma splint removal by a dentist other than
the operator who removed the splint initially is a clinically relevant situation that has not
been investigated yet.

The detection of composite remnants after trauma splint removal was more accurate
and faster with FIT compared to conventional illumination. This is in line with the results
of previous studies where FIT was superior to the conventional method of composite
remnant identification with regard to accuracy and procedure time [10,13,15–18]. Contrary
to expectations, the dental students in this study performed the FIT method faster than
the dentists. Although the difference in procedure time was statistically significant, it
most probably is not clinically relevant. Furthermore, the inter-rater-reliability results
showed good consensus between the examiners. Conversely, the retest reliability was low.
Moreover, examiner experience did not have an impact on the results. The gender of the
examiner is known to influence color shade matching quality [33] but did not have an
impact on the results of the study.

A bovine incisor model was used in the present study due to difficulties in acquiring
enough suitable human front teeth. Most extracted human anterior teeth are inappropriate
for this type of study because of the presence of coronal restorations or carious defects. The
use of bovine teeth enabled a standardized study protocol. However, the use of non-human
teeth differs significantly from the clinical situation, which may have influenced the results.
All teeth were extracted on the same day and cleaned and stored in the same manner.

The template used to evaluate the results of composite remnants charting was gener-
ated by superimposing the intraoral scans with the OraCheck software. Intraoral scanners
have a deviation tolerance of 20 μm for single teeth, 35 μm for quadrants, and 50 to 80 μm
for full-arch scans [34–36]. To achieve precise superimposition, we used teeth 13 and 23 as
unchanging reference points and kept the accuracy setting for superimpositions very high in
light of the very small changes observed in this study (level “0.00 mm < distance ≤ 0.1 mm”
over 95%) [5].

The fluorescence of the resin composite material used in this study was noticeably
greater than that of natural tooth substance. However, some resin composites have even
stronger fluorescence [9]. The choice of composite might have influenced the results of this
study. While different composite resin products fluoresce at different intensities, the FIT
method is suitable for identification of most of the commercially available composites [9,37].
The clinician should take the fluorescence properties of the composite used for trauma
splint fixation into account in regard to the application of the FIT method.

Several studies have shown that different composite resins are subject to aging pro-
cesses and a related decrease in fluorescence properties [38–41]. Any effects of aging in
the present study were most likely negligible due to the short storage time in particular
and the short period of time that splints remain in the mouth in general. The composite
identification experiments in the current study were performed shortly after the precursor
study by Dettwiler et al. [5].

FIT was performed using a prototype headlamp. A recent study showed that vari-
ous light sources with a wavelength of approximately 400 nm are suitable fluorescence-
inducing devices, which are superior to the conventional method [18]. FIT can be performed
by affordable and easy to handle devices, such as headlamps that illuminate the whole
oral cavity.

The present study was designed to simulate clinical conditions as closely as possible to
increase the reliability of the results. Moreover, a template to mark the sites of application of
adhesive composite resin in order to standardize the trauma splint bonding procedure was
used. This might have influenced the results of the study as bonding composites are more
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randomly placed on the teeth in routine clinical practice. All examinations were performed
under standardized lighting conditions, in a darkened room to obtain reliable data.

Accurate differentiation of dental composite materials from natural tooth substance
enables the minimally invasive and nearly complete removal of composite remnants. This
is clinically relevant since composite remnants may lead to impaired esthetics and plaque
accumulation. Furthermore, no drying of the teeth is necessary with the FIT method,
whereas frequent drying of the teeth is needed during the removal of composite remnants
by the conventional method. This has important clinical implications since constant drilling
and drying significantly increases the procedure time. Moreover, when using high-speed
rotary instruments, continuous water cooling is crucial to maintaining the integrity of the
pulpal tissues, particularly in traumatized teeth [42–44].

5. Conclusions

FIT is a fast and reliable method for detecting composite remnants after trauma splint
removal. Moreover, the accuracy and procedure time of FIT is not dependent on the level
of professional experience of the dentist.
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Abstract: The presence of isolated or multiple gingival recessions in the mandibular anterior region is
a challenge for the clinician, as they may be associated with a shallow vestibule, high frenum insertion
and/or little or no attached gingiva. Only limited evidence is available on the use of the double
lateral sliding bridge flap technique with connective tissue graft (CTG) technique for treating gingival
recessions in the mandibular anterior region. The aim of this study was to describe and evaluate the
clinical and esthetic outcomes of the double lateral sliding bridge flap technique with CTG on isolated
and multiple gingival recessions at the level of the mandibular incisors. Nine patients required
treatment of gingival recessions in the mandibular incisors at the University of Salamanca (Spain)
(seven females, two males; mean age: 27.9 ± 6.9) with a total of 14 isolated (42.9%) and multiple
(57.1%) Miller class II and III gingival recessions. After a mean follow-up of 36 months, the mean
percentage of root coverage was 80.5% for all treated recessions. Statistically significant differences
(p < 0.05), were observed for reduction in recession depth, increased width of keratinized tissue
and increased gingival thickness, this being dependent on the Miller class. The esthetic outcome
was acceptable, with a final mean esthetic score of 7.4 out of 10. The double lateral sliding bridge
flap surgical technique with CTG is an effective procedure for the coverage of isolated and multiple
gingival recessions in the anterior mandibular region, as it offers satisfactory esthetic results.

Keywords: gingival recession; connective tissue graft; root-coverage esthetic score; bridge flap
technique; multiple gingival recession; localized gingival recession

1. Introduction

Gingival recession (GR) is defined as the apical displacement of the gingival margin in
relation to the cementoenamel junction (CEJ), which exposes the root surfaces to the oral
environment and is associated with attachment loss [1]. It occurs frequently in adults and
increases with age [2], regardless of the level of oral hygiene [3].

It is a common clinical problem and can affect the root surface of one or several teeth,
being more frequent on the vestibular surface of single-rooted teeth [1]. While in most cases
gingival recessions are symptomless, the patient may see them as an esthetic problem [4]
that sometimes hinders or prevents good oral hygiene and may increase the risk of root
hypersensitivity [5], caries, and non-carious cervical lesions [6].

In recent decades, it has been shown that complete root coverage in single and multiple
recessions can be predictably achieved with different techniques [7,8]. Of these procedures,
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the coronally advanced flap with connective tissue graft (CTG) is the most effective treat-
ment of recession with or without clinical interproximal attachment loss [9–11]. Most
clinical trials tend to focus on maxillary gingival recessions (esthetic zone), while little infor-
mation is available on treatment of mandibular defects [12]. There are various anatomical
and mucogingival conditions in the mandibular anterior region, especially sextant V, that
make treatment of an isolated or multiple GR in that region different to that performed
in other sextants. Consequently, clinicians may encounter aberrant frenums with a very
coronal insertion, high muscle attachment, a larger avascular surface area, malpositioned
teeth that impede effective decision-making and surgical outcomes [1], shallow vestibules,
and/or the presence of a thin phenotype [13]. The onset or progression of GR during or
after orthodontic treatment is also more common in this region [14]. It is also important
to remember that orthodontics has a vital role in managing and resolving periodontal
problems [15].

In these situations, the choice of technique will depend on the characteristics of the
recession and whether it is single or multiple. Several surgical techniques have been
described for treating single and multiple gingival recessions in the anterior mandibular
zone, including the free gingival graft technique [16], subepithelial connective tissue graft,
as well as several flap designs: the envelope flap [17], coronally advanced flap [18], lateral
sliding flap [19], double pedicle flap [20] and laterally closed tunnel flap [21]. For multiple
gingival recessions in sextant V, the most well-tested and predictable techniques are the
bilaminar approaches such as the tunnel technique [22] and the coronally advanced flap
technique [23]. However, most of these surgical techniques lead to further collapse of
the vestibule, compromise the vascular supply and fail to produce predictable results in
terms of complete root coverage while, in the case of the free gingival graft technique, the
outcome is rather unesthetic (dissatisfaction with color matching and soft tissue texture, as
well as misalignment of the mucogingival junction) [24,25].

An esthetic gingival recession scoring system (RES) has been developed to evaluate
the esthetic outcome of root coverage (RC) procedures [26]. This score is based on the
evaluation of five variables: the gingival margin level, gingival contour, soft tissue texture,
mucogingival junction alignment, and gingival color. Sixty percent of the RES value is
attributed to the level of the gingival margin, since one of the main goals of the treatment is
complete root coverage (CRC), and 40% is attributed to the other four variables. The sum
of the five variables produces an RES score, ranging from 0 (final recession equal or apical
to the initial recession) to 10 (the best esthetic result).

Therefore, the purpose of this case series was to evaluate the efficacy of the double
lateral sliding bridge flap technique with connective tissue graft in mucogingival surgery
for treating isolated and multiple recessions in mandibular incisors after a mean follow-up
of 36 months. The esthetic outcome was also analyzed using the RES index.

2. Materials and Methods

This study was approved by the Bioethics Committee of the University of Salamanca
(Spain) (registration number 483, date of approval: 22 June 2020). The clinical study in-
cluded nine patients (two males and seven females) with 36.0 ± 22.1 months of mean
follow-up, who had a mean age of 27.9 ± 6.9, and had isolated or multiple Miller [27]
class II and III gingival recessions located in the mandibular anterior region. Patients were
selected from subjects who needed mucogingival surgery treatment using the double lateral
sliding bridge flap technique with CTG between September 2014 and January 2020. Cases
were chosen according to the following inclusion criteria. Patients were to: (1) be of legal
age (>18 years) and provide signed informed consent; (2) have isolated or multiple (adja-
cent) Miller class I, II or III recessions affecting mandibular anterior teeth; (3) have a plaque
index <20%; (4) have no restorations or caries in the area to be treated; (5) have had no pre-
vious periodontal surgeries at the experimental sites; (6) have a detectable cementoenamel
junction and lack of a cervical step. The following exclusion criteria were also applied,
omitting: (1) smokers of more than 10 cigarettes per day; (2) patients with a systemic
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disease (diabetes, intake of drugs causing gingival enlargement, or any contraindication
for mucogingival surgery).

2.1. Surgical Protocol

Two weeks prior to surgical treatment, dental prophylaxis and instructions on proper
oral hygiene were given to the patient (Figure 1A).

 

  

 

 

  

  

Figure 1. (A) Man with recession at the mandibular left central incisor, before the prophylaxis
appointment. (B) Preoperative view, 2 weeks after prophylaxis appointment. (C) Apical horizontal
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incision at a distance (2GR + 2 mm) from the gingival margin with recession. (D) Occlusal view.
Horizontal incision made at partial thickness extending from mesial of the right central incisor to
distal of the left lateral incisor. (E) Connective tissue graft sutured at the level of the CEJ using two
horizontal mattress sutures. (F) Note the coronally repositioned flap and the palatal protection plate.
(G) Occlusal view. Crossed horizontal mattress suture anchored in the periosteum. No suture was
placed along the horizontal incision, to allow healing by second intention. (H) Lateral view. The flap,
made predominantly of alveolar mucosa, was advanced coronally to completely cover the connective
tissue graft. (I) After 1 month of follow-up.

All surgeries were performed by the same experienced periodontist (NQ), using the
bridge flap technique with CTG. Prior to surgery, patients were required to rinse their
mouths for 1 min with 0.12% chlorhexidine mouthwash +0.05% CPC (Perio-Aid, Dentaid,
Barcelona, Spain). After local anesthesia, the surgical technique began with preparation
of the recipient area: a partial-thickness sulcular incision was made at the level of each
recession/s using a micro-scalpel (Spoon Blade, MJK instruments, Marseille, France),
dissecting apically beyond the mucogingival junction and laterally under each papilla
without cutting it, extending 3 to 5 mm from each recession/s. Subsequently, a horizontal
incision was made using a 15C scalpel blade (Swann-Morton, Sheffield, UK) in the alveolar
mucosa of the bottom of the vestibule, leaving a bridge of tissue that was to serve later for
a double blood supply to the CTG. The horizontal incision extended one tooth on either
side of the tooth/teeth with recession/s and was made at a minimum distance of 8 mm
from the gingival margin of the tooth with recession (Figure 1B–D).

To calculate the distance at which the horizontal incision should be made, the formula
proposed by Romanos et al. [28] (2 × GR + 2 mm) was used as a reference. The tissue coronal
to the horizontal incision was subsequently repositioned apico-coronally, maintaining the
marginal integrity of the tissue. The root surface was then mechanically decontaminated
using Gracey curettes, treating only the exposed root surfaces with clinical attachment loss.

Once the recipient bed had been created, a CTG of 1.5 mm thickness was extracted
from the palatal masticatory mucosa, from the upper canine to the mesial surface of the
first molar. Immediate closure of the donor site was performed with horizontal mattress
sutures and single stitches (Seralene® 5-0, Serag-Wiessner Iberia, Madrid, Spain). Patients
also received a palatal plate for protection.

The CTG was introduced through the horizontal incision and repositioned at the level
of the CEJ by means of two horizontal mattress stitches using 5-0 non-absorbable suture
(Seralene®, Serag-Wiessner Iberia, Madrid, Spain): one located mesially and the other
distally (Figure 1E).

To reposition the tissue coronally and achieve greater adaptation and stabilization
of the flap and papillae, suspensory stitches were placed, including the papilla and graft,
using non-absorbable 5-0 suture. Additionally, tooth-suspended sutures were placed,
anchored in the periosteum, apical to the graft and suspended around the lingual side of
the tooth with the recession, using 5-0 resorbable suture (SERAFAST®, Serag Wiessner
iberia, Madrid, Spain). The area of the horizontal incision was left to heal by secondary
intention (Figure 1F–H).

A check-up was performed 1 week after the intervention and, after 15 days, we
removed the sutures and observed revascularization of the graft and epithelialization of
the raw area resulting from the horizontal incision. Photographic assessment and follow-
up were performed at 1 month, 3 months and upon the final review in December 2020
(Figures 2A–C and 3A–E).

After surgery, patients received anti-inflammatory medication (25 mg of Dexketopro-
fen [Enantyum, Menarini, Barcelona, Spain] three times a day for 5 days) and antibiotics
(1 g of Amoxicillin [Amoxicillin, Cinfa, Toledo, Spain] twice a day for 7 days). Patients were
not allowed to brush the surgical sites for 14 days after surgery and were recommended
to use a 0.12% + CPC 0.05% chlorhexidine spray (Perio-Aid, Dentaid, Barcelona, Spain)
three times a day. Patients resumed tooth brushing 4 weeks after surgery, using the roll
technique with a soft toothbrush. Patients were instructed not to pull on their lower lip
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and to follow a soft and liquid diet for the first days after surgery. Sutures at the donor
site were removed at 7 days and sutures near the treated teeth were removed at 14 days
after surgery.

  
Figure 2. (A) Preoperative view, woman with multiple gingival recessions on the facial aspect from
the right lateral incisor to the left lateral incisor. (B) The flap, made predominantly of alveolar mucosa,
was advanced coronally to completely cover the connective tissue graft. (C) Post-treatment follow-up
at 24 months. Only partial root coverage is shown on the lower left central incisor.

   

  
Figure 3. (A) Pre-surgery, gingival recession defect on the left central incisor. Note the narrow band
of keratinized tissue and coronal frenum insertion. (B) Connective tissue graft sutured at the level of
the CEJ using two horizontal mattress sutures. In this case, the graft was exposed 2 mm. (C) Fifteen
days postoperative evaluation. (D) Healing 3 months after surgery. Note the increased keratinized
tissue width but the incomplete root coverage. (E) Check-up 3 years after surgery showing complete
root coverage. There was spontaneous coronal migration of gingival marginal tissue, due to the
phenomenon of creeping attachment.
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2.2. Baseline Clinical Assessment

The following clinical parameters were assessed, both at baseline and at the final
postoperative evaluation, using a table corresponding to each clinical case to collect the data.
All initial measurements were taken on the day of surgery using a millimetric periodontal
probe by adjusting the measurement in multiples of half a millimeter (Colorvue UNC 12,
Hu-friedy, Chicago, IL, USA), on the buccal midface of the teeth under study:

• Recession type (RT): the Miller [27] classification was used.
• Gingival recession depth (GRD), recorded in millimeters from the cementoenamel

junction to the most apical point of the gingival margin.
• Probing depth (PD), recorded in millimeters from the gingival margin to the bottom of

the gingival sulcus.
• Clinical attachment level (CAL): algebraic sum of the PD and GRD.
• Keratinized tissue width (KTW), measured in millimeters from the most apical point

of the gingival margin to the mucogingival junction (MGJ).
• Gingival thickness (GT), measured in millimeters at 2 mm from the new gingival

margin using a K#10 endodontic file with rubber stop (transgingival probing) [29].
• The percentage of root coverage (RC) was calculated according to the following

formula: ([preoperative REC—postoperative REC]/preoperative REC) ×100.

To evaluate the esthetic treatment outcome using the RES index, 28 photographs were
taken with a Canon EOS 700D camera, Canon EF 100 mm f/2.8 L Macro lens (Canon,
Tokyo, Japan) and two 60 × 60 cm softboxes with studio flash (Neewer, Shenzhen, China).
The patient was positioned lying on the dental chair, completely parallel to the floor, and
we placed ourselves at 12 o’clock, at a distance of 0.49 m, and with an f 20 diaphragm
placing the camera lens perpendicular to the longitudinal axis of the experimental tooth.
Intra-examiner reproducibility was determined by measuring PD and GRD in five different
patients on two occasions, 48 h apart. Calibration was accepted if 90% of the recordings
could be reproduced to within 1 mm. A calibrated examiner (JM) initially examined and
evaluated the images taken before and after three years of follow-up in all nine patients
(intraclass correlation coefficient = 0.98; p < 0.01). This examiner (JM) was a dentist with over
20 years of experience in clinical assessments of periodontal health, although he was not
familiar with the characteristics of each patient. All preoperative and postoperative images
from each clinical case were imported and matched on a Keynote 2020 slide for evaluation
and presentation. For each photograph, calibration was performed using parameterized
digital rulers, inspired by the ABFO (American Board of Forensic Odontology) system.

2.3. Statistical Analysis

Variables reporting quantitative results were expressed as mean ± SD, median, and
interquartile range. Variables reporting categorical outcomes were expressed as frequency
distributions. Since most of the data did not follow a normal distribution, non-parametric
tests such as the Wilcoxon signed rank test were used to evaluate differences between
baseline and 36-month follow-up values for probing depth, gingival recession depth,
clinical attachment level, keratinized tissue width, and gingival thickness.

Statistical analysis was performed using a statistical software program (SPSS Statistics,
version 20.0, IBM). All tests were considered statistically significant when the p-value was < 0.05.

3. Results

Nine patients with 14 isolated (42.9%) and multiple (57.1%) recessions in mandibular
incisors were treated, of whom three (21.4%) were classified as Miller class II and 11 (78.6%)
as Miller class III defects. Healing was uneventful in most patients. Only one patient
experienced partial detachment of the connective tissue graft at 10 days. After 4 weeks, all
grafts were fully integrated and completely re-epithelialized.

All clinical parameters had changed significantly between the baseline and the final
examination at 36 months, as shown in Tables 1 and 2.
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Table 1. Descriptive statistics at baseline and 36-month follow-up.

Baseline 3 Years

Patient
(n)

Age
Tooth
(FDI)

RT
(mm)

PD
(mm)

GRD
(mm)

CAL
(mm)

KTW
(mm)

CEJ
(A/B)

Step
(+/−)

PD
(mm)

GRD
(mm)

CAL
Gain
(mm)

KTW
(mm)

GT
(mm)

1 29 31 II 2 3 5 0 A - 4 0 4 3 1.1

2 27 41 II 1.5 2.5 4 0.5 A - 2 0 2 3 1

3 41 41 III 2 6 8 0.5 A - 5 1.5 6.5 5 1.7

4
37 41 III 2 1.5 3.5 4 A - 2.5 0.5 3 4 1.7

37 31 III 2 3.5 5.5 1 A - 2 0.5 2.5 5 1.2

5 38 31 III 1 6 7 0 A - 3 0 3 5 1.3

6 31 31 II 2 4 6 1 A - 2 0.5 2.5 3 1.1

7

22 42 III 2 1.5 3.5 0 A - 2 0 2 1 1

22 41 III 2 1 3 0.5 A - 4 0 4 1 1.5

22 31 III 1 4 5 0 A - 1.5 1 2.5 1 1.1

22 32 III 2 2 4 0 A - 2.5 0 2.5 2 1.1

8 28 31 III 2 4 6 0 A - 3 2.5 5.5 1 1.5

9
38 41 III 1 3 4 1 A - 3 1 4 1 1.4

38 31 III 1 3 4 1 A - 2 2 4 1.5 2

RT: recession type; PD: probing depth; GRD: gingival recession depth; CAL: clinical attachment level;
KTW: keratinized tissue width; CEJ: cementoenamel junction (A = detectable CEJ, B = undetectable CEJ);
STEP: + = presence of a cervical step > 0.5 mm, −= absence of a cervical step; GT: gingival thickness.

Table 2. Clinical parameters at baseline and 36-month follow-up.

Baseline and 36-Month Follow-Up

Parameters N Mean ± SD Range p

GRD (mm) 14

Baseline 14 3.2 ± 1.5 1–6

36 months 14 0.7 ± 0.8 0–2.5

Difference 14 2.5 ± 1.5 1–6 <0.01

PD (mm) 14

Baseline 14 1.7 ± 0.5 1–2

36 months 14 2.7 ± 1 1.5–5

Difference 14 1.1 ± 1.0 0–6 <0.01

CAL (mm) 14

Baseline 14 4.9 ± 1.5 3–8

36 months 14 3.4 ± 1.3 2.0–6.5

Difference 14 1.5 ±1.4 (−1)–4 <0.01

KTW (mm) 14

Baseline 14 0.7 ± 1 0–4

36 months 14 2.6 ± 1.6 1–5

Difference 14 1.9 ±1.7 0–5 <0.01

GT (mm) 14

Baseline 14 0.0± 0.0 0–0

36 months 14 1.3 ± 0.3 1–2

Difference 14 1.3 ± 0.3 1–2 <0.01
GRD: gingival recession depth; PD: probing depth; CAL: clinical attachment level; KTW: keratinized tissue width;
GT: gingival thickness; SD: standard deviation.
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On average, the GRD was 3.2 ± 1.5 mm (ranging from 1 to 6 mm) at baseline, with
a CAL of 4.9 ± 1.5 mm (bounded in a range of 3 to 8 mm). The KTW was 0.7 ± 1 mm
(ranging from 0 to 4 mm). After surgical treatment and a 36-month follow-up, the GRD
was, on average, 0.7 ± 0.8 mm (range 0 to 2.5 mm), representing 80.5% ± 23% RC. Similarly,
the CAL at the end of the evaluation period averaged 3.4 ± 1.3 mm (range 2.0 to 6.5 mm).
The final mean KTW was 2.6 ± 1.6 (range 1 to 5 mm), and the mean GT gain was 1.3 ± 0.3
(range 1 to 2 mm). All of these changes were found to be statistically significant (p < 0.05)
after a comparison with the Wilcoxon signed-rank test (non-parametric test for paired
data). The non-parametric comparison of the degree of root coverage (RC) and GT gain,
according to the Miller class (II and III), showed statistically significant differences (p < 0.05).
Specifically, RC gain was significantly higher in Miller class II (95.8 ± 7.2%) vs. Miller class
III (76.4 ± 24.2%). However, GT gain was significantly (p < 0.01) higher in Miller class III
(1.4 ± 0.3 mm) compared to Miller class II (1.1 ± 0.1 mm).

Finally, as shown in Table 3, the change in the final esthetic outcome score averaged
7.4 ± 2.7 points out of 10, with a median of 8.5 and an interquartile range of 4. Given
that all patients had scores of zero on the RES scale at the beginning of the study, these
results imply that there was a 74% improvement in esthetic terms. Esthetic changes were
mainly observed in the following areas: the level of the gingival margin, complete RC
(undetectable CEJ) having been achieved for 64.3% of recessions; the gingival contour, an
adequate marginal contour with the MGJ aligned with that of adjacent teeth having been
obtained for 71.4% of recessions; and gingival color, with 78.6% of recessions having a
normal color that matched the adjacent tissues. However, in 57.1% of the cases there were
apical scars, compared to 42.9% in which no scars were observed.

Table 3. Detailed description of the preoperative and final recession scoring system (RES), according
to Cairo et al. [26].

RES Score

Parameter
Level of Gingival

Margin *
Marginal Tissue

Contour **
Soft Tissue
Texture ***

Mucogingival
Junction ****

Gingival
Color *****

TF

Score 0 3 6 0 1 0 1 0 1 0 1

n. (%)
1 4 9 4 10 8 6 4 10 3 11

(7.1) (28.6) (64.3) (28.6) (71.4) (57.1) (42.9) (28.6) (71.4) (21.4) (78.6)

Total Score
Average Mean
(SD)

7.4 (2.7)

Median
(IQR) 8.5 (4)

* score 0: gingival margin apical or equal to the baseline recession; score 3: partial root coverage; score 6: complete
root coverage with undetectable CEJ. ** score 0: irregular gingival margin; score 1: proper marginal contour.
*** score 0: presence of scar formation and/or keloid-like appearance, score 1: absence of scar or keloid formation.
**** score 0: mucogingival junction (MGJ) not aligned with MGJ on adjacent teeth, score 1: MGJ aligned with MGJ
on adjacent teeth. ***** score 0: color of tissue differs from gingival color on adjacent teeth, score 1: normal color
and integration with the adjacent soft tissues. TF: mean follow-up of 36 months. Nine patients (14 sites) were
evaluated at TF.

4. Discussion

The present study was carried out to evaluate the clinical and esthetic efficacy of
treating recessions in mandibular incisors by performing the double lateral sliding bridge
flap technique with CTG. This traditional technique was specifically designed to cover
isolated and multiple gingival recessions at both the maxillary and mandibular levels [30].
Originally, clinicians did not use the CTG, but simply manipulated the flap by moving it
coronally to achieve their root coverage goal [30]. The results obtained in the present study
prove that a CTG together with the double lateral sliding bridge flap technique is a valid
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treatment option for the coverage of gingival recessions in the mandibular anterior region.
Predictable techniques, such as pedicled flaps (positioned either laterally or coronally)
covering the denuded root surface, with or without the use of a CTG, are available to
reconstruct the soft tissues over the recession [9,18,19]. Systematic reviews have evaluated
the efficacy of these procedures to establish root coverage percentages ranging from 35% to
97%, and conclude that subepithelial connective tissue grafting (obtained from the palatal
mucosa) is the surgical treatment producing the best results [31,32].

As we expected to fully correct all the recessions treated with this technique, we did
not estimate the sample size at baseline, although we knew that a previous clinical trial in
which this technique had been used evaluated 15 recessions in seven patients and found
significant pre-post differences [33]. Currently, based on the data dispersion for gingival
recession depth after 36 months of follow up (2.5 ± 1.5 mm), we can estimate that the
recommended sample size for this pre-post comparison is seven recessions, with a power of
80% and an alpha error of 0.05. Since a control/placebo group may not be ethically viable,
we used baseline data as controls to legitimate pre-post comparisons.

For the treatment of isolated mandibular gingival recessions, several surgical tech-
niques have been proposed, including the use of a free gingival graft (FGG) [16] or CTG
combined with various flap designs, such as the envelope flap [17], coronally advanced
flap [18], laterally sliding flap [19], double pedicle flap [20], or laterally closed tunnel
technique [21]. However, the scant literature we have found on the treatment of isolated
and multiple recessions in sextant V using the bridge flap technique is limited to case
series [28,30,33]. Furthermore, treating multiple recessions at the mandibular anterior
level is more challenging, as there may be anatomical variants that affect the prognosis [1].
Graziani et al. [10] performed a systematic review and meta-analysis in which they evalu-
ated the efficacy of the following techniques: coronally advanced flap, modified coronally
advanced flap, and modified coronally advanced tunnel, in multiple recessions at both the
level of the fifth sextant and the upper maxilla. Their findings suggest that the various
surgical treatments are associated with moderate to high levels of clinical efficacy, obtaining
more than 80% RC for Miller class I, II, and III recessions. However, none of them has
become the gold standard technique. Essentially, we can currently choose between the
tunnel technique and the coronally advanced flap technique with CTG [22,23] to address
multiple recessions in sextant V, with few studies [28,30,33] analyzing combined techniques
such as that tested here. It was Marggraft [30] who proposed the double lateral bridging
flap technique as a procedure for covering gingival recessions in 1985. This same tech-
nique, with certain modifications, was described by Edlan-Mejchar [34] for deepening
the vestibule.

Romanos et al. [28] are among the few authors who have presented results on the dou-
ble lateral bridging flap [30] technique with a follow-up of 5–8 years: in their 1993 study,
complete root coverage was observed in 24% of the 75 gingival recessions treated in
18 patients. However, Romanos et al. [28] did not classify the severity of gingival recessions
based on any standardized criteria (such as the Miller classification), meaning that their
efficacy cannot be properly evaluated. Subsequently, Azzi et al. [35] described a modifi-
cation of the Marggraft technique [30] in a clinical case in the maxilla. This variation of
the technique involved adding a connective tissue graft, in addition to the incision in the
bottom of the vestibule, as well as mobilizing the flap coronally to cover multiple gingival
recessions and to reconstruct the papilla in Miller class IV recessions. Another analysis of
this technique was published by Bethaz et al. [33] in 2014, based on findings derived from
15 recessions in seven subjects with a follow-up of up to 2 years. Both isolated and multiple
recessions were treated in the mandibular anterior area, classified as Miller class I and II;
bicuspids and canines were also included. This technique is similar to that used in the
present study, i.e., a bilaminar technique with only one horizontal incision in the bottom
of the vestibule. These researchers achieved complete RC in 11/15 recessions (73.3%) at
24 months; the mean RC was 90.6% ± 16.8% and they obtained a mean KTW gain of
1.4 ± 0.8 mm.
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Compared to the outcomes achieved by Bethaz et al. [33], our results showed a slightly
lower mean RC (80.5% vs. 90.6%), but this difference may be due to the fact that, unlike
that research, the present study also included Miller class III defects in most of the treated
cases. Moreover, further analysis of our data showed a mean RC of 95.8% when only
Miller class II defects were included in the analysis, so our results appear to have high
efficacy. Similarly, the observed KTW gain in our study was slightly higher (1.9 mm) than
that reported in Bethaz and colleagues’ research (1.4 mm) [33]. It should be noted that we
chose to analyze the gingival thickness parameter in our study, since recent literature [1]
recommends evaluating the gingival biotype, due to the higher risk of development or
progression of gingival recession in cases with periodontal biotypes of <1 mm. Based on
the above, we have observed that recessions did not recur after 36 months of follow-up,
reaching a medium-term gingival stability that could be accountable to the average GT gain
having been greater than 1 mm (1.3 ± 0.3 mm); therefore, statistically significant differences
were found. Finally, in the study by Bethaz et al. [33], a fine white scar located apically
in the bottom of the vestibule, which was undetectable without intraoral inspection, was
also observed in 71.4% of patients, whereas in our study this occurred in 57.1% of patients
(Table 3). Therefore, in just over half the cases, this surgical technique involves an esthetic
limitation: the formation of a small scar that is undetectable, given its location at the bottom
of the vestibule. Nevertheless, the proposed treatment is a recommendable therapeutic
option for patients with a shallow vestibule, coronal frenum insertion or mandibular
incisors with a lack of keratinized tissue.

Regarding the efficacy of other techniques to treat mandibular anterior recessions, it
is worth highlighting the work of Aroca et al. [11], who observed complete RC in 38% of
patients (8/20 patients) after treating Miller class III recessions with the modified tunnel
technique combined with an enamel matrix derivative and CTG. While the coverage
efficiency was low, the fact that their technique addressed the challenge of Miller class III
recessions should be noted. Nart et al. [36] also treated a total of 14 isolated Miller class
II and III recessions in mandibular incisors in 10 patients using a coronally advanced flap
(CAF) and CTG. At 11.7 months after surgery, the mean RC was 90.22% ± 12.36% for all
recessions treated. In Miller class II defects, the mean RC was 94.04% ± 10.45%, while
a complete RC was reached in five (71.42%) out of seven defects. In class III recessions,
the mean RC amounted to 86.41% ± 13.70% and a complete RC was obtained in three
out (42.85%) of seven defects. Statistical analysis revealed no differences between the two
groups. In the present study, if we limit the analysis to the results for Miller class III defects,
a mean RC of 76.4% ± 24.2% was obtained, which is lower than the values reported in the
study by Nart and colleagues [36] (around 86%) and higher than the results of the study by
Aroca et al. [11] (around 40%).

A recent systematic review [37] included 18 articles with 399 Miller class I and II
isolated gingival recessions that were treated using the CAF technique. In this review,
43 gingival recessions affected mandibular central incisors and 26 affected mandibular
lateral incisors; the mean root coverage obtained ranged from 86.28% to 91.04%, and
complete root coverage varied from 53.8% to 75%. The high variability in the percentage of
complete root coverage may be explained by the challenging anatomical conditions present
in the mandibular anterior region.

The results obtained with the double lateral sliding bridge flap technique with CTG
in Miller class II and III defects are promising for the treatment of isolated and multiple
mandibular recessions located in the anterior region. However, it should be noted that
the results are highly dependent on a careful selection of patients: in particular, whether
heavy smokers are included or not [38], and the level of oral hygiene [6]. Therefore, the
importance of prescribing chlorhexidine spray after the operation should be stressed, due
to its bactericide and bacteriostatic properties, as well as its vital role in reducing gingival
inflammation and in soft-tissue healing [39].

Recently, Parween et al. [40] performed a randomized clinical trial comparing the
outcome of the modified tunnel technique with CTG with and without recombinant human
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platelet-derived growth factor (rhPDGF-BB) in 24 Miller class I and III mandibular multiple
recessions. At 6 months, the mean reduction in recession depth was greater in the test
group (2.08 ± 0.90 mm) than in the control group (1.83 ± 0.93 mm) and the mean RC was
82.6% ± 23.69% in the test group and 56.3% ± 28.55% in the control group. A mean KTW
gain of 0.58 and 0.75 mm was observed for the control and test groups, respectively. In the
present study, similar results to those of Parween [40] were observed in terms of recession
depth reduction (2.5 mm vs. 2.1 mm in Test and 1.8 mm in the control). Our findings on
root coverage were also comparable (80.5% ± 23%) to those observed by Parween and
colleagues (82.6% ± 23.69%) in the test group. This evidence suggests that although plasma
improves healing, comparable results can be obtained with the technique described here.

To analyze the esthetic results after root coverage surgery, the RES index proposed by
Cairo et al. [26] was used. In our study, a mean score of 7.4 was observed, which is higher
than that observed by Pini Prato et al. [41] (6.8) for the treatment of multiple maxillary
and mandibular recessions. After a 6-month follow-up, Parween et al. [40] obtained a
mean score of 7.6 for the control group and 8.8 for the test group in multiple mandibular
recessions, which is higher than our values (Table 3). Unfortunately, we have not found any
studies analyzing RES after using the double lateral sliding bridge flap technique with CTG.
Therefore, it is highly recommendable for future studies to use standardized measures of
esthetics to facilitate the comparison of results. In addition to the significant changes to the
clinical parameters analyzed with this technique, we have been able to conclude that it is
an efficient surgical procedure in mucogingival surgery in the mandibular anterior region,
especially when anatomical anomalies such as aberrant frenums and shallow vestibules
are present.

5. Conclusions

The double lateral sliding bridge flap technique with CTG appears to be a satisfactory
technique for the treatment of isolated and multiple Miller class II and III recessions in
the mandibular anterior region, with statistically significant gains in gingival thickness
(1.3 ± 0.3), keratinized tissue width (1.9 ± 1.7) and recession depth reduction (1.1 ± 1.0).
The mean percentage of root coverage was 80.5% in general and 95% in Miller type II
recessions. An improvement in esthetics was also obtained, ranging from 42.9% in gingival
texture to 78% in gingival color. The RES index reports good esthetic results for the double
lateral sliding bridge flap technique with CTG, despite the probable appearance of scars,
which are imperceptible to the patient due to their apical location.
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Abbreviations

CEJ cementoenamel junction
CTG connective tissue graft
GR gingival recession
RT recession type
GRD gingival recession depth
PD probing depth
CAL clinical attachment level
KTW keratinized tissue width
GT gingival thickness
MGJ mucogingival junction
RC root coverage
CRC complete root coverage
CAF coronally advanced flap
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Abstract: (1) Background: The shade of resin-based materials and ceramic thickness influence
the optical color of laminate restorations. The purpose of this study is to evaluate—in vitro—the
effect of resin-based cement shade and ceramic thickness on fluorescence of feldspathic laminate
veneers; (2) Methods: 180 samples of feldspathic ceramic A2 shade with two different thicknesses
(0.5 and 0.8 mm) were obtained. The samples were cemented to composite resin substrates with
one of the following materials in different shades (n = 10): resin cement (Variolink Esthetic in Light,
Neutral and Warm shades; or RelyX Veneer in B0.5 /white, Translucent and A3 Opaque/yellow
opaque shades); flowable composite resin (G-aenial Flo in A2 and A3 shades) or a pre-heated
composite resin (Filtek Supreme XTE, A3 body shade). The fluorescence spectra were obtained by
means of a spectrofluorometer. Two-way ANOVA, Tukey, and Student’s t-tests were performed
(α = 0.05); (3) Results: Fluorescence values were significantly influenced by the resin-based agent
tested (p < 0.001), the thickness of ceramic (p < 0.001), and their interaction (p < 0.001). The lowest
fluorescence values were achieved by RelyX Veneer resin cement regardless its shade and the ceramic
thickness; (4) Conclusions: both the shade of resin-based agent and the feldspathic ceramic thickness
influenced the fluorescence of laminate restorations.

Keywords: feldspathic ceramic; resin cement; flowable resin; fluorescence; thickness

1. Introduction

Nowadays, ceramic laminate veneers are one of the main choices to perform a highly
aesthetic oral rehabilitation [1–3]. Feldspathic porcelain, the first type of ceramic used in
dentistry, is a suitable clinical solution for fabricating veneers, due to excellent esthetic
and biocompatibility properties and long-lasting performance [1–4]. Long-term success
of ceramic veneers depends partly on the adhesive cementation [4,5]. Once adhesively
cemented, ceramic laminate veneers exhibit an increased fracture strength and propitious
success rates [6–8].

The restoration’s aesthetic goal should reproduce the optical characteristics of the
natural tooth. Several factors—such as ceramic thickness, cement, and abutment color—
influence the final color of the restored tooth [9–14]. Translucency, opalescence, and fluores-
cence are other optical properties that alter the overall appearance of the restoration [15].

Fluorescence of the natural teeth occurs when their surface absorbs ultraviolet light
(UV) (350–400 nm) and emits light with a longer wavelength, creating a bluish-white
color [16–21]. This property is mostly determined by dentin because of the greater amount
of organic material, which contains fluorescence-releasing amino acids—such as tryptophan,
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providing three times more fluorescence than enamel [11,20,22–24]. Fluorescence can be
classified as distinctive clinical optical property that not only makes teeth appear whiter
but also brighter by emitting more blue radiation due to fluorescence, which converts UV
radiation (invisible to the eye) to blue radiation (visible to the eye). Thus, to provide better
integration, it is mandatory that teeth restored with ceramic veneers have a fluorescence
emission similar to that of the natural teeth [19].

The type and composition of the ceramic will influence the intensity of fluores-
cence [19]. Some luminescent additives—such as europium and other rare-earth elements
that exhibit visible fluorescence—are included in composition of ceramics and resin cements
to obtain fluorescence properties similar to the tooth structure [19,25–28]. To date, few
studies have evaluated the fluorescence of ceramic restorations. Rafael et al. [27] evaluated
the impact of tooth substrate shade on color differences, transmittance, and fluorescence of
CAD-CAM (Computer Aided Design and Computer Aided Design Manufacturer) leucite
based ceramics. The association of ceramic samples with darker substrates decreased
fluorescence intensity. Silami et al. [28] showed that the apparent fluorescence of laminate
veneers was influenced by the combination of two different ceramic veneers and the ce-
ment (light-cured or self-adhesive dual resin cements). Other authors also showed that
high-fluorescence resin-based cement may interfere with the final esthetic result of thin
restorations [20].

Light-cure resin cements are indicated when luting relatively thin and translucent
restorations, as it allows light irradiance to activate the photo-initiators [29]. This type of
resin cement exhibits clinical advantages such as long period of working time, setting on
demand, and better color stability [30]. Recently, there has been an increasing trend to
use flowable composite resins as light-cure cements for adhesive luting [29] in order to
benefit from their physical properties (more filler-loaded than resin cements), as well as an
improved cost–benefit compared to resin cements [31].

Several devices and methods for analysis of fluorescence in aesthetic materials have
been employed in previous papers. Fluorometers or spectrofluorometers are commonly
used because they provide quantitative results without the limitations of photography
methods [19,27]. These devices measure fluorescence parameters, such as intensity and
distribution, at various wavelengths. An emission spectrum corresponds to the wavelength
intensity distribution of the emitted fluorescence at a constant excitation wavelength [19].

Due to higher translucency of feldspathic ceramic, the brand and shade of material
used for the cementation may interfere with the fluorescence of the restoration. Therefore,
the aim of this in vitro study was to evaluate the effect of light-cure resin cement and
flowable composite resins in different shades on fluorescence of CAD-CAM feldspathic
veneer restorations in two thicknesses. Our research hypothesis was that the emission
intensity of fluorescence of feldspathic ceramics restorations is not influenced by the shade
of resin-based material, nor by the thickness of feldspathic veneer.

2. Materials and Methods

The materials used in the present study are listed in Table 1.
Five CAD-CAM feldspathic ceramic (CEREC Blocs; Denstply Sirona, PA, USA), A2

shade, were used for the present study (10 × 12 mm). The ceramic blocks were cut into
slices with thicknesses of 0.5 and 0.8 mm (ninety slices for each thickness) with a water-
cooled diamond saw (Isomet 1000; Buehler, Lake Bluff, IL, USA) at a speed of 450 rpm.
To ensure a uniform surface roughness, both sides of the samples were polished with a
sequence of 400-, 600-, and 1200-grit SiC paper for 15 s at a constant speed of 100 rpm using
a grinding machine (LabolPol-4; Struers, Madrid, Spain) under water cooling. To ensure
a uniform thickness of the samples (±0.05 mm), we employed a precision digital caliper
(Heavyware Tools) at three different points. The samples were then randomly assigned to
the following experimental groups according to the resin-based luting agent and its shade
(n = 10): two resin cements Variolink Esthetic in Light, Neutral, and Warm shades (Ivoclar
Vivadent, Schaan, Liechtenstein) and RelyX Veneer, in B0.5/white, Translucent and A3
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Opaque/yellow opaque shades (3M Oral Care, Seefeld, Germany); a flowable composite
resin (G-aenial Flo in A2 and A3 shades (GC Europe, Leuven, Belgium); and a preheated
composite resin (Filtek Supreme XTE, A3 Body shade (3M Oral Care, St. Paul, MN, USA)).
The latter composite resin was used for the control group.

Table 1. Manufacturer and composition of ceramic, resin-based material and composite resin tested.

Material and Manufacturer Composition
Batch

Number

Cerec® Blocs C/PC
VITA

Shade: A2
CAD-CAM feldspathic ceramic

SiO2 (56–64%), Al2O3 (20–23%), Na2O
(6–9%), K2 (6–8%), CaO (0.3–0.8%), TiO2

(0.0–0.1%), pigments <0.1%.
66301

RelyX Veneer
3M Oral Care

Shade: B0.5, A3 and Translucent
Resin cement

Bis-GMA, TEGDMA, Zirconia/silica,
modified silica. Particle loading

approximately 66% by weight, particle
size approximately 0.6 mm,

photoinitiator.

N862421
N816236
N843828

Variolink Esthetic LCIvoclar
Vivadent

Shade: Light, Neutral and Warm
Resin cement

Dimethacrylate, methacrylate monomers,
inorganic particles Ytterbium trifluoride

and spheroid oxide mixed. primers,
stabilizers and pigments. Particle size is
from 0.04 to 0.2 μm. Inorganic charge is

approximately 38%.

v48653
w05218
w06171

G-aenial Universal
GC Corporation

Shade: Flo A2 and A3Flowable
composite resin

Urethanedimetrylate, Bis-MEPP,
TEGDMA (31%). Silicon dioxide (16 nm),

Strontium glass (200 nm), pigments
(69%), photoinitiator.

161202

Filtek Supreme XTE3M Oral Care
Shade: A3 Body

Nanofilled composite resin

UDMA, Bis-GMA, Bis-EMA, Silica
(20 nm) Zirconia (4–10 nm). Size of the

particles together 0.6 to 10 μm. Inorganic
particles represent 72.5% of the

total charge.

N859611

Composite resin discs (Filtek Supreme XTE (3M Oral Care, St. Paul, MN, USA,))
(n = 180) with a thickness of 1 mm (±0.05 mm) were used as substrate. The composite
discs were prepared using a resin former (sample ref. 7015 Smile Line Porcelain, St-Imier,
Switzerland) and light-cured with a LED unit (Elipar S10; 3M Oral Care, Seefeld, Germany)
for 40 s at high intensity (1000 mW/cm2) according to the manufacturer’s instructions.
Resin discs were also calibrated using a digital caliper (Heavyware Tools). The ceramic
samples were randomly paired with the resin disks to make 18 groups with 10 samples per
group.

Surface treatment of the ceramic was carried out according to the manufacturer’s in-
structions. Firstly, application of 9.6% hydrofluoric acid (PulpDent Corporation, Watertown,
MA, USA) for 90 s, then rinsed for 60 s and followed by application of 37% phosphoric
acid (R&S Supraetch; R&S, Paris, France) making vigorous circular movements for 60 s
and using a microbrush. The ceramic samples were washed with distilled water, followed
by an ultrasonic bath for 4 min. The surfaces were dried with 96% alcohol, and a silane
coupling agent (Ultradent, South Jordan, UT, USA) was applied for 20 s and evaporated
for 60 s. Finally, an adhesive system (Optibond™ FL; Kerr Dental, Orange, CA, USA) was
applied without curing.

Each ceramic sample was cemented maintaining a constant force of 50 Newtons for
60 s [32] to standardize the luting agent thickness. In the control group, the composite resin
used for luting (Filtek Supreme XTE, A3 Body shade) was previously heated in a resin oven
(55 ◦C) (Micerium, Avegno, Italy) before its application.
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Photopolymerization was carried out with the same LED unit for 40 s in the center of
each sample. The intensity of the light was checked regularly with a Demetron radiometer
(Kerr). After polymerization, the bonded samples were stored for 24 h in a dry environment
and protected from light.

Fluorescence spectra of each sample was obtained on a spectrofluorometer (SPEX
Fluorolog 2I2I; Horiba, Kyoto, Japan) at a wavelength of 380 nm and at room temperature.
The area under each curve was integrated and used as a reference for each sample. For
each group, a single spectrum was averaged.

The results of the fluorescence were statistically analyzed by a two-way ANOVA
was performed to analyze the effect of the resin-based luting agent and the thickness of
feldspathic ceramic (0.5 or 0.8 mm). Post-hoc comparisons were performed using Tukey
and the Student’s t-tests. All statistical tests were performed with a statistical software
program (IBM SPSS v22; IBM Corp., New York, NY, USA) (α = 0.05).

3. Results

The fluorescence spectrum of all tested materials showed similar pattern with a
fluorescence peak around 450 nm and slowly decreased to 700 nm. In Figures 1 and 2 each
color represents the average group pattern. Lower fluorescence emission intensity peaks
were detected around 542 nm. The resin-based materials tested had different intensities of
fluorescence emission.

Table 2 and Figure 3 show the mean fluorescence values (standard deviation, SD) for
each experimental group. The two-way ANOVA revealed that fluorescence values were
significantly influenced by the resin-based agent tested (p < 0.001), the ceramic thickness
(p < 0.001), and the interaction between these factors (p < 0.001).

For feldspathic ceramic thickness of 0.5 mm (Table 2 and Figure 1), samples luting
with flowable composite resin G-aenial Flo A3 obtained the highest fluorescence values
although statistically similar to those luting with the same brand in A2 shade, Variolink
Neutral and with the group cemented with preheated composite (reference group). The
samples cemented with Variolink Esthetic, regardless the shade, obtained similar values of
fluorescence and also similar to reference group. The lowest values of fluorescence were
obtained for the three groups cemented with RelyX Veneer, regardless of the shade.

Figure 1. Fluorescence emission spectra different groups according to resin-based material used for
luting feldspathic veneers (0.5 mm thickness). Graph values are in millions of a.u.

178



Appl. Sci. 2022, 12, 6535

Figure 2. Fluorescence emission spectra different groups according to resin-based material used for
luting feldspathic veneers (0.8 mm thickness). Graph values are in millions of a.u.

For the thickness of 0.8 mm (Table 2 and Figure 2), the highest fluorescence level was
obtained for G-aenial Flo A3 group, followed by Variolink Esthetic Light and Neutral,
G-aenial Flo A2, and the reference groups. The fluorescence of Variolink Warm group were
lower than the groups luted with Light and Neutral from the same brand, and statistically
similar to G-aenial Flo A2, RelyX Translucent, and the reference group. RelyX Veneer B0.5
and A3 groups yielded the lowest values, demonstrating that the latter group showed
statistically lower fluorescence than RelyX Translucent.

Student’s t-test did not show significant differences in fluorescence intensities between
0.5 and 0.8 mm thickness, except for Variolink Neutral and Warm, and G-aenial Flo A2
groups, in which the values decreased with veneer thickness of 0.8 mm.

Table 2. Mean fluorescence values (arbitrary unit, a.u.) and standard deviation (SD) obtained for
bonded ceramic samples according to the resin-based luting agent and the feldspathic ceramic
thickness (n = 10). For each column, different letters indicate significantly different fluorescence mean
values among luting agents used for each feldspathic ceramic thickness.

Resin-Based Material

Ceramic Thickness
0.5 mm vs. 0.8 mm

(p-Value)0.5 mm 0.8 mm
Mean ± SD Mean ± SD

Variolink Light 1.81 × 106 ± (3 × 105) B 1.71 × 106 ± (1 × 105) E 0.361
Variolink Neutral 2.06 × 106 ± (2 × 105) BC 1.73 × 106 ± (1 × 105) E 0.005
Variolink Warm 1.88 × 106 ± (2 × 105) B 1.38 × 106 ± (1 × 105) CD <0.001

RelyX Veneer B0.5 8.01 × 105 ± (2 × 105) A 8.99 × 105 ± (1 × 105) AB 0.296
RelyX Veneer
Translucent 9.78 × 105 ± (2 × 105) A 1.15 × 106 ± (1 × 105) BC 0.072

RelyX Veneer A3 6.53 × 105 ± (4 × 105) A 7.78 × 105 ± (1 × 105) A 0.442
G-aenial Flo A2 2.04 × 106 ± (3 × 105) AC 1.58 × 106 ± (2 × 105) DE 0.003
G-aenial Flo A3 2.47 × 106 ± (6 × 105) C 2.36 × 106 ± (2 × 105) F 0.630

F Supreme XTE A3
(preheated) 2.02 × 106 ± (2 × 105) BC 1.65 × 106 ± (2 × 105) DE 0.05
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Figure 3. Mean fluorescence values (millions of arbitrary unit, a.u.) and standard deviation bars
obtained for bonded ceramic samples according to the resin-based luting agent and the feldspathic
ceramic thickness (n = 10).

4. Discussion

According to the results of the present study, the research hypothesis was rejected be-
cause the emission intensity of fluorescence of feldspathic ceramic restorations is influenced
by the shade of resin-based material, as well as by the thickness of feldspathic veneer.

In order to achieve a natural looking restoration, the restorative materials should imi-
tate the optical properties of the natural tooth, including fluorescence [15]. The wavelength
of the excitation beam was 360 nm, which is the wavelength that causes a peak emission
fluorescence intensity of the tooth. Ceramic veneers are usually fabricated as thin layers;
therefore, the type and color of the cementing agent could influence the fluorescence of the
restoration, as well as the final result [27].

Different levels of fluorescence were detected among groups tested. It is evident that
the high translucency of the feldspathic ceramic allows the fluorescence of the luting agent
to influence the final fluorescence of the restoration. Hence, the fluorescence values of
restorations are the result of combination of the fluorescence of feldspathic ceramic and the
underlying cement filtered by the ceramic [32].

In the present study, only one type of ceramic has been evaluated. Although flu-
orescence of dental ceramics have been previously reported [18,21,27,32–35], literature
about this optical property in current ceramics is scarce [21,27] and, as far as we know,
there are no data about the ceramic (CEREC Blocs) used in this study. Feldspathic ceramic
is characterized as an extremely aesthetic material, indicated to mimic the dental struc-
ture [36]. The ceramic used in this study was a CAD-CAM feldspathic ceramic, available
for digital manufacturing, and sintered by optimized industrial procedures, which results
in blocks with fewer flaws and pores, and better mechanical properties than the traditional
or hand-built ceramic [37,38].

Basic components of ceramics and dental resins are not able to produce fluorescence,
so this can be achieved by incorporating rare-earth oxides—such as europium, terbium,
and cerium—which have a strong fluorescence when exposed to UV light [17,19,33,39].
Other procedures, such as the application of an external fluorescent glaze layer on a pressed
lithium disilicate ceramic, have been recently reported [21]. Regarding composite resin,
manufacturers do not disclose the exact composition of these materials, although it is
known that some luminescent species—such as rare-earth oxides, terbium coordination
polymers of PEMA, or aromatic complex—have frequently been used [19,22,24].
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Despite the fact that fluorescence is one of the optical properties of natural teeth that
has attracted the attention of dental professionals in recent years [19], papers on this subject
are limited. Silami et al. [28] also quantified the fluorescence of two different ceramic
veneers (lithium disilicate glass-ceramic and fluorapatite glass-ceramic) and two types of
resin cements (light-curing versus self-adhesive resin cements). However, the difference in
materials and methodology does not allow a direct comparison of the results.

With ceramic veneers of 0.5 mm thickness, the groups in which Variolink Veneer and
the flowable composite resin G-aenial were used, exhibited similar fluorescence values to
the group used as reference (preheated Filtek Supreme XTE). In contrast, the fluorescence
intensities were the lowest when RelyX Veener resin cements were used. These results might
be explained by the luminophore content of the cements evaluated. In the case of Variolink
Veneer, it contains ytterbium trifluoride, a compound that provides fluorescence [40]. It
was previously reported that the light-cured resin cement Variolink II (Ivoclar Vivadent),
also includes ytterbium trifluoride, and improved the fluorescence level of the e.max Press
ceramic restoration [28]. On the other hand, the manufacturer of RelyX Veneer cement
does not report luminophores in its composition. This may possibly explain why the
fluorescence level was lower than in the other groups.

In the groups with ceramic thickness of 0.8 mm, a greater influence of the shade of the
cement was appreciated between cements of the same brand. Darker shades within the
same brand obtained a lower emission of the final fluorescence of the restoration. Thus,
for example, veneers cemented with RelyX Veneer A3 had lower fluorescence values than
RelyX Veneer Translucent. The same was observed with G-aenial Flo A3 compared to A2,
and Variolink Veneer Warm compared to Light and Neutral. This trend was also confirmed
in a recent paper in which the authors investigated the fluorescence behavior of different
shades of selected contemporary tooth-colored restorative materials and concluded that—
within any one brand of material—fluorescence emissions differed according to shade, with
the lightest shades giving the strongest emissions [41].

According to the results, the fluorescence values emitted with thicker veneers showed
a decrease with respect to 0.5 mm thickness significant for G-aenial A2, and Variolink
Neutral and Warm groups. This decrease can be due to the fluorescence emitted mainly
by the ceramic, since the luting material does not have constituents with the capacity
to overcome the emission of fluorescence by the ceramic itself. RelyX Veneer cement,
regardless of its shade, maintained the lowest fluorescence values.

In the present study, the composite resin Filtek Supreme XTE was used as a substrate
instead natural tooth in order to avoid biological variability [27]. It is known that fluo-
rescence in natural teeth is a multifactorial phenomenon based on multiple organic and
inorganic components, age, and biotype [19,42]. Furthermore, fluorescence is lost after
extraction unless fixation procedures are performed [42]. Thus, to replicate this optical
property artificially, Filtek Supreme XTE was selected due to previous papers revealing an
optimal fluorescence similar to the natural tooth [42–44].

Fluorescence makes the teeth look brighter and whiter in daylight [45]. Therefore,
fluorescence appears in UV light above all, but ambient light is also relevant, because it
influences the color of restorations. In our study, UV light has been used, but ambient light
can also induce a certain degree of fluorescence, and that is why it has been evaluated in
different studies [17,18,27,32–35].

The peak of fluorescence emission intensity was determined to be around 450 nm. In
the visible light spectrum, this wavelength corresponds to the blue color. The blue comple-
ment given by the fluorescence present in the cements should be taken into account not only
by the restorative dentist, but also by the laboratory technician. Thus, the communication
between the dental office and the laboratory should also indicate the type of cement that is
going to be used.

Natural teeth have fluorescence intensity peaks that are located at wavelengths of 350,
360, 405, 410, and 440 nm [46], which is in agreement with the obtained results, where the
materials under this study present two peaks of fluorescence emission intensity around
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450 nm and at 542 nm, and according to previous reports [22,47–50]. This indicates that
the materials used in the present study may contain similar elements with fluorescence
emission capacity, but in different percentages.

Limitations of the present study include the use of only one ceramic and specific
brands of resin cement, so the behavior may vary with other materials. Further studies are
recommended to assess the change of the emission of fluorescence with other ceramics and
resin cements.

5. Conclusions

Based on the results obtained in this in vitro investigation, it is possible to con-
clude that:

- The fluorescence of feldspathic ceramic veneer restorations (CEREC Blocs) can be
influenced by the shade and brand of resin-based materials used for luting;

- Thicker feldspathic veneers show less fluorescence emission intensity when they are
cemented with resin cements or flowable composite resins in darker shades.
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Abstract: To quantify the discolouration of the temporary acetal resins in vivo, based on the weeks
of follow-up and the salivary pH in the three thirds of the tooth. To find out if the final CIELAB
coordinates can be predicted from the initial colour coordinates, the salivary pH, the situation (in
thirds) and the weeks of follow-up. Colour coordinates (L, C, and h) were recorded by spectropho-
tometry in 13 participants fitted with hybrid provisional complete dentures made of acetal resin.
Colour recordings were made on the day of placement and after several weeks of follow-up (6 to
31 weeks). Salivary pH was also measured as a predictor variable for colour change. The ANOVA
statistical test and regression models have been used. The highest colour difference according to
ΔEab* was 27.46 units after 15 weeks of follow-up and the lowest was 7.34 units after 17 weeks of
follow-up. Neither in the cervical nor in the middle third any regressor variable (initial L*, initial C*,
initial h*, salivary pH and weeks of follow-up) was able to significantly predict any of the final colour
coordinates (p > 0.05). The colour change of the temporary acetal resins used exceeds the threshold
of clinical acceptability, and it is not acceptable to maintain satisfactory aesthetics. The weeks of
follow-up and the salivary pH are not capable of satisfactorily predicting the final color coordinates
of the acetal resins.

Keywords: acetal resins; spectrophotometer; CIELAB colour space; difference of colour formulae;
interim dental restoration; dentistry; temporal resin

1. Introduction

Tooth colour affects the attractiveness of an individual’s smile; if it is not pleasing,
it can lead to rejection and discomfort on the part of the patient and their environment.
People with bright teeth are associated with better personal, social and economic character-
istics [1]. One of the factors influencing the perception of smile attractiveness is gender and
dental symmetry [2]. Although the vast majority of research indicates that the most valued
aesthetic factor is tooth colour [1,3,4]. The materials used to fabricate temporary prosthetic
restorations are becoming increasingly important in the treatment plan, mainly because
they are made more quickly and allow the patient to assess the shape, colour, position,
and size of the teeth before the final dental prosthesis is made. All provisional materials
must maintain acceptable aesthetics and resemble the natural tooth for an adequate pe-
riod of time [5]. The success of dental prosthetic restorations includes patient satisfaction
with aesthetics. The constant evolution of dental restorative materials has increased the
selection options for the clinician. It is possible to use everything from classical metal
alloys and ceramics, through zirconia, leucite, lithium disilicate, which have appeared
more recently as definitive materials, to temporary materials derived from acrylic resins
or hybrids [6]. Temporary dental prosthesis is defined as “a fixed or removable dental
prosthesis, or maxillofacial prosthesis designed to enhance aesthetics, stabilization, and/or
function for a limited period of time, after which it is to be replaced by a definitive dental
or maxillofacial prosthesis; often such prostheses are used to assist in determination of
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the therapeutic effectiveness of a specific treatment plan or the form and function of the
planned definitive prosthesis” [7]. The proper fabrication of a temporary fixed prosthesis
plays a major role in the success or failure of definitive restorative treatment. Implant-
supported fixed provisional dental restorations, especially in fully edentulous patients,
serve as a mock-up to assess whether the more costly definitive fixed dental restorations
fit the patient’s aesthetic needs and preferences, providing a predictability factor. On the
one hand, the patient “tries in” the provisional fixed prosthesis and can express their
satisfaction or dissatisfaction. On the other hand, the clinician assesses the adaptabil-
ity of the dental and/or gingival structures [8] and thus generates a more approximate
judgement to modify the treatment plan if necessary, minimising costs. Nowadays, the
high aesthetic demands and the reduction of waiting times to get patients’ teeth in place
have led to a remarkable improvement in the field of provisional restorations. Temporary
restorations can be fabricated using conventional techniques (often self-curing polymeric
materials) and by CAD/CAM (Computer-aided design/Computer-aided manufacturing)
techniques [9,10]. The materials used for the fabrication of provisional prostheses need
to fulfil certain characteristics: they must preserve the health of adjacent periodontal tis-
sues, be biologically inert, resist masticatory functional loads, offer adjusted handling
and working time, provide good occlusion, adequate phonetics, satisfactory aesthetics,
colour stability, low cost, speed of fabrication, and ideally, offer the possibility of being
repaired/modified [11,12]. Within the group of temporary materials derived from acrylic
resins, one of the most widely used and studied is polymethylmethacrylate (PMMA) [9,13].
Acetal resins have recently been introduced for the purpose of making temporary dental
prostheses by CAD-CAM, although their use is not yet widespread. Acetal resins are
thermoplastic polymers derived from formaldehyde. They are usually coloured to more
closely mimic tooth colour, as their natural colour is white. The homopolymer of acetal
resin is called polyoxymethylene (POM) and its composition is a chain of methyl groups
alternating with oxygen molecules [14]. In the surgical-medical field, acetal resins have
already been frequently used to make hip prostheses and heart valves. In dentistry, they
appeared as an alternative to the poor aesthetics of metal retainers in removable acrylic
partial dentures [14,15] and as an alternative material for patients who are allergic to any of
the components of chrome-cobalt alloys [16]. POM has favourable properties [14], such as
resistance to deformation [16], wear [17] and water absorption [18]. Few studies have been
published on the quality of POM as a temporary restorative material and on assessing its
colour stability [9,11]. Depending on the results obtained on its colour behaviour, it might
be possible to recommend its use for a longer period of time.

To quantify tooth colour, colourimeters and spectrophotometers [19,20] are used to
provide colour results in coordinates in the CIELAB color space [21] system. The CIELAB
color space consists of 3 coordinates: (1) L* (lightness) measures the amount of black
and white, (2) a* coordinate (green-red axis) and (3) b* coordinate (blue-yellow axis)*.
They are interpreted as follows: the higher the L* coordinate, the greater the amount of
white, which gives a brighter tooth; the higher the a* coordinate, the greater the amount
of red; the higher the numerical value of the b* coordinate, the greater the amount of
yellow [22]. Subsequently, with the aim of each coordinate to represent one of the three
dimensions of colour (Lightness, Chroma, and hue), the CIELCh color space appeared. In
this nomenclature, the L* coordinate remains identical, representing the lightness*, the C*
coordinate represents the chroma (amount of hue) and the angular coordinate h* represents
the hue (circular axis; the units were in the form of degrees (or angles), ranging from 0◦ (red)
through 90◦ (yellow), 180◦ (green), 270◦ (blue) [22]. In the dental field, two formulas have
been used to calculate the difference between two colours: (1) Classical Euclidean Formula
widely used in dentistry whose equation is ΔEab* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2. ΔEab*
represented the magnitude of the colour difference [23] and (2) the CIEDE2000 formula
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(ΔE00*) [23,24] which is closer to the threshold for colour discrimination than the formula
ΔEab* and is better suited for interpreting clinical results [25].

ΔE00 =

[(
ΔL′

KLSL

)2

+

(
ΔC′

KCSC

)2

+

(
ΔH′

KHSH

)2

+ RT

(
ΔC′

KCSC

)(
ΔH′

KHSH

)]1/2

Several research studies have focused on the study of colour in the dental environ-
ment through the perceptibility and acceptability threshold (colour differences that can
be perceived and accepted by 50% of the observers) [26,27], in order to categorise colour
changes. Several factors are involved in the discolouration of temporary dental restorative
materials, including: the composition of saliva (immunoglobulins, enzymes, nitrogenous
products and mucins), salivary pH [28] ranging from 5.8 to 7.1 (slightly acidic) [29], and
exogenous colouring substances [30,31].

The aim of the present research in vivo was:

1. To study whether the degree of discolouration or difference of color, of acetal resin
(POM) used as a provisional material in complete upper hybrid prostheses, is signifi-
cantly related to the weeks of follow-up and to salivary pH in the three thirds of the
tooth (gingival third (area 1), middle third (area 2), and incisal third (area 3).

2. To find out if the final CIELAB coordinates can be predicted from the initial colour
coordinates, the salivary pH, the situation (in thirds) and the weeks of follow-up.

The null hypothesis stated was (1) that there is no colour change (AEab*/ΔE00) in the
implant-supported fixed provisional restorations made of acetal resins (POM) below the
dental chromatic acceptance limit and (2) the final CIELAB coordinates can be predicted in
thirds, from the initial colour coordinates, the salivary pH and the weeks of follow-up.

2. Materials and Methods

A total of 13 subjects were included in the study to undergo complete rehabilitation
with temporary fixed tooth-supported hybrid prostheses with acetal resins in the upper
jaw. All hybrid provisional complete prothesis made of acetal resin were designed with
facebow and a semi-adjustable articulator. Inclusion criteria for this study were: being an
adult, of full mental capacity, in good general health and with availability of time to attend
check-ups. Subjects with severe bruxism and those with diagnosed gastric reflux were
excluded. All patients signed the informed consent form. This research was conducted
in accordance with the ethical principles of the World Medical Association Declaration
of Helsinki. The experimental protocol was approved by the Bioethics Committee of the
University (201500006834). Polyoxymethylene (POM, Definifit, GT Medical, Spain) was
used as a temporary restorative material; POM is a resin intended for the fabrication of tem-
porary dental prostheses, according to its manufacturer. The POM discs used in this study
were machined with fine-grained tungsten carbide burs, following the manufacturer’s
instructions. For the fabrication of the POM hybrid prostheses, the concept proposed by
Kapos et al. [32] of “Complete CAD/CAM Product” was used, which means that the final
restoration has undergone a fully computerised design and fabrication process throughout;
therefore, the prostheses used were fabricated from a pre-polymerised block of POM in its
entirety, without interphases. All milled POM discs (CAM) had the same initial colour: A3,
according to the Vita Classical guide. After completing the milling process, finishing, and
polishing treatments were carried out on the provisional hybrid prostheses, following the
manufacturer’s instructions: non-aggressive pastes, (Acrypol, Bredent, Senden, Germany),
without generating excessive heat and with silicone polishers. The milling and finishing
process of all the prostheses was carried out in the same prosthetic laboratory with the same
machinery (DWX-4,DGSHAPE, Barcelona, Spain) and by the same laboratory technician
with 12 years of experience. Colour coordinates (L*, C*, h*, a*, and b*) were recorded by
spectrophotometry (Spectroshade Micro, MHT Optic Research, Switzerland) in each of the
three thirds of the upper right central incisor: cervical, middle, and incisal edge. Each third
of the tooth was measured three times and arithmetic means were used for further statistical
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analysis. The tooth colour of the temporary hybrid restoration was measured at two time
points: on the day of placement and after several weeks in the mouth (from 6 weeks to a
maximum of 31 weeks) (Figure 1). In addition, Euclidian equation and CIEDE200 colour
difference formulae were used to calculate the colour difference. In the present study, the
reference values for interpreting the colour difference were those published by Douglas et al.
with ΔEab* = 2.6 units as the threshold of perception and ΔEab* = 5.5 units as the threshold
of clinical acceptability [27]. The software used for the descriptive and inferential statistical
analysis of the results was IBM Corp. Released 2017. IBM SPSS Statistics for Windows,
Version 25.0. Armonk, NY: IBM Corp. ANOVA test and linear regression analyses with R
squared for indicate how well data fit a statistical model were used. Based on the sample
size of similar studies [10,32,33] an initial sample size of 30 subjects was established for
detecting clinical discolorations (ΔEab > 5.5 units) in the fixed provisional restorations
made of acetal resins [26], but consecutive sampling was discontinued due to the severity
of the colour discolorations.

 

Figure 1. Scheme of the methodology.

3. Results

Table 1 shows the colour changes, according to the ΔEab* formula and the ΔE00*
formula, between the day of placement of the provisional hybrid POM prosthesis and
after the different weeks of follow-up in the three thirds of the tooth. The highest colour
difference according to the ΔEab* formula was 27.46 units after 15 weeks of follow-up and
occurred in the cervical third. On the other hand, the lowest shade difference was 7.34 units
after 17 weeks of follow-up and took place in the incisal third. These colour differences
exceeded the threshold of clinical acceptability (Figure 2) proposed by Douglas et al. [27]
According to the ΔE00* formula, the lowest colour change was 5.23 units, and the highest
colour change was 22.61 units (Figure 3). The pH range varied from 6 to 9 units and the
follow-up weeks ranged from a minimum of 6. to a maximum of 31.
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Table 1. Colour differences, according to the Euclidean and CIEDE2000 formulae, in the three thirds
of the upper central incisor.

CIELAB (ΔEab*) CIEDE2000 (ΔE00*)

Participants
Cervical
ΔEab*

Middle
ΔEab*

Incisal
ΔEab*

Cervical
ΔE00*

Middle
ΔE00*

Incisal
ΔE00*

pH
Weeks of

Follow-Up

1 24.92 25.09 19.67 21.06 20.37 16.29 6 16
2 17.44 13.88 18.98 15.04 11.07 16.21 6.5 12
3 18.71 19.36 20.16 15.88 16.28 17.48 7 31
4 18.24 16.29 9.63 16.41 13.57 8.40 6 14
5 16.01 15.13 11.10 13.75 12.23 8.81 8 27
6 15.49 17.02 14.15 13.01 13.13 10.84 9 18
7 19.51 21.14 17.77 18.20 17.76 14.51 8.5 18
8 11.01 12.01 11.42 8.68 9.53 9.36 6.5 6
9 9.87 9.21 7.34 8.16 6.72 5.23 6 17

10 18.03 16.50 13.97 14.97 13.47 11.45 9 15
11 23.71 25.59 19.81 18.70 19.28 13.43 7.5 15
12 10.58 10.75 9.54 7.65 7.81 6.96 8 15
13 27.46 23.86 15.35 22.61 18.38 11.20 7.5 15

 

Figure 2. Color difference between A3 dental shade tab and hybrid provisional complete prothesis
made of acetal resin.

Figure 3. Colour differences (ΔEab* and ΔE00*) exceeded the threshold of clinical acceptability.

With both formulas, the ANOVA with one factor of variation (thirds of the tooth) in a
randomised block design (subjects) revealed that the chromatic changes in the three areas
differed significantly (p = 0.002). Subsequently, Duncan’s test showed that discolourations
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in the cervical and middle areas did not differ significantly, but discolourations in the
incisal area did, where colour changes were significantly smaller.

By using regression models, it was assessed whether the degree of discolouration
was significantly related to the weeks of follow-up and to pH, according to the two colour
formulae in each of the tooth thirds.

Euclidean formula (ΔEab*):

̂Difcervical = 16.379 − 0.034pH + 0.097 Weeks of follow up (R2 = 0.012)

̂Difmiddle = 12.561 + 0.363pH + 0.127 Weeks of follow up (R2 = 0.032)

̂Difincisal = 11.493 + 0.090pH + 0.141 Weeks of follow up (R2 = 0.041)

In all three areas, the coefficients of determination were small, which indicates that
discolouration depends on explanatory variables other than pH and follow-up weeks.
However, an increase in the coefficient of determination was observed from the cervical to
the incisal area. No model was significant (tests for significance of regression with p > 0.05).
It is noteworthy that the signs of the regression coefficients for ‘pH’ varied according to the
area (negative in the cervical area, positive in the middle and incisal area), while the signs
of the regression coefficients for the variable ‘weeks of follow-up’ were the same (positive)
in all three areas.

CIEDE2000 formula (ΔE00*):

̂Difcervical = 13.729 − 0.099pH + 0.115 Weeks of follow up (R2 = 0.022)

̂Difmiddle = 9.938 + 0.206pH + 0.140 Weeks of follow up (R2 = 0.047)

̂Difincisal = 10.467 − 0.211pH + 0.157 Weeks of follow up (R2 = 0.062)

In all three zones, the coefficients of determination were small (although larger than
those of the models constructed with the Euclidean formula), which indicates that dis-
colouration depends on more explanatory variables (apart from salivary pH and weeks of
follow-up). Again, an increase in the coefficient of determination was observed from the
cervical to the incisal area. No model was significant (tests for significance of regression
at p > 0.05). The signs of the regression coefficients for ‘pH’ varied according to the area
(negative in the cervical and incisal areas), while the signs of the regression coefficients for
the variable ‘Weeks of follow-up’ were the same (positive) in all three areas.

It was studied whether the final colour coordinates, in each of the three thirds, could
be predicted from the initial colour coordinates, pH, salivary and weeks of follow-up. In
the cervical and middle third, no regressor variable (initial L*, initial C*, initial h*, salivary
pH and follow-up weeks) was able to significantly predict any of the three final colour
coordinates: Final L*, final C*, and final h* (p > 0.05). In the middle third, no regressor
variable (initial L*, initial C*, initial h*, salivary pH and weeks of follow-up) was able to
significantly explain the dependent variables (p > 0.05). On the contrary, in the incisal
third, the independent variable initial C* had a predictive power of the final C* coordinate
and the model was significant (p = 0.017). Similarly, in the incisal third, the independent
variable initial h* had significant explanatory power over the dependent variable final h*
(p = 0.006). Thus, in the incisal third, the final intensity (final C* coordinate) and the final
shade (final h* coordinate) can be explained by the corresponding initial colour coordinates
of the acetal resins.

4. Discussion

The first null hypothesis was rejected because all the color differences were above the
threshold of dental clinical acceptability (ΔEab* > 5.5 units). The null’s second hypothesis
cannot be accepted either, since the predictive power of the initial color coordinates, salivary
pH, and weeks of follow-up have small coefficients of determination.
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Many works have studied provisional restorative materials in relation to marginal fit,
hardness, roughness, fracture, and strength [9,10,34,35], but few have focused on acetal
resins (POM). CAD-CAM technology has also made it possible to achieve an extraordinary
improvement in quality based on mechanical strength [36,37], flexural strength [38], better
marginal fit [39], fewer imperfections [40] and improved aesthetics [41,42]. There are con-
tradictory results such as those published by Tieh et al. who claim that the colour stability
of CAD-CAM in denture teeth is similar to that of traditional PMMA denture teeth [43]. In
the same line, Stawarczyk et al. concluded, in in vitro studies, that resins manufactured
by CAD-CAM display the same colour stability as glass-ceramic materials [40]. These
differences could be due to the variation in the methodology of the studies and the diversity
of Bis-acrylic resins on the market in terms of composition.

According to the manufacturer, Definitfit® acetal resins are sensitive to salivary pH
below 4, and also if the material is heated excessively during the milling phase, if it is left
in contact with carotenes for a long time and if polishing is not carried out properly. In
none of the participants was the pH below 6. If the results obtained in in vivo studies on
shade stability are favourable, acetal resins could be used as a material for long-term tem-
poraries (more than 6 months) [44]. The main aesthetic disadvantage of interim restoration
materials is that they undergo absorption and adsorption processes of liquids present in
the oral environment, which can cause discolouration and reduce the degree of aesthetic
satisfaction of the patient [5,44–46]. In vitro studies have concluded that factors such as
type of diet, intake of certain medications and mouthwashes influence the degree of stain-
ing of different types of polymeric materials [40,47–49]; this is particularly true with the
consumption of cofee, tea, and wine [5], which are the beverages most capable of creating
discolourations [50] and the intensity of its action is difficult to quantify as it depends on
its quality [5,17,51]. This could have explained better the color change of patient #9 that,
although higher than clinical acceptable thresholds, showed a marked lower color-change
in respect to other patients.

The main disadvantages of the present research may be that the diet and deleterious
habits of the participants were not recorded, and these variables could also be responsible
for the significant colour changes observed; on the other hand, salivary pH and weeks of
follow-up have not been shown to be a determining factor in the colour changes. For this
reason, future research would need to broaden the baseline variables (diet and habits) in
order to quantify the independent effect on the intraoral discolouration of these materials.
In this regard, due to the inherent difficulty of fully controlling the oral diet invivo there
are still no published studies that quantify the effect of each food on tooth color. Most of
the research had studies beverages (staining solutions) [30]. Also, it is necessary to take
into account the different chromatic behavior of food and drinks in vivo than in vitro) [30].
One of the disadvantages of in vivo studies is the difficulty of standardising intraoral
conditions, because they depend on many factors; however, they bring us closer to the
intraoral reality. A small number of in vivo studies of dental restorations made of polymeric
materials [44,52–54] are available, most of them in the field of denture prosthetics. Depite
the small sample size, the primary outcome (change discoloration) was found to be statisti-
cally significant between baseline and postoperative evaluations (Table 1), demonstrating
that this sample size was enough potent to detect severe change discolorations.

The great variety of materials of this nature on the market as well as the wide range
of fabrication techniques, the different methodologies, and the lack of standardisation
in evaluation criteria and follow-up times make it difficult to compare their results. The
in vivo study by Díez-Quijano et al. on implant-supported fixed temporary prosthesis with
CAD-CAM acetal resin in posterior sectors, using a colourimeter for colour coordinate
registration, revealed that at six months the mean colour change according to the ΔEab*
formula was 12.90 units. They also found that the h*-coordinate (hue) and a*-coordinate
decreased significantly at six months compared with baseline (p < 0.05). They concluded
that PMMA showed better colour behaviour than POM. [11] In the present work, colour
was recorded spectrophotometrically on the surface of the upper incisors (which is less
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convex than the surface of the posterior sectors). The smallest colour change according
to the ΔEab* formula was 7.34 units (after 15 weeks of follow-up) and the largest was
27.46 units (after 17 weeks of follow-up). These differences in results may be due to the
composition of acetal resins, smoking habits, diet, and different electronic colour-recording
devices. Spectrophotometers are known to record the amount of light reflected by an object,
but they have the disadvantage of scattering, especially on convex surfaces. In these in vivo
studies [15], the average colour change also exceeds the colour acceptability threshold
(ΔEab* 5.5 units), which prevents the desired colour stability requirement from being met.
Most authors publish results according to the Euclidean formula, although the CIEDE2000
formula is more in line with human visual perception [22,55]. In reference to the in vitro
colour changes of POM resins not processed by CAD-CAM, we found ΔE* values lower
than 5.4 units [9] after six weeks of immersion in different solutions. Another in vitro study
along the same lines by Ozkan et al. [19] compared the colour stability of acetal resin and
conventional PMMA subjected to a thermocycling process. Although significant differences
in colour change were found at the initial and final time, both materials obtained clinically
acceptable ΔE* values (1.33 units for PMMA and 1.13 units for acetal resin). Caution should
be exercised when analysing these colour differences, as the composition of the acetal resin
varies, as well as the manufacturing and processing process. It was not possible to predict
the colour change that the POM resins will show, depending on the variables analysed,
with statistical determination in this research. Only in the incisal third, the dependent
variables final C* and final h* were found to be significant regressors of initial C* and initial
h*, respectively. Another aspect to take into account is hygiene habits, which could also
play an important role in the maintenance of the initial shade of the POM restoration [14].
Also, Alkhatib et al. [56] found that there is a significant difference between heavy smokers
and non-smokers with regard to the presence of discolourations. With reference to saliva,
there is an increasing need to study its involvement in discolourations and the influence
of salivary enzymes on the degradation of temporary resin materials. [31] Additionally,
more studies are needed in order to test also flexural [57] and hardness [58] test, as these
variables have a significant influence on material choice. The results presented do not
encourage the use of POM resins as a long-term temporary restorative material, as the
colour changes observed exceeded the colour acceptance threshold, and this may lead to
patient dissatisfaction.

5. Conclusions

With the limitations of this study, we can be affirm that the colour change of the acetal
resins used is not acceptable to maintain satisfactory aesthetics (exceeds the threshold of
clinical acceptability). The discolouration of acetal resins is not only dependent on pH and
weeks of follow-up.
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Abstract: Various disinfecting agents showing variable success in disinfecting polymethyl methacrylate
(PMMA) are available. The aim of our study was to evaluate the antifungal efficacy of sodium perborate
(denture cleaning tablet-DC), microwave irradiation, and their combination for eradicating candida albicans
(C. albicans) from polymethyl methacrylate (PMMA) denture base polymer. One hundred and sixty-eight
PMMA resin specimens (30× 30× 15 mm) were divided into four groups, including control (no disinfection),
microwave disinfection in distilled water (MW-DW), sodium perborate with distilled water (DC-DW), and
a combination of MW-DC-DW (n = 10). Biofilms of C. albicans were cultured on the PMMA resin denture
base specimens for 96 h. The samples were exposed to three different antifungal regimes, i.e., MW, denture
cleaning agent-sodium perborate (DC) and DW, and a combination of MW-DC-DW for 1 to 5 min. Scanning
electron microscopy (SEM) was performed to evaluate colony formation. The colony-forming units (CFU)
among the experimental groups were assessed using ANOVA, a Kruskal–Wallis test, and a Mann–Whitney
test. The mean CFU values were compared with the control for each disinfecting regime at 96 h growth
time. For MW-DC-DW, the CFU were significantly low at 2 and 3 min of exposure when compared with
the control (DW) (p < 0.05). For the MW-DW treated group, the CFU were significantly low at 3 min of
exposure when compared with the control (DW) (p < 0.05). It was also found that for DC-DW, the CFU
were significantly low at 5 minutes when compared with the control specimens (DW) (p < 0.05). Microwave
disinfection in combination with sodium perborate is a more effective disinfecting regime against C. albicans
than that of microwave disinfection and sodium perborate alone.

Keywords: polymers; polymethyl methacrylate; dentures; candida; disinfection; oral health
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1. Introduction

Denture-related stomatitis (DRS) is an inflammatory reaction of the oral mucosa under
different dental appliances [1]. Previous studies have revealed a 50% prevalence of DRS
under removable dental prosthesis [2]. Among various etiological factors related to DRS,
fungi are most often implicated in the pathogenesis of the disease [3]. Among fungi, Candida
albicans (C. albicans) is considered the most common oral microbiota found in humans [4]. It
presents all the properties of opportunistic pathogen, however, indicating that it can cause
any pathologic infection when it finds the favorable environment. An infection caused by
a Candida species can arise due to any local factors, such as poor hygiene, rough denture
surface, and systemic conditions including diabetes mellitus, acquired immunodeficiency
syndrome, and an immunocompromised state [5].

Moreover, the microorganisms present on a polymethyl methacrylate (PMMA) den-
ture surface may transmit an infection from patients to the dental and laboratory staff [6].
A study by Powell et al. revealed that around 67% of the dentures sent to the dental
laboratories from dental clinics have different types of opportunistic organisms on the
surface [7]. Therefore, in order to reduce the incidence of DRS infections, denture disin-
fection is necessary. Various chemical agents are used for disinfection of PMMA dentures,
including sodium perborate, sodium hypochlorite, glutaraldehyde and chlorine dioxide,
0.12% Chlorhexidine Gluconate, polymeric nanomaterials, and alkaline peroxide [8,9].
However, soaking dentures in chemical disinfectants may cause damage on the acrylic
resin denture surface, alteration of material properties, and cytotoxicity [10,11]. Among sev-
eral disinfectants used, chemical disinfecting agents in the form of denture cleaning tablets
(containing sodium perborate) have gained widespread acceptance and are commonly
used by denture patients [8]. Sodium-perborate decomposes into an alkaline peroxide
solution, forming hydrogen peroxide, sodium metaborate, and oxygen in the presence of
water [12]. The resulting peroxide releases oxygen bubbles, which help in mechanical and
chemical cleaning [12,13]. In addition, the oxygen free radicals produced can cause effective
antimicrobial activity through cell wall destruction [14]. However, sodium perborate was
reported to show cytotoxic effects on human cells, including fibroblasts [15].

In order to overcome such disadvantages, alternatives for disinfecting PMMA denture
bases have been researched. Among recent techniques, microwave oven sterilization has
shown potential due to its antimicrobial efficacy and low cost [16]. It was also suggested
that fungi and bacteria do not develop resistance against it. The literature has revealed
that microwave sterilization for PMMA dentures is as potent as sodium hypochlorite
alone [17,18]. While the mechanism of action for microwave irradiation is not yet clear,
Companha et al. revealed in their study that microwave irradiation causes thermal alter-
ations on bacterial and fungal cells’ membrane permeability, thus causing cell death [19].
However, data related to its effectiveness as an antifungal denture disinfectant have not yet
been determined and require further research.

According to the available indexed literature, microwave irradiation was used to dis-
infect PMMA dentures at higher watts, along with increased exposure times [20]. However,
high temperature and exposure time negatively impacted the properties of the resin den-
ture bases. Hence, the aim of our study was to evaluate the antifungal efficacy of sodium
perborate (denture cleaning tablet-DC), microwave irradiation, and their combination for
eradicating candida albicans (C. albicans) from a polymethyl methacrylate (PMMA) denture
base polymer.

2. Materials and Methods

In our study, the sample preparation was performed at the Dr. Ishrat-ul-Ebad Khan In-
stitute of Oral Health Sciences. (Department of Prosthodontics). The microbiological testing,
along with disinfection interventions, were undertaken at the Pakistan Council of Scientific
& Industrial Research Laboratories (PCSIR). The study protocol was reviewed by the ethics
and review committee of the Dr. Ishrat-ul-Ebad Khan Institute of Oral Health Sciences and
the Dow University of Health Sciences, with No. IRB-1101/DUHS/Approval/2020. The
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study was performed within the ethical guidelines of the declaration of Helsinki (2013).
The study assessed the antifungal disinfection of PMMA denture resin using distilled water
(DW), microwave irradiation (MW), and a denture cleaning agent (DC-sodium perborate),
both individually and combined, at variable disinfecting durations (1 min, 2 min, and
3 min) on a candida culture incubated for 96 h.

2.1. Specimen Preparation

The sample size was obtained using Pass version 11 (NCSS Statistical software, Kaysville,
UT, USA), employing one-way ANOVA with 99% confidence interval at 90% power,
and with the means and standard deviation of viable cells in groups (DW = 7.47 ± 0.68,
DC = 4.82 ± 0.73, DW + MW 1 min = 4.49 ± 0.45, DC + MW 1 min = 2.64 ± 0.59) from a
previous study [21]. A sample size of ten per group was obtained using calculations (total
12 subgroups). A total of 128 specimens were fabricated (Table 1).

Table 1. Pairwise mean CFU comparison for C. Albicans.

Growth Time & Exposure
Time vs. Control

Control CFU MW-DC-DW MW + DW DC + DW

96 h 1400 MD (p-value) MD (p-value) MD (p-value)

1 min −429 (0.008 **) −197 (0.008 **) −94 (0.008 **)
2 min −447 (0.008 **) −300 (0.008 **) −98 (0.008 **)
3 min −1388 (0.007 **) −1344 (0.008 **) −98 (0.007 **)
4 min −1388 (0.008 **) −1344 (0.008 **) −200 (0.008 **)
5 min −1388 (0.008 **) −1344 (0.008 **) −750 (0.008 **)

** Significant at 1% using the Mann–Whitney test; MW: microwave; DW: distilled water; DC: sodium perborate
tablet. Values are represented as the mean difference (p-value).

In order to prepare the test specimens from PMMA acrylic resin, modelling wax (Yeti
Dental, Berlin, Germany) was melted with help of a wax pot (Manfredi, Salerno, Italy)
and poured into a three-part preformed metal mold with dimensions of 30 × 30 × 15 mm.
Wax patterns were invested in a metallic denture flask filled with type III dental stone
(Garrico Lab Stone, Rochester, NY, USA) to produce PMMA samples. De-waxing was
performed using boiling water for 6 min. Heat-polymerized PMMA acrylic resin was
mixed and packed at dough stage according to the manufacturer’s recommendations at
a powder-to-liquid ratio of 2.3 (grams of polymer powder) to 1 mL of liquid (monomer)
(heat-cured acrylic provided by MR Dental, Plymouth, UK). A hydraulic press was used for
packing the denture base resin, with a sheet of plastic separating the two halves. Heat-cured
PMMA was polymerized in a thermostatically controlled water bath (Manfredi—Acrydig
12, Salerno, Italy) and processed at 74 ◦C for two hours, followed by 100 ◦C for one hour
(Figure 1). The amount of residual monomer for heat-cured PMMA (2 h cycle) ranged from
16 to 40 × 10−3 v/v% [22]. However, the curing cycle protocol and storage conditions were
standardized among all study specimens in order to standardize the residual monomer
among samples.

All samples were cooled at room temperature before being deflasked and immersed in
distilled water at room temperature for 48 h in order to eliminate residual monomer. A metal
bur (Denfac acrylic trimming burs) was then used to trim excess resin, and the finishing
was performed using abrasive paper in a hand-held micromotor. All the specimens were
autoclaved at 121 ◦C for 15 min. For reliability, a single operator prepared all the samples.
All specimens’ dimensions were checked repeatedly. Intra-operator reliability was assessed
at a kappa score of 0.85.
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Figure 1. Fabrication of PMMA samples. (A) Dental stone mold. (B) Finished PMMA samples.

2.2. Study Groups

Based on the disinfection protocol, all the samples were randomly divided into the
following groups.

Group MW-DW: The specimens were placed in a glass container filled with dis-
tilled water and disinfected with microwave (MW) radiation at 450 W. Depending on the
MW radiation duration, the specimens were divided into MW-DW1 (1 min), MW-DW2
(2 min), and MW-DW3 (3 min). The protocol for MW disinfection was adopted from a
previous study [23]. Different specimens in each subgroup were assessed at 96 h in a
C. Albicans culture.

Group DC-DW: The specimens were dipped in a mixture of distilled water and
denture cleaning tablet (DC) (Fittydent, Wien, Austria). Depending on the duration of
immersion in the DC, the specimens were divided into DC-DW1 (1 min), DC-DW2 (2 min),
and DC-DW3 (3 min). Different specimens in each subgroup were assessed at 96 h in a
C. Albicans culture.

Group MW-DC-DW: In this group, the specimens were immersed in a glass beaker
containing a mixture of distilled water and denture-cleaning tablet for five minutes. The
glass beaker was placed in a microwave oven and irradiated at 650 W. Depending on
the MW radiation’s duration, the specimens were divided into MW-DC-DW1 (1 min),
MW-DC-DW2 (2 min), and MW-DC-DW3 (3 min). The temperature of the solution was
kept between 65 ◦C to 71 ◦C, with ±2 ◦C. The different specimens in each subgroup were
assessed at 96 h in the culture.

Positive Control Group: In this group, specimens were dipped in a glass container
filled with 200 mL of distilled water kept at room temperature. The container was placed
in the microwave oven (Samsung 2450 MHz, 800 W) without irradiation.

Negative Control Group: The purpose of this group was to establish the sterilization
of the specimens and the accuracy of the test. For C. Albicans, the sterilized specimens were
placed in a container with sterilized water.

2.3. Biofilm Formation Assay

Tryptone Soya Broth (TSB) was used to enrich C. albicans (ATCC #90028) for 4 days.
We then transferred 0.1 mL of this to 100 mL TSB that contained acrylic specimens (n = 163)
and incubated it at 25 ◦C for 4 days. After 4 days’ incubation, the growth was monitored,
and acrylic specimens were collected from the flask, washed with sterile distilled water,
placed in 100 mL PBS (pH-7.0), and vortexed [24] (Figure 2). This flask was exposed to three
treatment regimes (DW+MW, DW+DC, & DC) at different exposure times, after which
1 mL of PBS was transferred to a sterile Petri plate, poured with Dichloran Rose-Bengal
Chloramphenicol Agar (Merck, Germany) (Figure 3), and incubated at 25 ◦C for 48 h. The
growth was monitored, and the CFU were counted.
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Figure 2. Procedure for biofilm formation assay. (A) TSB containing PMMA specimens. (B) Acquisi-
tion of PMMA specimens. (C) Candida incubation.

Figure 3. Pure culture of C. albicans on Dichloran Rose-Bengal Chloramphenicol Agar.

2.4. Quantification of Biofilm

All samples were incubated for 96 h for the biofilm assessment. The acrylic slides
were collected between 24 h to 96 h, and the adhesion was monitored using a crystal violet
binding assay as described earlier [25]. Briefly, the growth was fixed with acetic acid for
15 min, stained with 3% crystal violet (Ezzy Stain), washed with PBS at 7.0 pH, fixed
gently by heating for 30 s, and finally washed with acetone. Each experiment was repeated
four times to check the accuracy and precision of results. The colony-forming units (CFU)
were evaluated by a single experienced microbiologist, and intra-operator reliability was
observed (k = 0.84).

2.5. Scanning Electron Microscopy (SEM) Analysis

SEM was performed to analyze the production of the extracellular matrix material
(ECM), as described earlier. All slides with biofilm were divided into 4 mm sections and
then rinsed with distilled water, followed by staining with 0.02% Uranyl acetate for about
30 s. These 4 mm slide were coated with platinum in a coating machine (JEOL 3000 FC,
Tokyo, Japan). All sections then displayed the existence of biofilm material under the
examination of a scanning electron microscope (JEOL, Japan).
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2.6. Statistical Analysis

The data were analyzed using IBM SPSS Statistics software version 21 (IBM Inc.,
Armonk, NY, USA). For disinfectant exposure time comparison, the Kruskal–Wallis test
was applied for the C. albicans by treatment and growth time, as the CFU count was not
normally distributed (Shapiro–Wilk test). For pairwise comparison of each exposure time
with the control, the Mann–Whitney test was applied by treatment and growth time. A
p-value of 0.05 or less was considered as statistically significant.

3. Results

The mean CFU comparison for C. albicans, with the controls for each disinfection
technique at 96 h of growth, is presented in Table 1. We observed that specimens in DC-DW,
MW-DW, and MW-DC-DW showed significant differences in the mean CFU of C. Albicans in
comparison with the control without disinfection (p < 0.05). The MW-DC-DW disinfection
regime showed near-complete disinfection (99.14%) of C. Albicans, compared with the
controls (p < 0.05). The specimens treated with MW-DW showed 96% disinfection at 3 min,
which was significantly lower than the controls (p < 0.05). The treatment with denture
cleaning tablets with sodium perborate (DC-DW) showed only 53.57% of disinfection,
compared with the control CFU after 5 min of treatment.

In the treatment with MW without using a denture cleaning tablet (MW-DW), the
CFU count was reduced to 14% at 1 min of exposure and 21% at 2 min, whereas 3 min of
microwave irradiation reduced 96% of the CFU count. In the disinfection treatment with
DC (sodium perborate-cleaning tablet), the CFU count for C. Albicans was reduced to 6%
at 1 min of exposure and to 7% at 2 and 3 min of exposure (Figure 4). However, DC use
showed a maximum of 96% CFU reduction at 5 min of treatment. The combination of MW
with DC showed the maximum disinfection, with the lowest CFU levels at 3 min among
all three groups. MW alone showed significantly lower CFU levels (better disinfection)
compared with MW-DC-DW combined; however, it exhibited higher disinfection than
sodium perborate (disinfection tablet) alone (DC-DW) at 3 min of treatment. For all three
disinfection regimes, the duration of disinfection showed significant influence on CFU
levels (p < 0.05), with 3 min showing higher disinfection than the disinfection at 1 and
2 min (p < 0.05) (Figure 5).

Figure 4. The effect of a denture cleaning tablet and MW 450 watt on the growth of C. albicans. Plate
0 was the untreated control, plate 1 was exposed for 1 min, plate 2 was exposed for 2 min, and plate 3
was exposed for 3 min.
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Figure 5. Colony-forming units of C. Albicans for different antifungal protocols at 96 h of growth.

A SEM analysis of the samples showed oval yeast-budding forms of C. Albicans cells,
along with single-celled C. Albicans. Using SEM, the live cells of C. Albicans adhered to
the PMMA polymer specimens were observed (Figure 6). After the disinfection proce-
dure, the dead cells attached to PMMA surface were observed in the form of a cluster of
irregular organelles.

Figure 6. Cont.
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Figure 6. SEM micrographs presenting the attachment of C. albicans to PMMA samples. (A) Control
sample with C. albicans growth. (B) MC-DC-DW sample at 1 min treatment. (C) MW-DW sample
at 1 min treatment. (D) DC-DW sample at 5 min. (E) MW-DC-DW disinfection sample at 3 min.
(F) MW-DW sample at 3 min.

4. Discussion

This study was performed to analyze the cumulative disinfection efficacy of a den-
ture cleaning tablet (sodium perborate) and microwave irradiation on the eradication
of C. albicans cultured on a PMMA denture base polymer. Our study was based on the
hypothesis that there would be no significant difference in the disinfection efficacy of
denture cleaning tablet, microwave irradiation, and their combination on the disinfection
of C. albicans cultured on denture base. However, the postulated hypothesis was rejected as
microwave irradiation combined with cleaning tablets (sodium perborate) (MW-DC-DW)
showed better disinfection efficacy than that of microwave (MW) and cleaning tablets
(DC) alone.

The outcomes of our study show that the CFU count of C. albicans was significantly
reduced after 2 min of exposure to the MW-DW-DC group. However, 3 min of exposure
to MW-DW-DC displayed a nearly zero CFU count of C. albicans. These results are in line
with the findings of the study conducted by Sesma et al. [26]. Their study revealed that a
combination of microwave and denture cleaning tablets demonstrated bactericidal as well
as fungicidal effects against C. albicans. Moreover, they also identified that this combination
possesses the ability to remove dead organisms from the PMMA denture bases. Denture
cleaning tablets containing sodium perborate dissolve into peroxides, which results in
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the physical cleaning of the PMMA due to the bubbling and chemical destruction of the
microbial cell walls [12–14]. Similar findings were also observed by Senna et al. [21]. They
concluded that a denture cleaning tablet along with microwave irradiation caused the
elimination of yeast cells from the PMMA resin base. Our study demonstrated almost 99%
reduction in the CFU count of C. albicans. The slight difference observed in the previous
studies may be due to the difference in the chemical composition of sodium perborate in
the cleaning tablets and the different parameters of MW radiation [27,28].

Microwave disinfection is considered to be an effective and time-saving denture
disinfection approach in clinical dentistry [29]. Microwaves disinfect by using thermal
and non-thermal methods [30,31]. A thermal effect requires the presence of water or
ionic molecules to produce a bactericidal influence at low energy levels [30], whereas
high-energy, high-frequency microwaves cause cell wall and organelle destruction of
microorganisms [31]. Our study found that microwave-disinfected samples displayed a
significantly decreased CFU count of C. albicans at 3 min of exposure. Previous studies
revealed that microwave disinfection initiates a change in the structure and permeability
of the fungal cells, resulting in alterations in cell metabolism, causing cell death [32–34].
These results agree with the outcomes of the study conducted by Al-Saadi et al. [28]. In
contrast, a study by Webb et al. showed a 1.3% survival rate of C. albicans when exposed to
microwave irradiation at 350 W for 4 min [35]. In our study, MW irradiation disinfection
was applied at higher power (450 Watts) for less time (3 min); therefore, a change in power
and exposure time parameters may have ensured better disinfection. Moreover, in our
study, the denture bases were immersed in distilled water prior to the exposure to MW
irradiation. This technique may have provided the samples with a sterilized environment
to prevent re-infection and a cleaner sample surface, compared with the dry sample’s
MW exposure. It was proposed that PMMA denture disinfection achieved by microwave
irradiation is due to the presence of distilled water, which forms bubbles upon boiling,
thus removing microorganisms from the sample surface [36,37]. A study by Najdovski
et al. revealed that microwave irradiation at reduced power can be used for a high level of
disinfection, but not for sterilization [22], which is in line with our findings.

In our study, fungal cell adhesion was analyzed by a crystal violet binding assay, and
cell count was analyzed by an aerobic plate count assay. The plate count showed that the
control acrylic slide carried 1400 cfu/mL of C. albicans. The results show that the subject
isolate of C. albicans showed a high level of antimicrobial resistance against denture cleaning
tablets (sodium perborate). This was attributed to biofilm formation, as C. albicans nullified
the toxic effect of sodium perborate and survived even after 5 min of exposure. This agreed
with the findings of the previous studies by Dills et al. and Drake et al. [32,38]. They both
identified that alkaline peroxide denture cleansers are effective against the streptococcus
species and do not show much activity against C. albicans. This also agrees with the study
by Ferreira et al., who studied the effect of a denture cleaning tablet (Bonyplus) against
Candida species and S. mutans and found that the denture cleansing solution did not show
significant re-educating of Candida species [39]. In addition, the alkaline peroxide tablets
were not effective against S. mutans.

Interestingly, samples were fabricated in our study by mixing powder and liquid.
However, CAD-CAM dentures are also available, fabricated from prepolymerized PMMA
resin blocks [40]. The prepolymerized resin dentures allow for fewer surface defects
and irregularities, and the incidence of fungal infection among these dentures and their
disinfection protocol may differ from conventional PMMA dentures. Therefore, studies
assessing the disinfection of CAD-CAM PMMA dentures are warranted. Our study showed
higher disinfection efficacy of MW with sodium perborate-disinfection tablets for the use
of Candida in comparison with microwave (MW) and cleaning tablets (DC) alone. It is
pertinent to mention that MW disinfection of PMMA denture bases can also result in
distortion and discrepancy in their fit and adaptation on stone casts [17]. However, Pavan
et al. showed that at high MW energy, distortion was observed for the PMMA denture,
while at 500 W or below, the dimensional accuracy was comparable to the control [17]. As
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MW disinfection in our study was performed at 450 W power, the PMMA resin specimens
when exposed to our study’s protocol for disinfection were dimensionally accurate and
therefore could be clinically utilized. In addition, our study displayed some inherent
limitations. Primarily, the study was based on in vitro design, assessing a single species
of Candida, which may have limited the clinical implications. Moreover, only one type of
denture disinfecting tablet was used; however, cleansing agents with hydrogen peroxide,
sodium hypochlorite, and Chlorhexidine are also available. Therefore, further studies
assessing the different candida species with contemporary denture cleansing agents are
warranted to investigate the antimicrobial efficacy of microwave irradiation.

5. Conclusions

The microwave disinfection of PMMA for 3 min at 450 W in combination with a
denture cleaning tablet (sodium perborate) is a more effective disinfecting regime against
C. albicans than that of microwave and sodium perborate alone. Further studies assessing
the efficacy of low-level MW irradiation on the disinfection of various bacterial species
is recommended.
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Abstract: The purpose of this study was to evaluate the retentive forces over time of removable
partial denture clasps fabricated by the digital method. Occlusal rest seats were fabricated on three
premolar teeth fixed in acrylic blocks (9 × 20 × 40 mm). Digitization of the teeth was performed
using a laboratory scanner (Zirkonzahn Scanner S600 GmbH, Gais, Italy). After the analysis and
determination of the insertion axis, two types of clasps with mesial occlusal rests were designed
per tooth: the back-action and the reverse back-action clasps, using the Partial Planner Zirkonzahn
program. The file was sent for fabrication of six metal clasps from a cobalt-chromium SP2 alloy
in the EOSINT M270 system by a direct laser sintering process. The Instron 5544 universal testing
machine was used to perform 20,000 cycles of clasp insertion and removal in the corresponding
tooth with a load cell of 100 N and a speed of 2.5 mm/s. The retentive force was recorded for
each of the 1000 cycles, and the change in retention over time was calculated. Statistical analysis
was performed using the nonparametric Mann–Whitney test and a significance level of 5%. At
16,000 cycles, a maximum change in retention of 3.74 N was recorded for the back-action clasps and a
minimum of −24.28 N at 1000 cycles for the reverse back-action clasps. The reverse back-action clasps
exhibited statistically significant lower change in retention than the reverse-action clasps at 4000 and
5000 cycles. No differences were observed in the remaining cycles. During the 20,000 cycles, the
change in retention was low regardless of the type of clasp. For most cycles, there were no differences
in the change in retention between the two types of clasps.

Keywords: removable partial denture metal framework; direct laser sintering; back-action clasp;
reverse back-action clasp; retentive force; experiments; additive manufacturing; CAD-CAM

1. Introduction

Over the years and with scientific and technological progress, society has given more
importance to oral health maintenance, promoting campaigns and prevention programs
while developing dental materials and treatment options [1–3]. These efforts have led to a
decrease in tooth loss during life and an increase in the number of cases of partial rather
than complete edentulism [1–4].

In addition, mortality has decreased, and average life expectancy has increased, lead-
ing to an aging society [2,3,5]. For this reason, the need for treatment with fixed or remov-
able prostheses is increasing every year [2]. In this sense, the rehabilitation of edentulous
patients is crucial for their quality of life as it preserves masticatory function, phonetics and
esthetics [1,6].
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Fixed rehabilitation with implants has high success rates and has become increasingly
popular in recent years. However, not all patients are good candidates for this type of
treatment due to health, financial, anatomical, or psychological circumstances [7]. One
alternative is the rehabilitation of edentulous areas with removable prostheses, which is
still widely used in clinical practice [5,8]. Removable partial dentures (RPD) are prostheses
that restore edentulous areas in partial edentulism, and can be performed rapidly with
esthetic and functional benefits [5,9–11].

The development of this type of prosthesis remains a challenge. Proper planning and
selection of RPD materials is key to reducing the incidence of complications.

When designing RPD, it is important that the framework has stability and a correct fit
which is mostly provided by the major connector and clasps [12]. It should also provide
support and retention, and not interfere with abutment teeth and other supporting struc-
tures when masticatory forces are applied [13,14]. The choice of the correct clasp geometry
starts with the analysis of the Kennedy class and the insertion axis of the prosthesis, which
determines the equator and the retentive zone of the tooth [12,13]. A clasp assembly con-
sists of an occlusal rest, a reciprocal arm and a retentive arm [12]. All clasps must provide
retention, stability, support, reciprocity and passivity and cover the largest possible area
of the tooth [12,15,16]. The retentive arm provides primary retention of the prosthesis
and must be able to deform as it passes the equator of the tooth and return to its original
position without exerting damaging forces on the tooth [15,17,18].

In partial edentulous patients with bilateral (Class I Kennedy) or unilateral (Class II
Kennedy) distal extension, retention, stability and support are very important [19]. The
selected clasp must provide good retention, transfer forces parallel to the tooth axis, and
minimize the application of damaging forces to the abutment tooth [12,19]. In these
situations, it is common to use clasps with mesial occlusal rests, such as the reverse back-
action clasp when buccal retention is on the distal side and the back-action clasp when
there is mesial retention [16,19,20].

Of the various materials available for the manufacture of the metal framework, cobalt–
chromium (Co–Cr) alloy has been the most commonly used material since 1929 [21]. This
material is known for its low cost and adequate mechanical properties, such as lower
density and higher modulus of elasticity than gold, as well as its high corrosion resistance,
which is related to biocompatibility [4,17,18,21]. This metallic alloy contains about 53% to
67% Co, 25% to 32% Cr, 2% to 6% Mo, and a mixture of other elements [22,23].

The lost waxing casting or conventional method is most commonly used to produce
metal frameworks [9,23]. The quality of the production largely depends on the experience
of the laboratory technician and the quality of the impressions taken by the clinician, which
is a time-consuming and expensive method [9,24]. Normally, this technique is prone to
several errors that can result in 75% of frameworks not fitting properly on the supporting
structures at the time of insertion into the patient’s oral cavity [12,25,26]. Thus, over the
years, the need to develop new techniques has increased, and scientific advances have made
it possible to improve the process of RPD framework production, reducing the time and
cost of fabrication, and improving the fit and functional efficiency of rehabilitations [1,3].

With the advent of digital technology, manufacturing methods have changed with
the introduction of digital processes such as computer-aided design (CAD) and computer-
aided manufacturing (CAM) [6,27]. With the development of these new methods, the
results have become more predictable, reproducible, and accurate, which improves the
longevity of the rehabilitations [4,28]. The use of CAD/CAM offers the advantages of
digital planning and analysis, reduction in material waste and use of innovative materials,
better communication between laboratory and clinician, reduction in the number of steps
and errors, easy cast reproduction, and better quality control of the production [4,29–31].

The production of these structures can be performed by two digital methods: addition
(AM—additive manufacturing) or subtraction (milling) [29]. The AM method makes use of
sintering technology, such as: SLM—Selective Laser Melting, SLS—Selective Laser Sintering
or DMLS—Direct Metal Laser Sintering [9,18]. This technology offers high productivity,
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improves the properties of materials by increasing density and homogeneity, and is a
precise and cost-effective method [4,9]. Basically, additive manufacturing is based on the
production of metal objects in 3D by sintering metal powders with a high-power laser [9,32].
In DMLS, a powder consisting of several metals is partially fused with a high-power Yb
fiber laser [18,32]. This technique uses a powder with a mixture of metals whose melting
temperatures are different to produce the solid metal structure [9,18]. The composition of
Co–Cr powder is mainly Co and Cr, but also contains metals such as Mo, W, Si, Ce, F, Mn
and C [33,34].

Since there is little information on the behavior of metal framework production by the
digital method, it is important to evaluate the change over time of the retention forces of
the RPD clasps.

In this sense, the aim of this study was to evaluate the retentive forces and the change
in retention over time of RPD clasps produced by the digital method. Another objective
was to compare the retentive force of clasps fabricated with different designs.

2. Materials and Methods

2.1. Production of Models

Three different intact premolar teeth were selected from a reservoir of the BIOMAT
laboratory of the Faculty of Dental Medicine, University of Lisbon. Longitudinal undercuts
were created around each tooth root to increase its adherence to the resin block. Then, it
was scanned with the Zirkonzahn Scanner S600 equipment (Zirkonzahn GmbH, Gais, Italy)
(Figure 1).

Figure 1. Digitized premolar with undercuts.

In the Autodesk Meshmixer program (2017, version 3.5.474), a 3D-printed resin block
measuring 9 × 20 × 40 mm was designed for each tooth so that the long axis of the sinus
(negative) of the root was perpendicular to the occlusal plane. The block was then printed
using the NextDent 5100 3D printer (NextDent BV, Soesterberg, The Netherlands) (Figure 2),
using NextDent Model 2.0 resin (Next Dent BV, Soesterberg, The Netherlands). Each tooth
was embedded in one acrylic resin block and placed in a LC-3DPrint Box unit (NextDent,
BV, Soesterberg, The Netherlands) for light curing for 30 min (Figure 3).

Mesial occlusal rest seats were performed on the selected teeth (Figure 4), according
to the support principles: rounded triangular and concave shape, angle formed by the
occlusal rest and the minor connector lower than 90◦, minimum thickness of 1 mm and
extension of one third in the mesiodistal and buccolingual lengths [12].

Finally, the model was scanned with a laboratory scanner (S600 Arti, Zirkonzahn
GmbH, Italy) (Figure 5) and the final digital model was created, on which the clasps were
later designed.
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Figure 2. Next Dent 5100 3D printing machine, 3D Systems.

 

Figure 3. Acrylic block with embedded tooth 1: (a) Lingual view, (b) Occlusal view.

Figure 4. Occlusal view of mesial occlusal rest seat of tooth 1.

 

Figure 5. Digitization of the tooth with occlusal rest seat.
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2.2. Production of Clasps

The digitized model was used with the clasp design using the Partial Planner program
(Zirkonzahn, GmbH, Italy). Two types of clasps were designed with mesial occlusal rest,
reciprocal arm in lingual tooth surface and retentive arm in the buccal tooth surface: back-
action clasp (active tip of retentive arm in mesial direction) and reverse back-action (active
tip of retentive arm in distal direction). In both cases, the longitudinal axis of the tooth
was determined and used as the insertion axis for the clasp. The equator of the tooth was
determined, and the retentions were removed. Then, in the case of the back-action clasp,
a retention of 0.25 mm was sought on the mesial buccal surface, while in the case of the
reverse back-action clasp, a retention of 0.25 mm was sought on the distal buccal surface.

After this step, the position of the retentive and reciprocal arms of the two clasps were
determined. The reciprocal arm and the body of the retentive arm were located above the
equator of the tooth, while the tip of the retentive arm was located below, in the previously
selected zone. In addition, the mesial occlusal rest and the distal minor connector were
added (Figures 6 and 7) [12]. A cylinder with a diameter of 5 mm and a height of 20 mm was
attached to the distal end of the minor connector to serve as a support for the test machine
(Figure 8). Finally, a digital design of each clasp in standard tessellation language (STL) file
was created and sent to a commercial laboratory production center (Sineldent, Spain).

 

Figure 6. Diagram of the steps for making the back-action clasp.

Figure 7. Diagram of the steps for making the reverse back-action clasp.

 

Figure 8. Clasps, final testing model.

A total of six Co–Cr clasps were fabricated, namely, two back-action clasps and two
reversal back-action clasps for each of the three selected teeth.

The clasps were fabricated from SP2 Co–Cr alloy (EOS GmbH, Krailling, Germany)
with 420 HV of hardness and 1350 MPa of tensile strength [35], using an EOSINT M270
system (EOS GmbH, Germany) with the direct metal laser sintering method and then
heat treated for 45 min to remove the internal stresses of the metal. The clasps were then
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placed in an electrolytic bath (Polytherm compact, Dentaurum GmbH & Co. KG, Ispringen,
Germany) for 3 min and finished with brushes, special polishing rubbers, and polishing
paste by the same technician to diminish the high roughness of the metal surface. After
this step, the fit of the clasps on the tooth was tested. A good fit was considered to be when
the occlusal rest rested on the respective seat, in continuity with the tooth and when the
clasp arms were in contact with the respective tooth surface (Figure 9).

 
Figure 9. Back-action clasp, of tooth 2: (a) buccal view, (b) mesial view and reverse back-action clasp
of tooth 2 (c) buccal view, (d) mesial view.

2.3. Test Conditions

For the evaluation of the retentive forces, repetitive cycles of insertion and removal of
the clasps were performed using a universal mechanical testing machine Instron 5544 Ten-
sile Tester (Instron, Norwood, MA, USA) equipped with a 100 N load cell. Mechanical
claws were used to fix the resin block in which the tooth is fixed (BioPlus, Cat.: 2752-005,
Charlotte, NC, USA) and a drill adapter with serial number 107,943 (Instron, Norwood,
MA, USA) was used to fix the vertical cylinder to the clasp (Figures 10 and 11).

 

Figure 10. Instron 5544 tensile mechanical testing machine.
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Figure 11. Mounting of the test models on the test device, reverse back-action clasp on tooth 1:
(a) perspective view, (b) lingual view.

A total of 20,000 cycles of vertical movements, parallel to the longest axis of the tooth
and to the axis of insertion of the clasps, were performed to simulate thirteen years of usage
of the RPD, after assuming that the patient performs four cycles of insertion and removal
of the RPD per day. This movement was performed at a constant rate of 2.5 mm/s. The
force required to remove each clasp was recorded using the Bluehill version 3.0 program
(Instron, Norwood, MA, USA).

The change in retention when the clasp is removed was calculated using Equation (1):

ΔF = F0 − Fx (1)

In the formula, ΔF corresponds to the change in retention, F0 to the force required to
remove the clasp at 0 cycles, and Fx to the force required to remove the clasp after x cycles.
The retentive forces were recorded every 1000 cycles until 20,000 cycles were reached. The
percentage change in retention was also calculated using Equation (2):

ΔF
F0

· 100% (2)

For the teeth tested, the buccal and lingual surfaces were observed before and after
the tests using an optical microscope (Nikon Optiphot, Tokyo, Japan) and a stereo zoom
microscope (Optika Microscopes. SLX series, Ponteranica, Italy). On each tooth, points
were marked on the buccal surface—mesial and distal—and on the lingual surface of the
tooth for reference. A photographic evaluation of the wear of the tooth was made using the
photographic record before and after the tests for each clasp.

2.4. Statistical Analysis

A descriptive analysis of the retentive forces of each clasp was performed every
1000 cycles and for each tooth. The median and interquartile range of change in retention
and the percent change in retention by clasp type were calculated. Inferential statistical
analysis of change in retention by clasp type was performed using the nonparametric
Mann–Whitney test. The significance level was set at 5% (α = 0.05).

3. Results

Figure 12 shows the retentive forces of the two types of clasps for each of the three
teeth used. The back-action clasp had an initial retentive force (cycle = 0) of 9.64 N, 10.87 N,
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and 11.24 N on tooth 1, 2, and 3, respectively, and a final retentive force (cycle = 20,000)
of 8.88 N, 11.78 N, and 9.55 N, respectively. The reverse back-action clasp had an initial
retentive force (cycle = 0) of 8.58 N, 12.97 N, and 11.76 N on tooth 1, 2, and 3, respectively,
and a final retentive force (cycle = 20,000) of 12.10 N, 10.49 N, and 12.05 N, respectively.

Figure 12. Diagram showing the retentive forces of the two clasps over the cycles on tooth 1, 2 and 3.

In tooth 1, the reverse back-action clasp initially showed higher values for retentive
force than those of the back-action clasp. At 4000 cycles these values decreased, and at
13,000 cycles exceeded the values of the back-action clasp (Figure 12). In tooth 2, the reverse
back-action clasp showed higher values of retentive force at the beginning of the test
compared to the back-action clasp, but at 8000 cycles it had lower values. The back-action
clasp initially had higher values of retentive forces than the reverse back-action clasp, but
at 10,000 cycles it showed lower values (Figure 12).

Figures 13 and 14 show the percent change in retention over cycles by clasp type. For
teeth 1 and 3, the back-action clasps experienced an abrupt loss of retention at 9000 and
13,000 cycles, respectively (Figure 13).

In the reverse back-action clasps, there were a few losses of retention over time in
teeth 2 and 3 and an apparent loss of retention up to 4000, followed by a slight increase in
retention in tooth 1 (Figure 14).

Descriptive analysis of the change in retention over the 20,000 cycles by clasp type
is shown in Figure 15 and Table 1. The table shows the median, interquartile range, and
maximum and minimum values of the variation in retention for each clasp type. There was
a maximum force variation of 3.74 N (16,000 cycles for the reverse back-action clasp) and a
minimum of −24.28 N (1000 cycles for the reverse back—action clasp). Negative values
of change mean that the retentive force increases with the number of cycles and positive
values of change mean that the retentive force decreases.
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Figure 13. Percentage change in retention over loading cycles—back-action clasp on each tooth.

 
Figure 14. Percent change in retention over loading cycles—reverse back-action clasp on each tooth.

 

Figure 15. Change in retention of the two types of claps during insertion and removal.
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Table 1. Median, interquartile range, maximum and minimum variation of retentive forces
(ΔF = F0 − Fx) by clasp type, units in [N].

Back-Action Clasp Reverse Back-Action Clasp

Cycles Median
Amplitude

Interquartile
Maximum Mínimum Median

Amplitude
Interquartile

Maximum Minimum

It 1000 −3.53 3.263 −2.64 −5.90 −2.12 23.587 −0.69 −24.28

2000 −4.98 3.655 −1.77 −5.43 −2.42 17.883 −1.97 −19.85

3000 −4.07 4.062 −1.22 −5.28 −1.21 17.044 1.62 −15.41

4000 −3.14 4.611 −0.97 −5.58 −0.46 3.627 3.03 −0.58

5000 −4.73 4.221 −1.80 −6.03 0.44 3.738 2.68 −1.05

6000 −3.72 5.36 −1.23 −6.59 1.03 3.623 1.09 −2.53

7000 −3.04 6.050 −0.10 −6.16 0.65 3.576 0.77 −2.79

8000 −2.75 4.079 −2.02 −6.10 0.93 5.045 2.24 −2.80

9000 −2.40 4.115 −2.05 −6.16 0.48 5.730 1.98 −3.74

10,000 −1.46 9.067 2.89 −6.16 −0.27 7.272 2.83 −4.43

11,000 −1.50 9.133 2.98 −6.14 −0.93 6.987 2.27 −4.71

12,000 −1.29 9.069 2.98 −6.08 −1.09 6.183 2.32 −3.86

13,000 2.27 4.284 3.04 −1.23 −1.11 6.923 2.82 −4.10

14,000 2.84 4.053 3.11 −0.93 −0.42 6.993 2.62 −4.36

15,000 1.49 4.658 3.42 −1.23 −0.79 9.792 2.75 −7.04

16,000 1.16 4.955 3.74 −1.21 −0.98 13.844 3.11 −10.73

17,000 1.18 4.939 3.56 −1.37 −0.92 14.591 3.31 −11.27

18,000 −0.27 3.850 3.52 −0.32 −0.82 5.109 2.85 −2.25

19,000 0.32 5.120 3.61 −1.50 −0.70 10.531 2.82 −7.70

20,000 0.76 2.602 1.68 −0.91 −0.29 6.006 2.48 −3.52

According to the inferential analysis, there was only a statistically significant difference
between the change in retention of the two types of clasps at 4000 (Figure 16) and 5000 cycles
(Figure 17). The reverse back-action clasp showed less change in retention at 4000 cycles
(p = 0.049) and at 5000 cycles (p = 0.049) compared to the back-action clasp.

There were no statistically significant differences when comparing the change in
retention in the remaining cycles between the two clasp groups (p > 0.05).

 

Figure 16. Boxplot diagrams of the change in retention of the two clasp types at 4000 cycles. Variation
of retention in (N).
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Figure 17. Boxplot diagrams of the change in retention of the two clasp types at 5000 cycles. Change
in retention in (N).

4. Discussion

The objective of this study was to evaluate the retentive forces and their change over
time of clasps with different designs that were digitally manufactured.

The prosthetic clasps are subject to daily movement during insertion and removal of the
RPD by the patient. Several studies have examined the retentive force over multiple cycles
of insertion and removal: 15,000 [8], 16,000 [15], 25,000 [34] and others [4,16,18,21,36,37]. In
the present study, 20,000 cycles were performed, corresponding to a lifetime of 13 years, since
changes in retention were observed only around this number of cycles.

The clasp retentive force is the force required to remove it from the tooth. It has been
suggested that the retentive force for proper denture function is 5 N [12,21]. In the present
study, it was shown that the initial retentive force of the back-action clasp was 10.58 N on
average, and for the reverse back-action clasp was 11.10 N. This is consistent with the study
of Tanaka, whose initial retentive force of Co–Cr clasps was 13 ± 4 N [38].

When evaluating the initial retentive forces versus the final retentive forces per tooth,
the back-action clasp had lower initial and final retentive forces at tooth 1 compared to
the reverse back-action clasp, but at tooth 2, the final retentive forces were higher for
back-action forces. At tooth 3, the initial force of the back-action clasp was higher than that
of the reverse back-action clasp, but the final force was lower. These discrepancies may
be caused by differences in the tooth crown morphology. To address these discrepancies,
the change in retention was calculated using Equation (1) to determine the variations in
retention forces across cycles and to account for the initial retention force of each clasp. It is
also important to highlight the fact that of the three teeth used, tooth 2 had a less retentive
morphology and therefore had more constant values across cycles.

Both types of clasps have been shown to have some loss of retention over the loading
cycles. However, the clasp with the back-action clasp was the one that showed the greatest
change in retention at the end of the tests.

At the beginning of the experiments, both clasps showed a negative change in force,
i.e., the retention values increased compared to the initial evaluation. This phenomenon
was also found in other studies [4,8,36,39]. This can be justified because the tests were
performed under cold conditions, and the insertion axis given by the testing machine was
parallel to the longitudinal axis of the tooth, which is not the only axis that patients use
when removing the removable framework [36]. The initial increase in retention forces can
also be explained by the wear of the tooth and the inner surface of the clasp, which could
have led to an increase in roughness at the beginning of the tests [8].

In Figures 13 and 14 the back-action clasp shows a tendency to decrease retention,
with discrepancies between the values of the individual teeth. The reverse back-action
clasp generally tends to maintain the values relatively constant. The fact that the reverse
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back-action clasp has a longer arm may mean that it is more flexible, which may result in
more constant values, while the back-action clasp with its shorter retention arm loses more
retention over time [15].

In a study by Helal et al. the comparison of the retentive forces of two types of
clasps, namely the back-action clap and the conventional Akers clasp, showed a statistically
significant difference in retentive forces at 4000 cycles [15]. This is consistent with the
results of the present study, which showed that design affected the change in retention at
4000 cycles (p = 0.049) and 5000 cycles (p = 0.049). However, there was no effect on the
change in retention in the remaining cycles, which contradicts the results of Kato et al.,
Tannous et al. and Torii et al. 2018, that showed a continuous decrease in retentive forces
during the test [8,17,34].

In agreement with the studies of Hebel et al. and Helal et al., tooth wear was ob-
served [15,39] in the area where the active tip of the retention arm of the clasp contacts the
tooth surface (Figures 18 and 19). This analysis was only a qualitative analysis, unlike the
previously mentioned studies that used mathematical calculations to quantify wear. In
this sense, wear was observed in all teeth and in both types of clasps on both the buccal
and lingual sides of the tooth. This suggests that the clasps, although made with a digital
method, also cause enamel wear.

However, as in previous studies, tooth wear was found to be very low, in the order of
20 microns, and therefore it can be assumed that the decrease in retentive force is not due
to tooth wear but due to changes in the clasp [38,40]. In addition, it can be assumed that
the retentive arm of the clasp causes minimal wear on the tooth surface over the years and
regardless of the design.

The present study has several limitations, such as the fact that the three teeth used are
morphologically different, which resulted in different retentive forces for the same type of
clasp. This limitation was reduced by using variation of change values for the retentive
force, which removed the influence of the initial retentive force of each clasp. Another
limitation was that the tests were performed in a dry environment, which may result in
higher frictional resistance between surfaces [36], and the result could have been different
if the tests had been performed in an artificial saliva environment.

With the present study, it was possible to perform a comparison of the retentive forces
and the change in retention over 13 years of use simulation between two different designs
of clasps manufactured by the digital method.

 

Figure 18. Buccal surface of tooth 3, before and after two trials with the back-action clasp,
5× magnification, scale of the upper images of 0.2 mm and the lower of 1.0 mm.
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Figure 19. Distal and buccal surface of tooth 3, before and after two trials with the reverse back-action
Clasp, 5× magnification, scale of the upper images is 0.2 mm and the lower is 1.0 mm.

The results show that, in general, there is no difference in retentive forces between the
two types of clasps. However, there was no significant loss of retention force over time for
either type of clasp, even when considering wear of the teeth, which, if relevant, would
result in a loss of retentive force of the clasp.

In the future, it would be important to perform a comparison between the conventional
and digital methods of RPD fabrication to determine if there are differences between these
two clasp types, as there is little literature to compare them.

5. Conclusions

Based on the objectives of the present study and considering the limitations pointed
out, it can be concluded that:

• Over 20,000 cycles, a reduced change in retention was verified in the clasps produced
by the digital method, regardless of the type of clasp studied, which means that it will
lose little retention over time.

• From this study, it can also be concluded that for most of the load cycles studied, no
difference is observed between the changes in retention for the two types of clasps,
leading to the conclusion that the design of the clasp does not have a great influence
on the retentive force.
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Abstract: Alveolar ridge resorption is a natural consequence of teeth extraction, with unpleasant
aesthetic and functional consequences that might compromise a future oral rehabilitation. To mini-
mize the biological consequences of alveolar ridge resorption, several surgical procedures have been
designed, the so-called alveolar ridge preservation (ARP) techniques. One important characteristic
is the concomitant use of biomaterial in ARP. In the past decade, autogenous teeth as a bone graft
material in post-extraction sockets have been proposed with very interesting outcomes, yet with
different protocols of preparation. Here we summarize the available evidence on autogenous teeth as
a biomaterial in ARP, its different protocols and future directions.

Keywords: extracted teeth; bone regeneration; bone graft; autogenous graft; autogenous tooth bone
graft; human dentin; demineralized dentin

1. Introduction

A tooth is indicated for extraction when it is no longer possible to restore or maintain in
acceptable conditions considering its health, function and/or aesthetics [1]. The extraction
of a tooth triggers a series of events that further result in the decrease of height and width of
the alveolar process, particularly on the buccal side and horizontally [2–7]. After extraction,
this resorptive event occurs during the first three months of healing until one year, with
potential aesthetic and functional consequences for prosthetic rehabilitation [2,8].

Due to the fallouts of alveolar ridge resorption after tooth extraction, a socket-filling
procedure is frequently required when dental implants are planned to rehabilitate function,
aesthetics and comfort [9]. To this end, alveolar ridge preservation (ARP) in post-extraction
sockets is a well described surgical technique able to prevent bone resorption partially but
not completely [10,11].

Several graft materials have been advocated in ARP including bone substitutes, such
as allografts, xenografts, alloplasts and autografts (i.e., autogenous bone) [4]. Bone graft
materials must have three main properties: osteoconduction (the ability to provide scaffold
for bone regeneration), osteoinduction (the capacity to recruit primitive, undifferentiated
and pluripotent cells that are developed into having a bone-forming capacity) and os-
teogenesis (presence of cells that promote bone regeneration) [12,13]. Autogenous bone
is widely accepted as the gold standard bone graft material as it contemplates all three
characteristics [9]. Nonetheless, autogenous bone has limited intra-oral availability, causes
high donor site morbidity and presents elevated resorption rates [9,12].
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A recently proposed material was autogenous teeth, commonly seen as dental waste
after dental extractions [14]. Chemically, dentin is very similar to bone, with an osteoconduc-
tive and osteoinductive matrix, and therefore is a viable candidate for bone grafting [15,16].
Autogenous teeth have fair intra-oral availability and may be obtained through standard
procedures with low morbidity [17]. Nonetheless, it is important to bear in mind that the
amount of dentin graft is dependent on the condition of the discarded teeth [12].

Ever since, several protocols have been proposed for ARP using autogenous teeth
as a graft material and, so far, three different methods of dentin processing have been
developed: demineralized dentin matrix (DDM), partially demineralized dentin matrix
(PDDM) and undemineralized dentin (UDD) (Figure 1) [12,14]. However, these different
methods present clinical pros and cons that deserve attention. For this reason, this review
summarizes the available evidence on autogenous teeth as graft material, its different types
and its applicability in ARP.

Figure 1. Schematic diagram explaining different dentin processing approaches. UDD—undemineralized dentin matrix;
PDDM—partially demineralized dentin matrix; DDM—demineralized dentin matrix).

2. Alveolar Ridge Preservation in Extraction Sockets

2.1. Biological Effect of a Tooth Extraction

Tooth extraction sets off a series of biological events, with a local inflammatory re-
sponse and an irreversible structural transformation of the periodontium [3]. In terms of
hard tissues, as previously stated, it can be expected a bone resorption, mainly in the first
three months, causing both vertical and horizontal changes in the alveolar process [5,10].

These anatomical changes are more buccally and horizontally pronounced [3–7], with
an average horizontal reduction of 3.79–3.87 mm and an average vertical reduction on the
buccal side of 0.64–1.24 mm [5,7].

Concerning the soft tissues, the socket defect will determine the healing process
through secondary intention resulting in cell proliferation, whereas the gingival form
mostly depends on the external shape of the alveolar bone [5].

In order to diminish the biological effect of a tooth extraction, an appropriate treatment
plan and technique are central [3]. As for the surgical technique, a flapless approach is
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considered a simple, atraumatic and conservative method, being the usual choice to reduce
post-surgery healing period, discomfort and inflammation [4]. This surgical approach is
characterized by the nondetachment of the periosteum, preserving the blood supply to the
buccal bone, which, as mentioned before, suffers a more pronounced resorption [18].

2.2. Alveolar Ridge Preservation: Concept and Bone Graft Materials Used

The biological effect subsequent to a tooth extraction might have a devastating impact
on the rehabilitation treatment, affecting both hard and soft tissues [3]. While bone avail-
ability might decrease, which is a key factor in the implant placement, the aesthetic result
may also be compromised, by damaging the soft tissue [8,19].

Under the rationale of ARP, filling a socket with grafting materials might reduce
alveolar ridge resorption comparing to natural healing via blood clot [19]. Overall, ARP
comprises three essential goals: (1) the maintenance of the existing soft and hard tissue
envelope; (2) the preservation of a stable alveolar ridge in order to maximize the functional
and aesthetic outcome; and (3) the simplification of the treatment procedures following the
alveolar ridge regeneration [20].

When considering ridge resorption in this procedure, one must not only analyze the
socket graft material and the surgical protocol but also the systemic and local characteristics
that can play a role in this clinical procedure [1]. Among the factors that might affect ARP
are number of adjacent teeth to be extracted, socket morphology (single versus multirooted
teeth), integrity of the socket walls, periodontal biotype (assessing its thickness), smoking
status, systemic factors (e.g., bone metabolic disorders, uncontrolled diabetes) and patient
compliance [1,3,8].

Regarding the numerous biomaterials used for socket grafting, many approaches
have been described in the literature [2,6,21]. Examples of these approaches are: using
only bone grafting alone, including autografts (e.g., autogenous bone), allografts (includ-
ing cortical mineralized freeze-dried bone and cortical demineralized freeze-dried bone)
xenografts (derived from bovine bone), alloplasts (including medical-grade calcium sulfate,
hydroxyapatite and beta-tricalcium phosphate (β-TCP)) [2,6,21].

Finally, it has been also described the application of a membrane alone (resorbable or
non-resorbable), or combined with a grafting material [2,6,21].

Several systematic reviews have addressed ARP effectiveness. While some of these
reviews points out to a rather scarce evidence with no significant conclusions [2,19,20],
more recent systematic reviews showed more promising results [1,3,4,6,8,10,11,21–23].
Comprehensively, there is general consensus that ARP does not avoid completely the
inevitable dimensional loss that exists [1,3,4].

While xenogenic or allogenic materials have been associated with better results when
compared with alloplastic grafts [1,3,4], others highlight the positive influence of the use of
barrier membranes, resorbable and non-resorbable [8,10,21] or the combined use of a bone
graft with a resorbable membrane [6]. Nonetheless, other studies advocate that although
the benefit of this procedure exists, the evidence available is insufficient to state which
method is best in reducing the dimensional changes addressed before [8,11,23].

The reason behind this limited evidence can be explained by the high heterogeneity
present in the existing systematic reviews [1–4,6,8,10,11,19–23]. This heterogeneity is
dependent on the broad definition of alveolar ridge regeneration, where many aspects
enter the equation. Some examples are: type of graft material used, with or without
resorbable or non-resorbable membrane, use of growth factors, with or without raising
a flap when extracting the tooth, achieving primary or secondary intention closure, with
damaged or intact sockets, multi rooted teeth or single rooted teeth, mandible or maxilla,
among other patient related factors mentioned before [3,10,19,21,22].

Another technique that has also been described with promising results is the socket-
shield [24]. The hypothesis behind this technique is that by retaining a section of the buccal
side of the root during implant placement the extensive bone loss that occurs on the buccal
side of the bone will be reduced [24–26]. Regarding this technique, some modifications
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have appeared since it was first presented, showing promising results [25]. However, more
high level evidence studies are required to better assess this approach [25,26].

3. Autogenous Teeth as a Bone Graft Material

3.1. Biological Plausibility

In order to understand the use of human teeth as a bone graft material, we must
bear in mind the chemical composition of human teeth and alveolar bone. The ratio
inorganic/organic/water of the various components of the teeth goes as follows: enamel
(95%/0.6%/4%), dentin (70–75%/20%/10%) and cementum (45–55%/50–55%) [12,16].
When comparing with the alveolar bone ratio, (65%/35%/0%), the similarity between bone
and especially dentin becomes clear [16].

Considering this potential, researches started looking for the different hard tissues
present in teeth. Yeomans and Urist pioneer study on the potential bone-inducing proper-
ties of dentin opened up new boundaries on graft materials [27]. Yeomans and Urist firstly
reported the bone induction capacity of autogenous demineralized dentin matrix [27]. In
the same year, Bang and Urist also referred the similarity between dentin collagenous
matrix and bone matrix in terms of osteoinductive capacity [28]. Only in 2009, the Korean
Tooth Bank, in Seoul, Korea, developed an autogenous tooth bone graft material, which
lead to a significant increase of studies in this field regarding the clinical performance of
this material [29].

Given the role and highly percentage of dentin in autogenous tooth [30], several stud-
ies have focused on different methods of treating dentin matrix towards the optimization
of the procedure clinical effectiveness [14].

In the inorganic component of dentin, X-ray diffraction analysis showed that, unlike
enamel hydroxyapatite, dentin hydroxyapatite (which consists of 70% of the dentin in
its weight volume) is structured with low-crystalline calcium phosphate, which in turn,
allows the osteoclasts to easily decompose this mineral, promoting an effective bone
remodeling [15,30]. This property is not only similar to bone tissue, also mainly composed
by low-crystalline calcium phosphate, but also essential in alveolar ridge regeneration,
ensuring osteoconductive capacity [12,16,29]. Besides hydroxyapatite, there are other three
biological calcium phosphates such as: tricalcium phosphate, octacalcium phosphate and
amorphous calcium phosphate [31]. All these forms interact with each other, playing a
positive role in bone remodeling [15].

In the organic component of the dentin matrix, a dense network of type 1 collagen
fibrils represents 90% of its content [12]. The other 10% is formed by the so-called non-
collagenous proteins such as: osteocalcin, osteonectin, sialoprotein and phosphoprotein,
which are known to be involved in bone calcification [15]. Additionally, growth factors are
also present, including bone morphogenetic proteins (BMP), LIM mineralization protein
1, transforming growth factor-β among others [12,14]. Bessho et al. compared the dentin-
matrix derived BMP with the bone-matrix derived BMP, concluding that although they are
not identical, both induce bone formation [32]. Similarly, Boden et al. demonstrated that
LIM mineralization protein 1 is a positive regulator of the osteoblast differentiation [33].
These growth factors, alongside other non-collagenous proteins have a proven osteoinduc-
tive capacity [12,15,16,29,32–35].

One important aspect that can be beneficial in terms of implant placement is the
healing period. In the literature, this period usually varies from 4 to 6 months [36,37],
although in some cases, dental implants may be placed 2 to 3 months after alveolar ridge
preservation [38]. Several authors compared the use of autogenous tooth graft versus a
xenograft [17,39,40]. While some studies assess the performance of the implants immedi-
ately placed after graft [17,40], one study compared the two grafts after a healing period of
6 months [39]. Regarding this matter, thanks to the reduced resorption rate of the autoge-
nous tooth graft (4 to 6 months) an earlier placement of the implant can be done, reducing
the healing period [38,41].
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3.2. Dentin Processing

As aforementioned, autogenous teeth can be used as bone graft material with os-
teoconductive and osteoinductive potential [9,12]. However, several concerns have been
addressed regarding the need for any dentin processing prior to bone grafting for the
purpose of clinical optimization. Some examples are the extraction of non-collagenous
proteins [42], elimination of the organic matrix [14] and finally, one of the most commonly
used, dentin preparation by demineralization [12].

The hypothesis of demineralization is that through this procedure, the organic sub-
stances (type 1 collagen fibrils, non-collagenous proteins and growth factors) will be
more exposed, decreasing the graft crystallinity and increasing its porosity and surface
area [16,35,43]. This process releases growth factors and non-collagenous proteins, which
in turn, results in an enhanced osteoinductive activity [14].

Although protocols vary from study to study, a general protocol includes tooth extrac-
tion, removal of soft tissue, carious lesions and filling materials of any nature [17,44–46],
sectioning into blocks or particles and finally choosing the degree of demineralization [47].
Among the demineralization agent are ethylenediaminetetraacetic acid (EDTA), phosphoric
acid, chloridric acid, nitric acid, hydrogen oxide, ethyl ether and ethyl alcohol [14]. Hence,
dentin materials were categorized into 3 categories: demineralized dentin matrix (DDM),
partially demineralized dentin matrix (PDDM) and undemineralized dentin (UDD) [12].

While some investigators have reported success when using DDM (or PDDM) [17,37,
39,40,44,48–50] others prefer using in its undemineralized form [38,51–57].

Mineralized dentin particles offer a mechanical stability, creating a solid site for
implant placement [38,52]. With the use of a mineralized graft, although the osteoinductive
properties of dentin may be delayed, the low crystallinity of dentin hydroxyapatite allows
the progressive bone remodeling [15,30].

Due to a lack of uniformity and standardization in the literature, it is difficult to
determine with certainty which form of graft is advantageous for which clinical indication.
Regarding ARP procedures, several authors have reported success when using DDM,
PDDM and UDD, indicating that each form can be a viable option [38,40,41]. Nonetheless,
some authors suggest an approach patient-based. DDM and PDDM can be indicated when
the socket walls have already been resorbed or destroyed due to pathological causes [58].
The exposure of growth factors and non-collagenous proteins, as previously stated, will
allow an earlier regeneration [14,38]. The UDM on the other hand, thanks to the mechanical
stability inherent to the graft, may allow an earlier placement of dental implants [38].

As previously stated, the amount of biomaterial that the clinician can gather is de-
pendent on the extension of carious lesions and filling materials [17,44–46], nonetheless,
one possible approach that can overcome this limitation is the extraction of impacted third
molars, when it is required a larger amount of biomaterial [51,59].

In order to obtain a demineralized graft, the Korea Tooth Bank, established in Seoul,
was one of the first to be available for clinicians [60]. However, due to this time-consuming
option, several devices appeared on the market for this purpose.

The VacuaSonic® (Cosmobiomedicare, Seoul, Korea) produces a demineralized graft.
This system comes with a powder reagent (DecalSi® DM Powder reagent) and a block
reagent (DecalSi® DM Block reagent), giving the clinician a choice, on which form of graft
he prefers. According to the manufacturer, the process takes 30 min for powder graft and
2 h for block graft [50].

Another system that can be used is the Smart Dentin Grinder™ (Kometa Bio ltd., Holon,
Israel) which is a device that grinds the tooth to particles of 250–1200 μm, according to the
manufacturer. Alongside this grinder, comes a disposable griding chamber (single-use)
as well as a dentin cleanser (0.5 M NaOH and 30% ethanol (V/V)) which is applied for
5 min and a phosphate buffer saline (PBS) solution with calcium and magnesium with
an application time of 1 min, repeating this last step. This device can be used in order
to produce a mineralized or partially demineralized graft, which in this last case, a 10%
solution of EDTA during 2 min is added [38].
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Finally, another system commonly used to produce a demineralized graft is the Tooth
Transformer device (TT Tooth Transformer srl. Milan, Italy). This device comes with a tooth
grinder and a series of disposable accessories that contacts with the resulting autologous
material and liquid responsible for the demineralization. According to Minetti, this process
takes approximately 25 min [61]. Regarding prices, while the VacuaSonic® (Cosmobiomedi-
care, Seoul, Korea) costs around 12365 €, the Smart Dentin Grinder™ (Kometa Bio ltd.,
Holon, Israel) costs around 1277 € and finally the Tooth Transformer (TT Tooth Transformer
srl. Milan, Italy) device has a price of around 2000 €.

Due to the potential of the autogenous tooth as a bone substitute, several clinical
applications have appeared in the literature besides ARP procedures [9,12,35].

One study performed lateral alveolar ridge augmentation comparing the use of auto-
genous tooth roots versus the use of autogenous bone blocks [62]. In this particular study,
after 26 weeks of healing, the implants were placed with no significant difference between
groups (p > 0.05) in terms of primary implant stability quotient [62].

The use of autogenous tooth graft was also associated with the treatment of grade
II and III furcation defects by one study, which compared the clinical and radiologic
performance of this graft material with the use of freeze-dried bone allograft [63]. The
results of this study point out the potential benefit that autogenous tooth can have as a bone
graft material, demonstrating a significant reduction in vertical bone depth, horizontal
bone depth as well as radiographically bony defect [63].

Another possible application for autogenous tooth is in sinus floor elevation pro-
cedures [64,65]. One particular study compared the use of autogenous tooth versus the
bovine-derived xenograft Bio-Oss (Geistlich Pharma AG, Wolhusen, Switzerland) [64].
With a follow up period of 4 months, there was no significant difference between the two
groups after a clinical, radiologic and histomorphometry assessment [64]. In another study,
Kim et al. performed a micromorphometry and histological evaluation 9 months after sinus
bone graft using autogenous tooth [65]. This evaluation concluded that autogenous tooth
showed excellent bone healing, proving to be a viable option for this kind of procedure [65].

4. Demineralized Dentin Matrix (DDM)

4.1. Preclinical Studies

Two preclinical studies have confirmed the potential of human DDM placed in extrac-
tion sockets as well as the influence that this biomaterial has on proteins and growth factors
such as BMP-2, BMP-4 and vascular endothelial growth factor (VEGF) [45,46]. In both
studies, there was a common protocol: after the removal of caries lesions, pulp tissues and
periodontal ligament, the agent responsible for the demineralization was a 10% EDTA solu-
tion with a pH varying from 7.2 to 7.3 [45,46]. After cutting with a cryostat, one study stored
the material in a sterile phosphate buffered saline (PBS) with penicillin and streptomycin
for decontamination [46].

4.1.1. Histologic and Histomorphometric Outcomes

A histologic and morphometric analysis showed that human DDM integrated newly
formed bone after 14 days showing histological features of mature bone, proving its
osteoconductivity [45,46].

4.1.2. Immunohistochemistry Outcomes

One interesting aspect regarding these studies results from the immunohistochemistry
evaluation. Oliveira et al. found that with the degradation of the human DDM, the number
of BMP-2 and BMP-4 immunostained cells increased at day 10, suggesting that this event is
key in stimulating cellular differentiation and consequently bone formation [46]. A similar
result can be seen in Reis-Filho et al.’s study after a period of 14 and 21 days, where with
the human DDM resorption, the expression of VEGF increased, indicating angiogenesis,
which in turn accelerates the healing process [45]. Both these results support the evidence
of the osteoinductive capacity of the DDM [45,46].

228



Appl. Sci. 2021, 11, 1853

4.2. Clinical Studies

Furthermore, several clinical studies have been published endorsing the use of DDM in
ARP despite diverging in terms of the protocol used for dentin processing [17,37,39,40,44,48–
50,66,67].

The removal of carious lesions, fillings and soft tissues seems shoes an apparent
unanimity [17,37,39,44,66], however, while most authors use dentin, enamel and cementum,
some eliminate these last two [40], or simply use the root portion of the tooth [37]. Some
investigators defend the use of dentin alone due to its osteoconductive and osteoinductive
properties being similar to alveolar bone [35,43] and in this way enamel shall be removed
because it has high-crystalline calcium phosphate and therefore might complicate the
absorption process [15,30]. On the other hand, it is described in some protocols the use
of the whole tooth as a bone graft material, combining the chemical properties of dentin
with the mechanical advantage that enamel brings, allowing an earlier placement of dental
implants [38,52,57].

In the majority of these studies, the demineralization agent was not specified [17,39,44,
48–50,66], but rather the explanation that the autogenous graft went through a dehydration,
defatting, demineralized and lyophilized course [39,66]. Nonetheless, studies often report
the use of 70% ethyl alcohol, 0.6 N chloridric acid and 2% nitric acid [37,40,67]. The size of
the graft particles varies from 200 to 1000 μm [37,39,40,66].

These studies evaluated the efficacy of this biomaterial in the clinical, radiologic,
histologic and morphometric scenario.

4.2.1. Clinical Outcomes

Overall, grafted sites healed without any clinical manifestation of infection, wound
dehiscence, or implant failure, in the cases where dental implants were placed [17,44,50].
In these studies, the primary stabilization ranged from 71.8 to 74 implant stability quotient
(ISQ) [37,39,49].

Several intervention studies performed an interesting evaluation comparing the clini-
cal, radiologic and histologic efficacy between DDM and a standard xenograft (Bio-Oss
(Geistlich Pharma AG, Wolhusen, Switzerland) with excellent and proven efficacy [17,39,40].
Both groups, showed comparable healing process, implant stability and bone formation
ration, proving that this biomaterial can be a viable alternative to the xenograft, with the
advantage of being autogenous [17,39,40]. Furthermore, from the patient’s perspective,
autogenous teeth were associated with low levels of pain and swelling [17].

4.2.2. Radiologic Outcomes

Regarding radiologic outcomes, the studies presented favorable results. The mean
density of the graft decreased with time, with the architecture of the DDM becoming
increasingly more similar to that of the surrounding bone, suggesting a satisfactory bone
healing [40,50,67].

4.2.3. Histologic and Histomorphometric Outcomes

Histologic and histomorphometric analysis showed a good tissue integration with a
direct union between the new bone and the graft material, evidencing osteoconductive and
osteoinductive properties [39,66]. It was reported a dense lamellar bone formation [48–50]
associated with connective tissue reach in angiogenesis [37], fulfilling the goal of minimizing
the alveolar bone loss in extraction sockets [44]. The follow-up period on which these results
were found varied from 3.5 to 6 months [39,44,48,66].

The most important limitations when comparing these studies are the variety of
protocols and adjuvant materials used, for instance absorbable [44,50] or non-absorbable
membranes [67], or the use of platelet-rich fibrin (PRF) [40].
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5. Partially Demineralized Dentin Matrix (PDDM)

Regarding PDDM, only two interventional studies have studied its clinical poten-
tial for ARP, one pilot on PDDM associated with platelet-rich plasma [36], and another
randomized trial concerning PDDM alone [41].

In terms of protocol for dentin processing, both studies present slight changes. In both
studies, the soft tissues, caries and calculus were removed with the teeth being crushed
with the auxiliary of different grinders, who generated graft particles varying between 300
and 800 μm [36,41]. The main difference in terms of protocol is the agent used for partial
demineralization. On the one side, Minamizato et al. used a 2% HNO3 solution (pH 1.0)
for 10 min, followed by an extensive 10 min rinse with 0.1 M Tris-HCl (pH 7.4) [36]. On
the other side, Joshi et al. used lactic acid (1N) for a 15–20 min period and later a sterile
normal saline solution [41]. The reason behind the choice of an organic acid was, according
to Joshi et al., the contact between the residues with human tissues [41].

5.1. Clinical Outcomes

Clinically speaking, the postoperative follow-up occurred uneventfully [36,41]. In the
Minamizato trial, dental implants were placed at 4–6 months postoperative with primary
stability and insertion torque varying from 25 to 40 N cm [36]. At the time of the second
surgery, the implant stability quotient (ISQ) was over 60 in all cases, suggesting a positive
osteointegration [36]. One factor that could help the healing process is the demineralization
the occurred, enhancing the antimicrobial activity of some dentin components [36]. In
the Joshi Trial, although no implants were placed, after a period of 4 months, the authors
reported that the sockets grafted with PDDM showed visually less width shrinkage when
compared with the sites grafted with β-TCP and non-grafted sites [41].

5.2. Radiologic Outcomes

Radiographic assessment was made by X-ray panoramic and cone beam computed
tomography (CBCT). This analysis showed that the radiopacity of the PDDM decreased
gradually with the lamina dura around the graft becoming progressively indistinguish-
able [36]. Comparing the dimensional changes of the alveolar ridge between PDDM and
β-TCP, the width and height loss was lower in the PDDM group, with these values being
statistically significant [41]. In terms of ridge height, while in the PDDM group there was a
reduction of 0.28 ± 0.13 mm, in the β-TCP group there was a reduction of 1.72 ± 0.56 mm
and in the control group it was reported a reduction of 2.60 ± 0.88 mm (p < 0.05) [41]. In
terms of width, a similar result was achieved, with the control group showing an increased
reduction (2.29 ± 0.40 mm), followed by the β-TCP group (1.45 ± 0.40 mm) and finally the
PDDM group (0.15 ± 0.08 mm) (p < 0.05) [41].

5.3. Histologic Outcomes

Finally, histologic analysis showed a positive integration of the PDDM at 4 to 6 months
postoperative. Histologic specimens of the PDDM group showed newly formed bone in
both studies [36,41], with a higher percentage of osteoid formation, when comparing to the
β-TCP group [41].

These two studies point out the use of PDDM as a viable option in alveolar ridge
regeneration, displaying good clinical, radiologic and histologic outcomes.

6. Undemineralized Dentin Matrix (UDD)

In terms of UDD, a solid number of preclinical and clinical studies have been per-
formed evaluating its efficacy [38,51–57,68].

6.1. Preclinical Studies

The protocol used for the preparation of this biomaterial was very similar in all of the
preclinical studies. The crown portion of the tooth was removed, as well as pulp tissues and
periodontal ligament still attached [52,53,68]. This was made by using curettes, ultrasonic
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devices, hand instruments and specific burs [52,53,68]. In all studies, the preparation was
rinsed with a saline solution along with a basic alcohol cleanser [52,53,68]. Finally, either
using the Smart Dentin Grinder™ (Kometa Bio ltd., Holon, Israel) [52,53] or a specific
grinder [68], the teeth were grinded into particles with diameters over 300 μm and less
than 1200 μm [52,53], or between 350 and 500 μm [68].

Histologic and Histomorphometric Outcomes

After assessing the viability of UDD under radiologic, histologic and histomorphome-
try analysis, some preclinical studies reached opposite conclusions. In 2015, one study, after
histologic and histomorphometry analysis, reported that the use of UDD, after 8 weeks did
not offered any improvement in bone regeneration, showing in terms of ratio of bone to
total area of each probe 170 ± 16 μm3 for the control group (no bone graft material used)
and 71 ± 14 μm3 for the UDD group, with a significant difference (p < 0.05) [68].

The opposite was concluded in two other preclinical studies [52,53]. When compared
to a healing without any bone graft material, after a 90 days observation period, the added
benefit of the UDD was proven [52,53]. In one study, the percentage of newly bone formation
was 91.32 ± 0.8% in the UDD group and 65.89 ± 0.6% in the control group (p < 0.05) [52].
In the other study, the percentage of immature bone was 14.2 ± 0.66% in the UDD group
and 35.17 ± 0.74% in the control group (p < 0.05) [53].

6.2. Clinical Studies

Equivalently to the studies mentioned before, these clinical studies applied a similar pro-
tocol when preparing UDD. Generally speaking, after the teeth extraction, removal of crowns,
fillings of any nature, pulp tissues and periodontal ligament, the biomaterial was grinded
in order to generate particles with a diameter varying from 300 to 1200 μm [38,51,54–57,59].
In most of the studies, a basic alcohol cleanser consisting of 0.5 M of NaOH and 30%/20%
alcohol as well as a sterile phosphate buffered saline were applied to the samples gath-
ered [38,55,56]. This step is important in order to remove organic debris and also possible
bacteria and toxins found in dentine [38,55,56].

When assessing the efficacy of the UDD in these studies, one aspect that is worthy of
mention is that in some studies a combination of UDD was used either with platelet-rich
fibrin [54] or with leukocyte-platelet-rich fibrin and fibrinogen [57], which can be seen
as a drawback when analyzing this biomaterial due to lack of standardization as well as
understanding the real influence of the UDD.

6.2.1. Clinical Outcomes

Clinically, the healing process was satisfactory, with no major post-operative compli-
cations, with less inflammation and rejection response, one potential limitation of other
types of bone grafts [38,57].

One particular split-mouth randomized double-blind study deviated from the usual
analysis of this subject. This study used UDD from lower third molar extractions and
evaluated clinical outcomes such as: pocket depth, recession, clinical attachment level
regarding the lower second molar, as well as patient-related outcomes: pain, healing and
swelling [51]. After a 3-month observation period, in terms of pocket depth (control group:
3.43 ± 0.79, UDD group: 2.86 ± 0.9), gingival recession (control group: −2.29 ± 1.25,
UDD group: −2.86 ± 0.9) and clinical attachment level (control group: 1.14 ± 1.57, UDD
group: 0 ± 0), the differences found were not statistically significant (p > 0.05) [51]. Finally,
regarding patient-related outcomes (pain, healing and swelling), similar results were found,
with no statistically significant differences found between groups (p > 0.05) [51]. A similar
result was found in a split-mouth clinical trial where the use of the lower third molar as
a bone substitute resulted in a significant reduction of the pocket depth, mainly in the
first 3 months [59]. After a 6-month-period, the bone density found in the test group was
greater, with statistically significant difference (p < 0.001) [59].
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6.2.2. Radiologic Outcomes

Radiologically, CBCT images showed that alveolar ridge dimensions were preserved in
most cases [54,55,57]. In the study by Andrade et al. the vertical and horizontal dimensions
of the sockets grafted were preserved, and in some cases increased [57]. One particular study
by Pohl et al. performed a retrospective radiographic cone-beam computed tomography in
order to better assess the efficacy of this graft in terms of volume stability [54]. Comparing
the preoperative and the postoperative (4 months after ARP procedure) dimensions, the
reduction in the buccal bone plate thickness at 1 mm, 3 mm and 5 mm bellow the buccal
crest was, respectively: −0.87 ± 0.84 mm; −0.60 ± 0.70 mm and −0.41 ± 0.55 mm [54].
Following the same level measurements, the mean ridge width changes were, respectively:
1.38 ± 1.24 mm, 0.82 ± 1.13 mm, and 0.43 ± 0.89 mm [54]. Finally, the authors concluded
that the average mid-buccal bone height gain was 1.1% and the mid-lingual height gain
was 5.6% [54]. Another study that evaluated through CBCT analysis the alveolar ridge
dimensions before and 4 months after the ARP procedure reported a loss of 0.76 mm in the
vertical dimension and a loss of 1.1 mm in the horizontal dimension [69].

6.2.3. Histologic and Histomorphometry Outcomes

Regarding histologic and histomorphometry analyses, UDD generated moderate os-
teoblastic activity, presenting some dentin fragments as well as connective tissue, suggest-
ing a gradual increase in the graft resorption and consequently bone formation [54,56,57].
Additionally, Andrade et al. reported a consecutive increase of the bone percentage (26.3%
at 4 months and 66.5% at 6 months), and a decrease on dentin (10.4% at 4 months and 0.9%
at 6 months) and connective tissue (63.3% at 4 months and 32.6% at 6 months) in the socket,
substantiating a gradual bone formation along with graft resorption [57].

7. Conclusions

Autogenous teeth as a biomaterial for ARP present osteoconductive and osteoinduc-
tive properties, which suggests that they can be an equally effective bone substitute. In
some cases, autogenous teeth have superior clinical performance when compared with
other grafts. According to this literature review, autogenous teeth, in every form of pro-
cessing, present potential within the clinical, radiologic and histologic outcomes.

Nonetheless, further research, with standardized protocols in terms of patient selec-
tion, dentin processing, surgery procedure and comparison with other grafts are essential
in order to reach a definitive conclusion about this graft efficacy. Particularly, there is a
scarcity of studies comparing the different dentin processing protocols with each other,
though the difference between each method may only rely on the advantages and fallouts
of the method itself (demineralization vs. non-demineralization) and not in the clinical
potential per se.
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Abstract: Human mesenchymal stem cells can differentiate into various cell types and are useful for
applications in regenerative medicine. Previous studies indicated that dental pulp exfoliated from
deciduous teeth is a valuable alternative for dental tissue engineering because it contains stem cells
with a relatively high proliferation rate. For clinical application, it is necessary to rapidly obtain a
sufficient number of cells in vitro and maintain their undifferentiated state; however, the abundance
of stem cells in the dental pulp tissue is limited. Non-thermal atmospheric pressure plasma (NTAPP)
has been applied in regenerative medicine because it activates cell proliferation. Here, we examined
the effects of NTAPP to activate the proliferation of human deciduous dental pulp fibroblast-like cells
(hDDPFs) in vitro. Compared with untreated cells, NTAPP increased cell proliferation by 1.3-fold,
significantly upregulated well-known pluripotent genes for stemness (e.g., Oct4, Sox2, and Nanog),
and activated the expression of stem cell-specific surface markers (e.g., CD105). Overall, NTAPP
activated the proliferation of various mesodermal-derived human adult stem cells while maintaining
their pluripotency and stemness. In conclusion, NTAPP is a potential tool to expand the population
of various adult stem cells in vitro for medical applications.

Keywords: non-thermal atmospheric pressure plasma (NTAPP); human deciduous dental pulp
fibroblast-like cells; regenerative medicine

1. Introduction

Stem cells isolated from multiple tissues are used in regenerative medicine as they can
differentiate into various tissues, including odontoblastic, chondrocytic, adipocytic, and
osteoblastic cell lineages [1–4]. Previous in vivo studies demonstrated the differentiation
of stem cells isolated from human dental pulp tissue into odontoblast-like cells lining the
existing dentin surface [5] and the formation of a continuous layer of dentin-like tissue on
the existing canal dentinal walls and mineral trioxide aggregate cement surfaces [6]. In
addition, when stromal stem cells obtained from human dental pulp or bone fragments
in vitro were transplanted into immunocompromised rats it resulted in the generation of a
tissue structure with an integral blood supply similar to that of the human adult bone [7].
Stem cells from exfoliated human deciduous pulp show a higher proliferation rate than that
of adult bone marrow stromal stem cells [8]. Similarly, fibroblast-like cells from exfoliated
human deciduous dental pulp have a higher proliferation rate than that of those from
permanent teeth [9]. Therefore, stem cells from exfoliated human deciduous pulp might
be helpful in tissue regeneration, although those in the dental pulp tissue are present in
minimal quantities. Some studies have reported that stem cells comprise 0.8% and 0.4% of
human and mouse dental pulp, respectively [10,11]. Thus, it is necessary to proliferate cells
and maintain the undifferentiated state of human dental pulp cells for clinical applications.
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Various stimuli, such as drugs and incubation under hypoxia, have been used to activate
pulp undifferentiation potential [12]; however, their use is currently limited because of
safety and cost issues. Therefore, a safer and simpler alternative method is needed.

Recently, “plasma medicine”, which involves the application of non-thermal atmo-
spheric pressure plasma (NTAPP) for medical treatment, is a novel tool being applied in
regenerative medicine. Plasma medicine aims at irradiating inorganic materials for surface
modification or sterilization, whereas NTAPP combines irradiation at low temperatures
and under atmospheric pressure, allowing the direct treatment of biological tissues for
wound healing [13], selective apoptosis of cancer cells [14], and proliferation of pluripotent
stem cells [15]. In the field of medical science, NTAPP has been studied worldwide for
clinical applications. Although the information on the effects of direct plasma irradiation
on the dental pulp and periapical soft tissues is limited, NTAPP is a simple, safe, and
inexpensive tool that could be used in clinical dentistry.

In this study, we aimed to evaluate the effectiveness of NTAPP in activating the prolif-
eration of undifferentiated human deciduous dental pulp fibroblast-like cells (hDDPFs).
To this end, we examined the rate of cell multiplication in vitro, the expression of genes
related to cell proliferation, and changes in mesenchymal stem cell (MSC) markers.

2. Materials and Methods

2.1. Cell Culture

Non-carious deciduous teeth (canine or molar) obtained from three healthy orthodon-
tic patients at the pediatric dentistry in Osaka Dental University Hospital were kept in
sterile 0.01 M phosphate-buffered saline (PBS; Wako Co., Ltd., Tokyo, Japan) and cut
horizontally under sanitary conditions. The dental pulp tissue was gently removed,
minced, and cultured in 35-mm tissue culture dishes, containing Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Wako, Tokyo,
Japan), 100 U mL−1 penicillin (Life Technologies, Carlsbad, CA, USA), 100 μg mL−1 strep-
tomycin (Life Technologies), and 4 mM L-glutamine (Life Technologies) at 37 ◦C in a
humidified atmosphere of 5% CO2. The culture medium was replaced with fresh medium
every 3 days. hDDPFs isolated from the dental pulp tissues at passages 2–9 and expressed
the markers CD105, CD44, and CD146 (data not shown) were used in this study. All
experiments were approved by the Ethical Committee of Osaka Dental University (No.
111039). Informed consent was obtained from all study participants, and the study was
conducted according to the principles of the Declaration of Helsinki.

2.2. NTAPP Stimulation Device

We used an argon-based NTAPP device in which the multi-gas plasma jet source has
a columnar body similar to a pen and is connected to an AC power supply of 16 kHz and
9 kV and a gas cylinder (Plasma Concept Tokyo, Tokyo, Japan; Figure 1).

Figure 1. Argon-based non-thermal atmospheric pressure plasma (NTAPP) stimulation device used
in this study. The multi-gas plasma jet source has a columnar body like a pen connected to an AC
power supply of 16 kHz and 9 kV and a gas cylinder.
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2.3. Cell Proliferation Assay
2.3.1. Investigation of NTAPP Irradiation Conditions

To investigate the effects of NTAPP, we first examined the cell proliferative poten-
tial after NTAPP irradiation. To expose cells to NTAPP, 1 × 104 cells seeded in 24-well
culture plates were incubated for 96 h. The cells were exposed to the indicated doses
of NTAPP (2.7 standard L/min, 20 V) for 10, 20, 30, and 40 s every hour, and the num-
ber of times was 1, 2, 3, and 4. The distance between the NTAPP stimulation device
and cells was fixed to 2 cm, and 0.5 mL of medium was used. Then, the cells were fur-
ther incubated for 72 h. After that, cell proliferation was evaluated using a Cell Titer96
Aqueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA), accord-
ing to the manufacturer’s instructions. Briefly, hDDPFs were cultured in 24-well plates
at 1 × 104 cells per well for 96 h at 37 ◦C under a humidified atmosphere of 5% CO2
and then treated with or without the indicated dose of NTAPP (2.7 standard L/min−1,
20 V). The NTAPP-treated cells and non-treated cells (control) were further incubated for
72 h. Next, 3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) and phenazine methosulfate were added to the cultures. Absorbances
at 490 nm and 690 nm were measured using a Spectra Max5 microplate reader (Molecular
Devices, Downingtown, PA, USA).

2.3.2. Effects of NTAPP on Culture Medium

Some studies have reported that NTAPP irradiation alters the culture medium and
affects the cells [16,17]. Then, we wondered whether the cell proliferation induced by
NTAPP was the direct effect of NTAPP, or the indirect outcome of the medium modified by
NTAPP, or both.

To answer this question, we experimented with four groups. (Table 1) Groups 1 and 2
were not irradiated, whereas groups 3 and 4 were irradiated 3 times with NTAPP for 20 s.
Immediately after irradiation, the cell culture media of groups 2 and 3 were exchanged.
The cell proliferation was evaluated using the Cell Titer96 Aqueous One Solution Cell
Proliferation Assay kit and the results were compared with the results of the earlier cell
proliferation assay.

Table 1. Irradiation conditions for cells and culture medium.

Group Cell Medium

1 NTAPP(-) NTAPP(-)

2 NTAPP(-) NTAPP(+)

3 NTAPP(+) NTAPP(-)

4 NTAPP(+) NTAPP(+)

2.4. Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

We examined the expression of Oct4, Sox2, and Nanog to determine whether hDDPFs
irradiated with NTAPP 3 times for 20 s each time could maintain proliferative capacity
and pluripotency. We also studied the expression of Sox9, a marker of pluripotency in
undifferentiated neural crest cells, and that of ALP, a marker of pluripotency in undiffer-
entiated osteoblasts. Complementary DNA (cDNA) was isolated from NTAPP-treated
cells and non-treated cells after 72 h of incubation using a Cells-to-CT 1-Step TaqMan kit
(Thermo-Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instruc-
tions. RT-PCR was performed using a Step One Plus system (Thermo-Fisher Scientific) in a
total volume of 20 μL, consisting of 5 μL Master Mix, 13 μL RNase-free water, 0.5 μL Oct3/4
(Hs01654807_s1), Sox2 (Hs01053049_s1), Nanog (Hs02387400_g1), Sox9 (Hs00165814_m1),
or ALP (Hs01029144_m1) primers, 0.5 μL glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Hs02758991_g1) primers and 1 μL cDNA. In the TaqMan Gene Expression Assay
(Life Technologies), the thermal conditions were as follows: 50 ◦C for 5 min, followed by
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40 cycles at 95 ◦C for 20 s, 95 ◦C for 3 s, and 60 ◦C for 30 s. Gene expression in multiplex re-
actions was quantified using the comparative Ct method with normalization of the amount
of the target (FAM) to endogenous GAPDH (VIC) expression. The relative expression levels
were normalized to GAPDH expression.

2.5. Flow Cytometry

To detect stem cell-specific surface markers, NTAPP-treated cells and non-treated cells
were detached with Accutase (Innovative Cell Technologies, San Diego, CA, USA), washed
with FACS buffer (PBS, 1% FBS, 0.1% NaN3 sodium azide), and centrifuged for 5 min at
1000 rpm and 4 ◦C. Cells were incubated with an optimal dilution of fluorescein-conjugated
monoclonal antibodies (anti-CD44-allophycocyanin [APC], anti-CD105-fluorescein isoth-
iocyanate [FITC], and anti-CD146-phycoerythrin [PE]; Biolegend, San Diego, CA, USA)
for 1 h on ice. In total, 10,000 stained cells per assay were evaluated using BD FACSVerse
(BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo (BD Biosciences). To
evaluate the fluorescence intensity, we measured the value of ΔMFI (the change of median
fluorescence intensity). We compared the ΔMFIs of CD44, CD105, and CD146 in hDDPF
treated with NTAPP.

2.6. Statistical Analysis

Data were expressed as means ± standard error of the mean (SE). Comparison among
groups was performed with one-way ANOVA, followed by the Student-Newman–Keuls
test. For comparisons between two groups with normally distributed data, two-tailed
unpaired Student’s t tests were used to determine statistical significance. Significance was
set at a p-value of <0.05 (KaleidaGraph 4.00; SynergySoftware, Reading, PA, USA).

3. Results

3.1. Cell Proliferation Assay
3.1.1. Investigation of NTAPP Irradiation Conditions

We observed cell proliferation in hDDPFs treated 1–4 times with NATPP for 20 s
compared with that in the non-treated group. When hDDPFs were irradiated with NTAPP
4 times, we observed cell detachment and irreversible disturbance of the proliferative
capacity (Figure 2). Optimum NTAPP protocol (3 times with NTAPP for 20 s) was followed
for all the following experiments.

Figure 2. Direct effects of non-thermal atmospheric pressure plasma (NTAPP) on the proliferation of
human deciduous dental pulp fibroblast-like cells (hDDPFs). These hDDPF (1 × 104 cells per well)
were incubated for 96 h at 37 ◦C and 5% CO2 in 24-well plates and then treated 1, 2, 3, or 4 times
with NTAPP for 10, 20, 30, or 40 s per h. NTAPP-treated cells were incubated for 72 h at 37 ◦C and
5% CO2. Cell proliferation was measured using the MTS assay. Data are presented as means ± SE
(n = 4). Markers * and ** indicate significant differences at p < 0.05 and p < 0.01, respectively.
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3.1.2. Effects on the Culture Medium

As shown in Figure 3, compared with the control (Group 1), in which neither cells nor
culture medium were irradiated, a significant increase in the proliferative capacity of cells
in Group 4 was confirmed, in which both cells and culture medium were irradiated.

Figure 3. Effects of NTAPP on the culture medium. Group 4 (in which both cells and culture medium
were NTAPP-irradiated) showed a significant increase in the proliferative capacity compared with
the control (group 1) (in which neither cells nor culture medium was irradiated). Data are presented
as means ± SE (n = 4). ** indicates significant differences at p < 0.01.

3.2. RT-PCR

The results showed NTAPP upregulated Oct3/4, Sox2 and Nanog in hDDPFs (Figure 4).

Figure 4. Effect of non-thermal atmospheric pressure plasma (NTAPP) on the expression of pluripo-
tency markers (Oct3/4, Sox2, Nanog, Sox9, and ALP) in human deciduous dental pulp fibroblast-like
cells (hDDPFs). (−) indicates the control group (non-NTAPP treated cells), and (+) indicates NTAPP-
treated cells. Values were normalized using GAPDH as the internal control. Data are presented as
means ± SE (n = 5). Data from five different experiments are shown. * and ** indicate significant
differences at p < 0.05 and p < 0.01, respectively.
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3.3. Flow Cytometry

The increased protein expression of stemness markers in NTAPP-treated hDDPFs
was further confirmed using flow cytometry. We found that the ΔMFI of CD105 was
significantly increased post-incubation for 72 h compared with that of non-treated cells,
whereas no change was observed in CD44 and CD146 (Figure 5).

Figure 5. Effect of non-thermal atmospheric pressure plasma (NTAPP) on the expression of stem
cell-specific markers (CD44, CD105, and CD146) in human deciduous dental pulp fibroblast-like cells
(hDDPFs). ΔMFI (%), change in median fluorescence intensity.

4. Discussion

NTAPP is a partially ionized gas containing electrically charged particles and radicals
at atmospheric pressure [18]. Previous studies reported that NTAPP exhibits various
physiological effects beneficial for applications in regenerative medicine. It activates the
proliferation of various mesoderm-derived adult stem cells, including human adipose
tissue-derived stem cells, bone marrow-derived (BM)-MSCs, and hematopoietic stem cells,
in vitro without affecting their stem-like properties [15,19].

In the present study, we investigated the effectiveness of NTAPP in activating the
proliferation of cells from the deciduous dental pulp for potential use in regenerative
dentistry. Our results showed that the cell proliferative capacity of cells treated 3 times
with NTAPP for 20 s each time was approximately 1.2-fold higher than that of non-treated
cells. In this study, the increased rate of cell proliferation was detected by MTS which
is an indirect indicator. To confirm that proliferation (and not only metabolic activity)
was increased by the NTAPP treatment, work should be carried out to directly compare
cell numbers between the control group and the group treated with the optimum NTAPP
protocol in future study. The optimal NTAPP conditions vary depending on plasma
generator devices, the gas type used for plasma generation, and cell type. For instance, it
has been reported that the proliferative potential of MSCs and hematopoietic stem cells is
increased when treated with helium-based NTAPP 10 times for 50 s each time, in contrast
to that of human synovial cells when treated with argon-based NTAPP for 60 s [19,20].
Here, the proliferative potential of hDDPFs decreased when treated >3 times with NTAPP
for >20 s each time. Thus, the appropriate treatment conditions for each cell line need to be
established before any clinical application.

In plasma medicine, NTAPP acts directly on cells and indirectly through the plasma-
treated medium. For instance, NTAPP-activated media have anti-cancer effects on various
human cancer cells [16], and He-based low-temperature atmospheric plasma jet-activated
media have anti-bacterial properties [17,21]. Here, we found that cells cultured in NTAPP-
treated medium had a higher proliferative capacity than those cultured in non-treated
medium. Therefore, NTAPP enhanced cell proliferation both directly and indirectly by
modifying the culture medium. Many oral periapical tissues contain large amounts of
water. For instance, the dental pulp is a soft gelatinous tissue and water comprises 75–80%
of its volume [22]. Therefore, it is essential to consider the effects of NTAPP on the cells
and the surrounding fluid. Our findings showed the effectiveness of NTAPP in modifying
the cell culture media, possibly expanding the applications of NTAPP using dental pulp.
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Previous studies reported that Oct4, Sox2, and Nanog play essential roles in maintaining
stem cell pluripotency and promoting cell proliferation in various adult stem cells [23–26].
To determine whether NTAPP treatment (3 times, 20 s each) could promote the proliferation
of hDDPFs without affecting pluripotency, we examined the expression of Oct4, Sox2, and
Nanog. We also studied the expression of Sox9, a marker of pluripotency of undifferentiated
neural crest cells, and ALP, a marker of pluripotency of undifferentiated osteoblasts since
hDDPFs are known to differentiate into chondrocytes and osteoblasts [27–29]. Our results
showed that mRNA expression of Oct3/4, Sox2 and Nanog was upregulated in NTAPP-
treated cells.

A study on multipotent myoblasts has reported that the expression of Sox9 increases
after 3 to 5 days of incubation with material trioxide aggregate (MTA), which promotes
hard tissue formation [30]. Therefore, in our experiments, confirming the expression of
Sox9 in NTAPP-irradiated cells cultured for a longer period was necessary.

It has been reported that the MSC markers CD44, CD73, and CD90, as well as the
stem cell markers CD105 and CD146, are expressed in dental pulp cells. Of these, CD105 is
highly expressed in deciduous teeth [31]. In the present study, we studied CD44, CD105,
and CD146 and found that they are all expressed in non-treated cells; however, only the
expression of CD105 was increased after NTAPP treatment. It is known that MSCs from
various human tissues and organs are adherent to plastic, have a fibroblastoid morphology,
and are positive for CD73, CD90, and CD105 [32,33], but they vary in potency and self-
renewal potential. Therefore, NTAPP treatment (3 times, 20 s each) is an effective tool that
activates cell proliferation while maintaining and increasing MSC and stem cell markers in
hDDPFs.

The multi-gas plasma jet source can generate atmospheric plasma of various gas
species, including argon, oxygen, helium, nitrogen, air, and carbon dioxide, at low gas
temperatures (<57 ◦C) [34]. Nevertheless, a study has reported that the effect of plasma
depends on the type of gas, and different gases change the active species produced, thus
changing the effectiveness and speed of the treatment. [35] For example, NTAPP using
nitrogen and carbon dioxide is effective for hemostasis [36].

Helium and argon have been used in many plasma studies, but we preferred the
latter because of the lower temperature, according to the manufacturer’s instructions. We
found that NTAPP based on argon gas was effective for promoting proliferation in hDDPFs;
however, further research is necessary to examine other gas species and elucidate the
complex biological effects of NTAPP on human stem cells.

5. Conclusions

Our study showed that argon-generated NTAPP activates the proliferative potential
of hDDPFs both directly and indirectly through the culture medium. Furthermore, we
revealed the possibility of enhancing the undifferentiated and proliferative cell potential,
suggesting that NTAPP could be an effective tool in regenerative dentistry.

Author Contributions: K.H. and K.A. conceived and designed the experiments. M.O., S.A. and S.K.
performed the experiments. R.I. and Y.A. analyzed the data, and M.O. and K.H. wrote the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from Osaka Dental University Research Funds (21-12).

Institutional Review Board Statement: The study was conducted according to the Declaration of
Helsinki, and approved by the Institutional Ethics Committee of Osaka Dental University (No.111039
date of approval: 29 July 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Hiroshi Inoue and Seiji Goda for their advice and assistance.

242



Appl. Sci. 2021, 11, 10119

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prockop, D.J. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 1997, 276, 71–74. [CrossRef] [PubMed]
2. Yamashita, K.; Dennis, J.E.; Lennon, D.P.; Morimoto, H.; Kitamura, S.; Caplan, A.I. Dental pulp cells with multi-potential for

differentiation to odontoblast and chondroblast. J. Hard Tissue Biol. 2003, 12, 49–55. [CrossRef]
3. Baghaban, E.M.; Vahabi, S.; Shariati, M.; Nazarian, H. In vitro growth and characterization of stem cells from human dental pulp

of deciduous versus permanent teeth. J. Dent. Res. 2010, 7, 185–195.
4. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.

Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef]
5. Cordeiro, M.M.; Dong, Z.; Kaneko, T.; Zhang, Z.; Miyazawa, M.; Shi, S.; Smith, A.J.; Nör, J.E. Dental pulp tissue engineering with

stem cells from exfoliated deciduous teeth. J. Endod. 2008, 34, 962–969. [CrossRef] [PubMed]
6. Huang, G.T.; Yamaza, T.; Shea, L.D.; Djouad, F.; Kuhn, N.Z.; Tuan, R.S.; Shi, S. Stem/progenitor cell–mediated de novo

regeneration of dental pulp with newly deposited continuous layer of dentin in an in vivo model. Tissue Eng. Part A 2010, 16,
605–615. [CrossRef]

7. d’Aquino, R.; Graziano, A.; Sampaolesi, M.; Laino, G.; Pirozzi, G.; De Rosa, A.; Papaccio, G. Human postnatal dental pulp cells
co-differentiate into osteoblasts and endotheliocytes: A pivotal synergy leading to adult bone tissue formation. Cell Death Dis.
2007, 14, 1162–1171. [CrossRef] [PubMed]

8. Miura, M.; Gronthos, S.; Zhao, M.; Lu, B.; Fisher, L.W.; Robey, P.G.; Shi, S. SHED: Stem cells from human exfoliated deciduous
teeth. Proc. Natl. Acad. Sci. USA 2003, 100, 5807–5812. [CrossRef] [PubMed]

9. Nakamura, S.; Yamada, Y.; Katagiri, W.; Sugito, T.; Ito, K.; Ueda, M. Stem cell proliferation pathways comparison between human
exfoliated deciduous teeth and dental pulp stem cells by gene expression profile from promising dental pulp. J. Endod. 2009, 35,
1536–1542. [CrossRef]

10. Honda, M.J.; Nakashima, F.; Satomura, K.; Shinohara, Y.; Tsuchiya, S.; Watanabe, N.; Ueda, M. Side population cells expressing
ABCG2 in human adult dental pulp tissue. Int. Endod. J. 2007, 40, 949–958. [CrossRef] [PubMed]

11. Kenmotsu, M.; Matsuzaka, K.; Kokubu, E.; Azuma, T.; Inoue, T. Analysis of side population cells derived from dental pulp tissue.
Int. Endod. J. 2010, 43, 1132–1142. [CrossRef] [PubMed]

12. Kawai, S.; Harada, K.; Nagata, S.; Ohura, K.; Arita, K. Effect of 6-bromoindirubin-3′-oxime on human deciduous tooth dental
pulp cells. Jpn. Pharmacol. Ther. 2012, 31, 87–95.

13. Shi, X.M.; Xu, G.M.; Zhang, G.J.; Liu, J.R.; Wu, Y.M.; Gao, L.G.; Yang, Y.; Chang, Z.S.; Yao, C.W. Low-temperature plasma
promotes fibroblast proliferation in wound healing by ROS-activated NF-κB signaling pathway. Curr. Med. Sci. 2018, 38, 107–114.
[CrossRef] [PubMed]

14. Chang, J.W.; Kang, S.U.; Shin, Y.S.; Kim, K.I.; Seo, S.J.; Yang, S.S.; Lee, J.S.; Moon, E.; Baek, S.J.; Lee, K.; et al. Non-thermal
atmospheric pressure plasma induces apoptosis in oral cavity squamous cell carcinoma: Involvement of DNA-damage-triggering
sub-G (1) arrest via the ATM/p53 pathway. Arch. Biochem. Biophys. 2014, 545, 133–140. [CrossRef] [PubMed]

15. Park, J.; Lee, H.; Lee, H.J.; Kim, G.C.; Kim, D.Y.; Han, S.; Song, K. Non-thermal atmospheric pressure plasma efficiently promotes
the proliferation of adipose tissue-derived stem cells by activating NO-response pathways. Sci. Rep. 2016, 6, 39298. [CrossRef]
[PubMed]

16. Kajiyama, H.; Utsumi, F.; Nakamura, K.; Tanaka, H.; Toyokuni, S.; Hori, M.; Kikkawa, F. Future perspective of strategic
non-thermal plasma therapy for cancer treatment. J. Clin. Biochem. Nutr. 2017, 60, 33–38. [CrossRef] [PubMed]

17. Ikawa, S.; Kitano, K.; Hamaguchi, S. Effects of pH on bacterial inactivation in aqueous solutions due to low-temperature
atmospheric pressure plasma application. Plasma Process. Polym. 2010, 7, 33–42. [CrossRef]

18. Hoffmann, C.; Berganza, C.; Zhang, J. Cold atmospheric plasma: Methods of production and application in dentistry and
oncology. Med. Gas Res. 2013, 3, 21. [CrossRef]

19. Park, J.; Lee, H.; Lee, H.J.; Kim, G.C.; Kim, S.S.; Han, S.; Song, K. Non-thermal atmospheric pressure plasma is an excellent tool to
activate proliferation in various mesoderm-derived human adult stem cells. Free Radic. Biol. Med. 2019, 134, 374–384. [CrossRef]

20. Hamaguchi, S. Interaction of plasmas with biological objectsin plasma medicine. Plasma Fusion Res. 2011, 87, 696–703.
21. Tasaki, T.; Ohshima, T.; Usui, E.; Ikawa, S.; Kitano, K.; Maeda, N.; Momoi, Y. Plasma-treated water eliminates Streptococcus

mutans in infected dentin model. Dent. Mater. J. 2017, 36, 422–428. [CrossRef] [PubMed]
22. Yanagida, T.; Yamamoto, S.; Akisaka, T.; Sawada, T. Tooth Development Tissue Lesion, 1st ed.; Ishiyaku Publishers, Inc.: Tokyo,

Japan, 1995; p. 92.
23. Shi, G.; Jin, Y. Role of Oct4 in maintaining and regaining stem cell pluripotency. Stem Cell Res. Ther. 2010, 1, 39. [CrossRef]
24. Tsai, C.C.; Hung, S.C. Functional roles of pluripotency transcription factors in mesenchymal stem cells. Cell Cycle 2012, 11,

3711–3712. [CrossRef] [PubMed]
25. Han, S.M.; Han, S.H.; Coh, Y.R.; Jang, G.; Ra, J.C.; Kang, S.K.; Lee, H.W.; Youn, H.Y. Enhanced proliferation and differentiation

of Oct4-And Sox2-overexpressing human adipose tissue mesenchymal stem cells. Exp. Mol. Med. 2014, 46, e101. [CrossRef]
[PubMed]

26. Sun, Z.; Han, Q.; Zhu, Y.S.; Li, Z.Y.; Chen, B.; Liao, L.M.; Bian, C.J.; Li, J.; Shao, C.S.; Zhao, R.C. NANOG has a role in mesenchymal
stem cells’ immunomodulatory effect. Stem Cells Dev. 2011, 20, 1521–1528. [CrossRef] [PubMed]

243



Appl. Sci. 2021, 11, 10119

27. Fujita, N.; Takayasu, M.; Daito, M. In vitro chondrogenic differentiation potential of dental pulp stem cells. Pediatric Dent. J. 2008,
46, 548–554.

28. Mortada, I.; Mortada, R. Dental pulp stem cells and osteogenesis: An update. Cytotechnology 2018, 70, 1479–1486. [CrossRef]
29. Sato, R.; Namura, Y.; Tanabe, N.; Sakai, M.; Utsu, A.; Tomita, K.; Suzuki, N.; Motoyoshi, M. Atmospheric pressure plasma

treatment with nitrogen induces osteoblast differentiation and reduces iNOS and COX-2 expressions. J. Hard Tissue Biol. 2021, 30,
131–136. [CrossRef]

30. Makoto, H. Biological effect of calcium ion released from mineral trioxide aggregate. J. Jpn. Endod. Assoc. 2019, 40, 1–6. [CrossRef]
31. Sato, M.; Ishida, C.; Iwasa, S.; Takei, H.; Honda, M.; Tetsuo Shirakawa, T. Characterization of cultured human mesenchymal stem

cells from deciduous and permanent teeth. Pediatr. Dent. J. Jpn. 2014, 52, 417–424.
32. Beeravolu, N.; Khan, I.; McKee, C.; Dinda, S.; Thibodeau, B.; Wilson, G.; Perez-Cruet, M.; Bahado-Singh, R.; Chaudhry, G.R.

Isolation and comparative analysis of potential stem/progenitor cells from different regions of human umbilical cord. Stem Cell
Res. 2016, 16, 696–711. [CrossRef]

33. Beeravolu, N.; McKee, C.; Alamri, A.; Mikhael, S.; Brown, C.; Perez-Cruet, M.; Chaudhry, G.R. Isolation and characterization of
mesenchymal stromal cells from human umbilical cord and fetal placenta. J. Vis. Exp. 2017, 122, e55224. [CrossRef] [PubMed]

34. Takamatsu, T.; Hirai, H.; Sasaki, R.; Miyahara, H.; Okino, A. Surface hydrophilization of polyimide films using atmospheric
damage-free multigas plasma jet source. IEEE Trans. Plasma Sci. 2013, 41, 119–125. [CrossRef]

35. Takamatsu, T.; Uehara, K.; Sasaki, Y.; Miyahara, H.; Matsumura, Y.; Iwasawa, A.; Ito, N.; Azuma, T.; Kohno, M.; Okino, A.
Investigation of reactive species using various gas plasmas. RSC Adv. 2014, 4, 39901–39905. [CrossRef]

36. Nomura, Y.; Takamatsu, T.; Kawano, H.; Miyahara, H.; Okino, A.; Yoshida, M.; Azuma, T. Investigation of blood coagulation
effect of nonthermal multigas plasma jet in vitro and in vivo. J. Surg. Res. 2017, 219, 302–309. [CrossRef] [PubMed]

244



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Applied Sciences Editorial Office
E-mail: applsci@mdpi.com

www.mdpi.com/journal/applsci

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-0098-8


