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Preface

Dear Colleagues,

Dentistry is an interdisciplinary field that combines the principles of medical and material

sciences toward the development of therapeutic strategies. Continuous progress in the biomaterials

field allows for the development of new studies and methods to treat and rehabilitate patients. The

growth of pharmaceutics and biomaterials as a research field has provided a novel set of therapeutic

strategies for dental applications. Topics in this Special Issue include, but are not limited to, the

following: new restorative materials, new regenerative materials, and translational research in all

fields of dentistry.

Giuseppe Minervini and Gianmarco Abbadessa

Editors
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Abstract: The most common inflammatory reactions in the oral mucosa are found at the gingival
level. The treatment of these inflammations requires, first of all, the removal of the causative factor;
often, this maneuver is sufficient. The aim of this retrospective study was to evaluate clinical and
histopathological changes that occur in terms of gingival and palatal mucosa enlargement during
palatal expansion treatment and their evolution during treatment. Twenty-five (n = 25) research
participants, aged between thirteen and twenty-six years old, were examined in this retrospective
study. At the end of the treatment, fragments of tissue from the affected level were obtained via
incisional biopsy and sent to the histopathology laboratory for a specialized examination. The
changes identified were specific to mechanical traumatic injuries, thus excluding hyperplasia from
other etiologies (infectious, tumoral, or non-mechanical traumatic). The examined fragments showed
hyperplasia. The histopathological examination revealed the mechanical character of the lesion,
strengthening the causal relationship between the insertion of the expander and the occurrence of
hyperplasia of the palatal mucosa. The type of palatal expander influenced the degree of inflammation,
with the severity of hyperplasia being more pronounced in the case of mini-implant-anchored rapid
palatal expander (MARPE) usage than in the case of tooth-borne rapid palatal expander (RPE) usage.
The analysis of the distance between the expander and the palatal mucosa did not provide conclusive
results; the incidence and severity of the reaction were variable in patients with the same distance
between the expander and the palatal or gingival mucosa.

Keywords: rapid palatal expansion; mini-implant-assisted rapid palatal expander; MARPE; gingival
overgrowth; hyperplasia

1. Introduction

The mucosa of the oral cavity is in direct contact with the environment and is fre-
quently subjected to multiple sources of damage. Its reduced thickness is a factor that
makes it even more susceptible to damage, especially that of traumatic origin (mechanical,
physical, or chemical) [1]. The most common inflammatory reactions in the oral mucosa
are found at the gingival level. According to etiology and pathological changes, they are
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classified into inflammatory hyperplasia (chronic or acute), drug-induced hyperplasia, hy-
perplasia associated with systemic diseases, gingival tumors, and pseudo-hyperplasia [2].
In addition to these forms, hyperplasia of the mucosa can occur at the lingual or palatal
level. Regardless of the location, making the differential diagnosis is essential for devel-
oping a correct treatment plan [3]. Patients presenting to dental clinics may present with
inflammation of the oral mucosa that does not respond to improved oral hygiene or peri-
odontal treatment. This fact indicates the presence of a specific etiological factor [4]. The
treatment of these inflammations requires, first of all, the removal of the causative factor;
often, this maneuver is sufficient [5]. In cases of severe inflammation of traumatic origin, in
addition to removing the cause, surgical excision of the tissue fragment is recommended,
and in inflammations of toxic origin, specific drug treatment is indicated [6].

Rapid palatal expansion (RPE) is a treatment method used to correct the reduced
size of the jaw. It involves separating the medial palatine suture to widen the maxillary
basal bone in young children, adolescents, and adults. The procedure has been used for
more than a century in orthodontic therapy, and its effects on dentition and the craniofacial
skeleton have been studied and documented by various authors [7–9].

The application of the palatal expander is an invasive maneuver and, as such, may
produce secondary reactions at a local level of traumatic origin. Thus, local and regional
hyperplasia of the oral mucosa is a frequently encountered effect in palatal expander
cases [10]. This depends on the patient’s reactivity to mechanical damage and the distance
of application of the expander to the mucosa, being favored by the presence of some local
factors such as pre-existing carious lesions or tartar deposits [11]. Also, another cause of
mucosal lesions in the case of orthodontic expanders is their overfrequent activation, a
fact that does not allow the bone structures to adapt. In order to carry out the orthodontic
treatment, the expander cannot be removed from the oral cavity, and as a consequence,
treating mucosal hyperplasia becomes problematic.

The aim of this retrospective study was to evaluate clinical and histopathological
changes that occur at gingival and palatal mucosa levels during palatal expansion treatment
and their evolution during treatment. The null hypothesis of the present study was that
palatal expanders do not cause mechanical trauma after insertion of this device and that
there are no differences between post-therapeutic sites treated with conventional tooth-
borne RPE techniques and mini-implant RPE.

2. Materials and Methods
2.1. Specimens and Sampling Technique

The authors chose the PICO framework [12] in order to achieve the objectives of this
study, since it is the most commonly used model for structuring clinical questions (Figure 1).
A power analysis was conducted to calculate the sample size. Based on previously available
literature [6,8,9], using a package (Pwr) in R software (Bioconductor™, version 3.18 for
Windows™, Boston, MA, USA) with a 95% confidence interval and 80% power of the
study, the sample size was determined. This study was conducted in compliance with
the Declaration of Helsinki. Ethical clearance was obtained from the Institutional Review
Board of the Sc Algocalm Srl Private Medical Clinic, number 994/01.02.2023. Twenty-
five (n = 25) research participants, of whom seventeen (n = 17) were females and eight
(n = 8) were males, aged between thirteen and twenty-six years old, were examined for
this retrospective study after written informed consent was obtained from them or their
legal guardians.

The inclusion criteria for this study were as follows:

- Gingival and palatal mucosa enlargement associated/consecutive with the rapid
palatal expansion procedure.

- No medication for associated systemic conditions.
- The exclusion criteria for the study group were:
- Smokers.
- Patients with cardiovascular disease, diabetes, or epilepsy.
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- Associated systemic medication, which could induce soft tissue modifications.
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Figure 1. PICO chart followed within study protocol.

2.2. Palatal Expander Placement

After clinical and radiographical examination, the diagnosis of maxillary constriction
was confirmed, and the decision for the rapid palatal expansion treatment method was
taken. In the study group, sixteen (n = 16) patients were treated using tooth-borne palatal
expanders (Figure 2). The expanders were inserted into the oral cavity of the patients at the
level of the posterior third of the hard palate. The palatal expanders were placed 1–3 mm
from the palatal mucosa at the time of insertion.
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Figure 2. Images of the study group treated with tooth-borne appliances: (A) initial situation; (B) after
RPE insertion.

Nine (n = 9) research participants were treated using mini-implant anchorage rapid
palatal expanders (MARPE) (Figure 2). The anchorage achieved in these cases was of a
hybrid type, made on four mini-implants (Figure 3) inserted into the patient’s hard palate
and bilaterally on the first molar and/or first premolar by means of metal rings.
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2.3. Assessment of the Study Group

Following the application of the expander, the research participants presented them-
selves for regular checks (four- to six-week intervals) or unannounced, in case of emergen-
cies, where the presence or absence of the local inflammatory reaction of the mucosa was
observed (Figures 4–7).
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At the end of the treatment, following the removal of the expander (Figure 8), in order
to examine the cellular changes within the hyperplasia of the palatal mucosa in palatal
expander wearers and to confirm the diagnosis, fragments of tissue from the affected
level were obtained via incisional biopsy and sent to the histopathology laboratory for a
specialized examination. Surgical excision of the lesions was then performed, achieved
under local anesthesia with the aid of topical application of lidocaine 2% (Septodont,
Creteil, France), followed by intraoral infiltration of the hard palate using a solution of
articaine and epinephrine 1:100,000 (ARTICAINE, Septodont), achieved with the aid of a
syringe with a thin needle (0.30 × 38 mm). The biological product obtained was stored in a
container with formalin and thus transported to the analysis laboratory in order to obtain a
histopathological diagnosis.
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2.4. Histopathological Analysis Protocol

The tissues sent for microscopic examination were fixed in formalin and embedded in
paraffin. The paraffin blocks were cut with a microtome into 3 µm sections to conduct the
Hematoxylin and Eosin (H&E) staining using the Thermo Scientific Gemini AS Automated
Slide Stainer. Then, six sections were cut from the paraffin blocks for the immunohisto-
chemical reactions. The primary antibodies used were anti-Pan keratin (AE1/AE3/PCK26)
primary antibody and CONFIRM anti-Ki-67 (30-9). Rabbit monoclonal primary antibody,
CONFIRM anti-CD3 (2GV6) rabbit monoclonal primary antibody, CONFIRM anti-CD20
(L26) primary antibody, CONFIRM anti-CD68 (KP-1) primary antibody, and CD31 (JC70)
mouse monoclonal antibody were also used. All the immunohistochemistry studies were
performed using a DAB detection kit on a Ventana BenchMark GX automated slide staining
system. The slides were examined under a Carl Zeiss microscope (Carl Zeiss Microimag-
ing GmbH, Jena, Germany) equipped with an AxioCam MRc5 color digital camera. The
interpretation was performed by an experienced pathologist.

3. Results

During the histopathological examination (Figures 9–12), all cases (n. 25) presented
the following characteristics:
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Figure 12. Histologic aspects in H&E staining (magnification ×100); dental plaque deposits
were observed.

The palatal mucosa was partially covered by keratinized stratified squamous epithe-
lium with foci of parakeratosis. Marked acanthosis of the spinous layer was observed in the
areas with a pseudo-epitheliomatous appearance. Acanthosis with elongation of ridges in
the spinous layer was also observed. In the connective tissue of the subepithelial layer, there
was edema, a small polymorphic inflammatory infiltrate consisting of rare lymphocytes,
rare histiocytes, plasma cells, and eosinophilic granulocytes. Numerous small, thin-walled
vessels, some with ballooned endothelium and dilated endothelium, with or without the
presence of haematocytes, were also visible, along with dilated lymphatic vessels. In the
middle of the fragments, marked acanthosis areas showed a keratinization tendency. In
eleven cases (n = 11) on the epithelium’s surface, mucus deposits, fibrin-hematic material,
and bacterial colonies (bacterial plaque) were observed.

After performing immunohistochemical reactions, the final histopathological diagno-
sis was reactive acanthosis of the palatal epithelium, likely due to mechanical causes, with
a tendency for keratinization (Figures 13–18).
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The changes identified were specific to mechanical traumatic injuries, thus excluding
hyperplasia from other etiologies (infectious, tumoral, or non-mechanical traumatic). The
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examined fragments showed hyperplasia, with widening of the spinous layer (acanthosis)
without acantholysis and without hyperkeratosis. The elongated ridges showed a slight
tendency to merge. The epithelium was mostly destroyed and partially replaced by granu-
lar tissue. Around the large vessels, with their partial interest, numerous granulocytes were
highlighted, penetrating from the outside towards the middle of the vessel. Histologically,
the masticatory mucosa has a partially ortho-keratinized and para-keratinized stratified
squamous epithelium. The amount of keratinization of the oral mucosa reflects the amount
of stress or mechanical abrasion that the region experiences. An ortho-keratinized ep-
ithelium contains keratinocytes with keratin and nuclei, whereas the para-keratinized
epithelium lacks nuclei. Differentiating between ortho- and para-keratinized tissue is based
on appearance and has no clinical significance. Because this mucosa is generally under
higher stress levels, it has more pronounced dermal papillae and rete ridges than the oral
lining mucosa. The layer of connective tissue termed lamina propria is located underneath
the epithelium and comprises collagen, blood vessels, neurons, fibroblasts, and a small
number of inflammatory cells.

Trauma caused by the insertion of an expander into the oral cavity was considered
to be the causative factor of the inflammatory reaction. The continuous irritating factor
was represented by the presence of the expander, and, in some cases, the tongue crib was
considered a contributing factor to the inflammation.

4. Discussion

This study was performed in order to improve our insight into the role of palatal
expanders that might induce palatal and gingival overgrowth during orthodontic force
application. On average, after six months of expander placement, the authors detected,
using clinical and histopathological examinations, a clear diagnosis of mechanically induced
hyperplasia. From a total of twenty-five (n. 25) cases analyzed, sixteen patients were treated
with tooth-borne rapid palatal expanders, and nine (n. 9) were treated with mini-implant-
assisted rapid palatal expansion devices. The degree of severity varied from one patient to
another, especially depending on the distance from the palatal mucosa where the expander
was inserted, the reactivity of the patient, compliance with the recommendations related to
the expander activation, and the hygiene of the patients. These results are consistent with
similar previous studies published in the literature [13–16]. Furthermore, as suggested by
previous studies [17–19], although the occurrence of hyperplasia was not directly correlated
with the patients’ hygiene, patients with inadequate hygiene presented a high degree of
severity of inflammation. The presence of bonded fixed orthodontic appliances also had a
negative impact on gingival health.

Of the twenty-five cases, the insertion distance between the palatal mucosa and the
appliance was less than 2 mm in five patients, 2 mm in twelve patients, and 3 mm in
eight patients. On average, patients with an expander inserted at 3 mm presented a lower
degree of inflammation of the palatal mucosa without influencing the results, followed by
orthodontic treatment. Patients with the expander at a distance of 1.5 mm presented severe
mucosal hyperplasia. Patients with an expander inserted at 2 mm showed a variable degree
of hyperplasia. Considering these aspects, the authors conclude that the proximity of the
expander to the mucosa represents an irritating thorn which has a role as a favoring factor
in the occurrence of inflammation. Among the twenty-five cases, only two patients did
not fully comply with the indications related to expander activation; overactivation was
observed in those cases. In these cases, patients presented a higher degree of hyperplasia,
confirming the negative role of overactivation due to the non-adaptation of bone structures
to the new clinical situation. These results were also observed by previous researchers like
Jeon et al. (2002) [20] and Yacout et al. (2022) [21].

Six of the patients described an increased sensitivity to mechanical trauma, with the
rapid appearance of ecchymoses or hematomas even at low intensities of the traumatic fac-
tor. However, no significant differences were observed between these patients and the rest
in terms of the severity of the inflammatory reaction in the oral mucosa. Schuster et al. [22]
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reported medical complications such as pain and decubitae in a third of the inquired offices,
but they suggested that side effects of RME are often temporary and permanent damages
are rather rare. No significant differences were observed in the degree of hyperplasia in
male versus female patients. Related to the age of the patients, the study group between
thirteen and sixteen years old showed, in general, more severe forms of hyperplasia com-
pared to patients over sixteen years old. Further studies conducted by Bishara et al. [23]
regarding the age of patients concluded that the side effects of RME tend to be smaller
in children than they are in adolescence and adults and are associated with the degree of
skeletal maturity. Furthermore, Capelozza et al. [24] noticed multiple side effects, such as
pain, edema, and ulceration, when using palatal expansion in adult patients. In the present
study, although the reactions were more severe, no biological samples were collected to see
the blood level of hormones, but the authors suspect this factor to be relevant, considering
the results obtained in the mentioned age categories. Future studies can be relevant to
support these findings and to observe if there could be a possible relationship between
blood hormone levels and the degree of inflammation. As a treatment option for persistent
palatal hypertrophy associated with maxillary expansion procedures, Omezli et al. [13]
suggest that, under general anesthesia, the hypertrophic areas in the palatal region be
excised with the help of a scalpel and electrocautery to smooth the area of the palatal
mucosa in order to prevent food retention.

Careful design and application of the MARPE appliance can achieve successful trans-
verse expansion of the maxilla and the surrounding structures in patients beyond the
age typically considered acceptable for traditional rapid palatal expansion, with minor
buccal tipping but without bone loss or trauma of the palatal mucosa [25]. Tsai et al. [26]
conducted a study on twenty-nine patients treated with MARPE and found that 48.3%
of the subjects reported swelling or inflammation over the palatal mucosa, 41.4% of the
subjects complained of difficulty cleaning around the device, and 37.9% experienced soft
tissue impingement during expansion.

The widening of maxillofacial spaces is a significant factor in the improvement of
nasal breathing, a major advantage of the use of RPE. In children, the use of RME can
reduce tonsillar and adenoidal volume, as reported by Yoon et al. [27]. Some of the most
significant results of the use of RPE in the aforementioned study are the reduction in
adenoidal volume experienced by 90% of children and the tonsillar volume reduction
experienced by 97.5% of children. The average volume decreases were 20.1% and 40.2%,
as measured by CBTC. RPE usage shows other significant positive effects, including a
reduction in oral breathing, likely associated with enhanced nasal philtrum [28]. This also
led to a lower rate of nasal-respiratory infections.

The use of RPE can also have positive implications for reducing the effects of obstruc-
tive sleep apnea (OSA) [29]. This is likely due to a combination of factors, including lower
tongue collapse incidence associated with persistent oral breathing, adeno-tonsillar volume
decreases, and pharyngeal segment stiffening. Another positive impact of the use of RPE
is the improvement of Eustachian tube function. It improves the strength of the tensor
palatine muscles and the function of the elevator, leading to a reduced occurrence of ear
infections, a leading cause of hearing loss.

Previous researchers, like Stasiak et al. [30], demonstrated in a very comprehensive
systematic review that it is not possible to establish the generally recommended target
site for the placement of the mini-implants in the area. The high variability of bone
measurements and the lack of reliable predictors of bone availability justify the use of CBCT
for mini-implant trajectory planning.

Although no significant results were found in this study regarding a possible cor-
relation between gingival overgrowth and the age of the patients, some authors, like
Guan et al. [31], emphasize the importance of early orthodontic treatment as it helps
patients achieve balanced development of masticatory function.

The reduction in bone density through the removal of myeloid HIF1 and impaired
Acp5 and Rank1 gene expressions leads to significantly higher induced tooth movement.
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This has been demonstrated in recent experiments by Kirschneck et al. [32]. It could be an
alternative therapeutic approach to lower treatment-related periodontal hazards.

The strengths of this study reside in the histological examination, which revealed
the mechanical character of the lesion, strengthening the causal relationship between the
insertion of the expander and the occurrence of hyperplasia. This is based on histologi-
cal indicators, including acanthosis phenomena and the destruction of epithelial tissue,
followed by its replacement with granulation tissue.

This study had several limitations. The suggested methodology is difficult to apply
in practice considering the costs of histopathological examination. Moreover, the study
needs to be applied to an adequate number of cases to confirm whether the type of design
and activation time could influence the results and to follow both the clinical and stability
outcomes of the use of palatal expanders. Comparative studies can be conducted to
evaluate the efficacy of these devices. Long-term studies assessing this clinical situation
could provide valuable insights. Clearly, a more thorough analysis is needed to fully
understand the cause of malocclusion and define proper treatment.

5. Conclusions

Following the results of this study, the authors can conclude that the type of palatal
expander influences the degree of inflammation, the severity of hyperplasia was more
pronounced in the case of MARPE than in the case of RPE usage, the analysis of the distance
between the expander and the palatal mucosa did not provide conclusive results, and the
incidence and severity of the reaction were variable in patients with the same distance
between the expander and the palatal or gingival mucosa. Additionally, overactivation of
the expander caused increased hyperplasia of the palatal mucosa. The histopathological
examination revealed the mechanical character of the lesion, strengthening the causal
relationship between the insertion of the expander and the occurrence of hyperplasia of the
palatal mucosa.
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Abstract: In craniofacial research and routine dental clinical procedures, multifunctional materials
with antimicrobial properties are in constant demand. Ionic liquids (ILs) are one such multifunctional
intelligent material. Over the last three decades, ILs have been explored for different biomedical
applications due to their unique physical and chemical properties, high task specificity, and sus-
tainability. Their stable physical and chemical characteristics and extremely low vapor pressure
make them suitable for various applications. Their unique properties, such as density, viscosity, and
hydrophilicity/hydrophobicity, may provide higher performance as a potential dental material. ILs
have functionalities for optimizing dental implants, infiltrate materials, oral hygiene maintenance
products, and restorative materials. They also serve as sensors for dental chairside usage to detect
oral cancer, periodontal lesions, breath-based sobriety, and dental hard tissue defects. With further
optimization, ILs might also make vital contributions to craniofacial regeneration, oral hygiene
maintenance, oral disease prevention, and antimicrobial materials. This review explores the different
advantages and properties of ILs as possible dental material.

Keywords: biomaterials; dental materials; ionic liquids (ILs); tissue regeneration and multifunctional

1. Introduction

The first ionic liquid (IL), ethylammonium nitrate, was reported in 1914 by Paul
Walden [1]. In 1992, Wilkes and Zaworotko [2] reported the first 1-ethyl-3-methylimidazolium-
based air and moisture-stable imidazolium-based ILs, garnering the attention of the research
community. To date, this compound class has been used in most science and technology
spheres. ILs are salts of relatively large organic cations and inorganic or organic anions.
Generally, at least one of the ions is voluminous, asymmetric, and contains nonpolar tails
or combinations of these properties. The bulky and asymmetric ions of ILs, compared to
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simple ions of classical inorganic salts, such as NaCl, prevent crystallization at ambient
temperature, with melting points below 100 ◦C. When the melting points are near or below
room temperature, the ILs are termed as room-temperature ionic liquids (RTILs) [3].

ILs have drawn attention due to their attractive properties, including low vapor pres-
sure, high chemical and thermal stability, wide electrochemical window, nonflammability,
and the ability to dissolve various organic and inorganic materials. The properties of ILs,
such as density, viscosity, and hydrophilicity/hydrophobicity, can be modified by judicious
selection of cations and anions, by fine-tuning the lengths of the cation alkyl chain, or
by the covalent tethering of task-specific functionalities to one or both of the constituent
ions [4–10]. Hence, ILs are frequently referred to as task-specific or designer solvents.
Cations and anions of some of the discussed ionic liquids are shown in Figure 1.
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The unique properties of ILs make them particularly promising candidates as envi-
ronmentally benign or “green” alternatives to organic solvents for chemical synthesis [12],
catalysis [13], separation [14], and extraction [15]. Moreover, they represent safe and ver-
satile electrolytes for electrochemical applications (lithium batteries, supercapacitors, and
fuel cells) and photovoltaics (dye-sensitized solar cells (DSSCs) [16]). They are also novel
functional materials [17] for lubrication [18], microfluidics [19], and sensors [20]. Addition-
ally, the antimicrobial properties of ILs, discovered two decades ago, have facilitated their
use in numerous biomedical applications as novel biomaterials.

Although few reviews have explained the potentiality of ILs in biomedical applications,
none have discussed the potential role of ILs in dentistry and craniofacial sciences in details.
This comprehensive review is a pioneering study in dentistry and craniofacial engineering,
exploring the different functionalities and applications of ILs in this field.

2. Ionic Liquids as Antimicrobial Agents

According to the Centers for Disease Control and Prevention (CDC) of the United
States (U.S.) [21,22], more than 3 million people become infected with antimicrobial-
resistant pathogens, resulting in 48,000 deaths annually in the U.S. These infections are
associated with a more than $4.6 billion annual burden on the health care system. These
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numbers will increase unless action is taken. Therefore, antimicrobial resistance is a press-
ing issue that must be overcome in global health. While overuse and misuse of antibiotics
are growing concerns, the lack of novel antibiotics for resistant bacteria is the main chal-
lenge. Therefore, the search for next-generation antibiotics is a race against time. With high
tunability and task-specificity, ILs have been envisaged as a promising next-generation
antibiotic for resistant microorganisms [23].

Cell membranes, both plasma membranes or internal membranes are made of glyc-
erophospholipids: a glycerol, phosphate group, and two fatty acid chains. Glycerol is
a three-carbon poly alcohol that acts as the connector and attaches the phosphate polar
(hydrophilic) head group and two nonpolar, hydrophobic hydrocarbon fatty acid tails [24].
The different components of a model lipid bilayer are shown in Figure 2. Cholesterols
(not present in the bacterial cell membrane) regulate cell membrane fluidity (stiffness).
Cholesterol also plays an essential role in maintaining the integrity of lipid membranes.
Xiao-Lei et al. used an egg sphingomyelin (SM)-cholesterol model membrane to show
that, in the absence of cholesterol, the meager molar IL: SM ratio can disrupt the model
membrane [25]. Transmembrane proteins are embedded into the cell membrane and are
responsible for the controlled transportation of materials into and out of the cell [26].
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Due to the surface charge (phosphate head group) of the lipid bi-layer, the cationic
moiety of the ILs adsorbed on the lipid membrane interacts with the transdermal protein
and disorganizes the bi-layer with the penetration of its long alkyl chain, which ultimately
changes the regular properties of a cell membrane [27–29]. The longer the alkyl chain, the
higher the antibacterial activity [30]. Fluidity (stiffness) and membrane potential changes
affect the biochemical gradients and interrupt the controlled exchange of intercellular
and extracellular materials by affecting standard diffusion rates and transdermal protein
stability. ILs sometimes initiate irreversible cell wall damage by creating permanent pores,
another critical cause of the sub-cellular imbalance [31–33]. Overall, the antimicrobial
activity of ILs can be divided into several steps. First, ILs are absorbed into cell membranes
due to the electrostatic interactions of the polar head group. Second, they interact with
the transmembrane protein. Third, they penetrate the phospholipid bilayer with their
hydrophobic tails, disrupting the layer, causing intracellular cytoplasm leakage, and leading
to cell lysis [34] (Figure 3). RTILs, based on imidazolium cation with a long alkyl chain and
hydrophobic anion bis(trifluoromethansulfonyl)imide (NTf2), show antibacterial activity.
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The positive charge of the imidazolium ion is electrostatically attracted to the membrane’s
negatively charged phosphate head groups while its alkyl long chain can easily penetrate
the bacterial cell wall [35]. In particular, the hydrophobic anion (NTf2) of ILs may increase
their antibacterial properties by disorganizing membranes.

Biomedicines 2023, 11, x FOR PEER REVIEW 4 of 17 
 

activity of ILs can be divided into several steps. First, ILs are absorbed into cell membranes 
due to the electrostatic interactions of the polar head group. Second, they interact with the 
transmembrane protein. Third, they penetrate the phospholipid bilayer with their hydro-
phobic tails, disrupting the layer, causing intracellular cytoplasm leakage, and leading to 
cell lysis [34] (Figure 3). RTILs, based on imidazolium cation with a long alkyl chain and 
hydrophobic anion bis(trifluoromethansulfonyl)imide (NTf2), show antibacterial activity. 
The positive charge of the imidazolium ion is electrostatically attracted to the membrane’s 
negatively charged phosphate head groups while its alkyl long chain can easily penetrate 
the bacterial cell wall [35]. In particular, the hydrophobic anion (NTf2) of ILs may increase 
their antibacterial properties by disorganizing membranes. 

 
Figure 3. Illustration of how ionic liquids interact with the bacterial cell membrane (both Gram-
positive and Gram-negative) and ultimately cause cell lysis. Reproduced with permission [34]. 

Parameters to Control Antimicrobial Properties 
Antimicrobial properties can be enhanced by increasing the alkyl chain length. In a 

recent study, replacing an alkyl group with a phenolic group and increasing the other 
alkyl chain length of an imidazolium-based IL exhibited minimal inhibitory concentra-
tions (MICs) < 7.81 µM against Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus 
aureus [30]. ILs become absorbed into the cell membrane by electrostatic interactions be-
tween ILs and the polar head groups. Therefore, increasing the number of cations in per-
ionic liquids can enhance the efficacy of ILs as antimicrobial agents [29,31]. Polymeric 
ionic liquids (PILs) are more effective than monomers as one can tune the hydrophobicity 
and charge density (number of cations) in PILs. Therefore, PILs with better efficacy and 
lower MIC values than their monomers are better antimicrobial agents for resistant bacte-
ria [23]. 

3. Biomedical Applications of Ionic Liquids 
A series of experimental and computational studies [36–41] have proven that when 

the ILs’ alkyl chain length becomes longer than four carbons, they aggregate and form a 
nonpolar domain. These nonpolar domains permeate the three-dimensional ionic net-
works. While the chain length increases, these nonpolar domains become larger and more 
connected, exhibiting microphase segregation. Ionic liquids show this property even in 
mixtures with water or other molecular solvents like DMSO, propylene carbonate, ace-
tonitrile, and short-chain primary alcohol [9,10]. This unique property of ILs and their 
binary mixture with molecular solvents make them universal drug solubilizing agents. 

Figure 3. Illustration of how ionic liquids interact with the bacterial cell membrane (both Gram-
positive and Gram-negative) and ultimately cause cell lysis. Reproduced with permission [34].

Parameters to Control Antimicrobial Properties

Antimicrobial properties can be enhanced by increasing the alkyl chain length. In
a recent study, replacing an alkyl group with a phenolic group and increasing the other
alkyl chain length of an imidazolium-based IL exhibited minimal inhibitory concentrations
(MICs) < 7.81 µM against Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus au-
reus [30]. ILs become absorbed into the cell membrane by electrostatic interactions between
ILs and the polar head groups. Therefore, increasing the number of cations in per-ionic
liquids can enhance the efficacy of ILs as antimicrobial agents [29,31]. Polymeric ionic
liquids (PILs) are more effective than monomers as one can tune the hydrophobicity and
charge density (number of cations) in PILs. Therefore, PILs with better efficacy and lower
MIC values than their monomers are better antimicrobial agents for resistant bacteria [23].

3. Biomedical Applications of Ionic Liquids

A series of experimental and computational studies [36–41] have proven that when
the ILs’ alkyl chain length becomes longer than four carbons, they aggregate and form
a nonpolar domain. These nonpolar domains permeate the three-dimensional ionic net-
works. While the chain length increases, these nonpolar domains become larger and more
connected, exhibiting microphase segregation. Ionic liquids show this property even in
mixtures with water or other molecular solvents like DMSO, propylene carbonate, ace-
tonitrile, and short-chain primary alcohol [9,10]. This unique property of ILs and their
binary mixture with molecular solvents make them universal drug solubilizing agents. The
limiting factor for different drug molecules is their poor solubility in biological media and
cellular matrices mainly composed of water. RTILs are superior drug delivery materials
compared to commonly used salts in pharmaceuticals since they do not possess crystal
polymorphism problems and can dissolve organic and inorganic materials. Therefore,
turning most drugs into ILs will enhance their therapeutic utility [42–44], making them an
active pharmaceutical ingredient ionic liquid (API-IL). Targeted drug delivery encompasses
drug packaging, transport to the targeted area, and controlled release. ILs can play a
significant role in all areas as they circumvent biological barriers without hampering bio-
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logical activity [45–47]. Different approaches, such as micelles, inverted micelles, vesicles,
liposomes, nanoparticles, emulsions (micro or nano), hydrogels, etc., load drugs and carry
them to the targeted area, then control release by photo or thermal sensitivity. ILs can be
tailored easily to form emulsions (ILs-in-water and ILs-in-oil). ILs can be used as polar
media in IL-in-oil or nonpolar media with a significant alkyl chain length in IL-in-water
emulsions. By replacing one of the alkyl groups with task-specific functionality and a
large alkyl chain in the other, ILs can form micelles without surfactants. Studies have
found the highest drug loading and targeted drug delivery [48–50]. Properties of hydrogel,
ionogels, and thermoresponsive gels can be tuned using task-specific ILs and can be used
for controlled drug release [51,52].

The long-term stability of proteins is essential in terms of dealing with proteins.
Generally, proteins are folded to avoid loss due to aggregation. Instead of aqueous buffers,
ILs help prevent aggregation and reverse aggregation or refolding (only 3% loss) for many
cycles [53–55]. Controlled manipulations of the polar and nonpolar regions of ILs and
their binary mixture enable them to offer low toxicity and thermal and conformational
stability [56]. Although it is unclear how ILs interact with proteins, combinations of
experimental and theoretical approaches are needed.

4. Ionic Liquid-Based Applications in Craniofacial Engineering and Dentistry
4.1. ILs in Dental Implants

According to the American Academy of Implant Dentistry (AAID) and the American
College of Prosthodontists, approximately 36 million U.S. citizens have lost all their teeth,
and 120 million are missing at least one. These numbers are expected to grow over the next
two decades. People can lose their teeth irrespective of age to numerous causes, including
decay, gum disease, injury, accident, cancer, etc. Loss of a single tooth worsens overall
oral health by weakening the jawbone. Dental implants are the most common treatment
for dental loss. An implant consists of three components: an implant post, a cylindrical
screw-shaped device anchored into the mandibular bone that provides necessary support
for a dental prosthesis (crown), and an abutment that connects dentures to dental posts
(Figure 4). Endo-osseous implants are made of metal, which must be biocompatible, non-
corrosive, and flexible with high strength. Pure titanium and different titanium alloys are
common materials for endo-osseous implants. Their long-term clinical survival rate has
made them the gold standard. Zirconium ceramics have been introduced as an alternative
to titanium due to drawbacks reported in the literature, such as allergies, hypersensitivity,
metal degradation, and discoloration in the peri-implant regions [57–59].
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A successful dental implant is associated with the osseointegration of surrounding
soft and bone tissues with the dental implant surface [60–63]. However, many factors,
such as microbial biofilm formation, stress during insertion and mastication of the implant,
corrosion, and systematic health and host immune-inflammatory responses, may affect the
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implant’s long-term stability [62]. Therefore, implants are subjected to different processes,
including sandblasting, selective ion etching, and bioactive coating to minimize surface
roughness, formation of an anti-bacterial biofilm, etc. [64]. Implant surfaces are prone to
bacterial colonization, resulting in a “race for the surface” between host tissues and bacteria.
Therefore, anti-bacterial biofilm is a determining factor for the long-term stability of the
dental implant and is considered a major determining factor of implant failure [65,66]. Zhao
et al. have shown how the “race for the surface” occurs using human gingival fibroblasts
and different supragingival bacterial strains [66]. Within the first hour, a protective soft
tissue seal must form around the implant’s neck to prevent bacterial colonization. If this
does not occur (i.e., bacteria form a biofilm), fibroblasts lose the battle, and the implants
must be replaced. ILs, especially dicationic ILs, have been used to prepare anti-bacterial
biofilms, providing essential lubrication, corrosion resistance, and wear performance while
maintaining compatibility with the host cells [67,68]. Since ILs act as antimicrobial agents,
creating an IL layer can help provide conditions for fibroblast and pre-osteoblast growth
and proliferation to form a seal, preventing bacterial growth [67,69,70]. Wheelis et al.
evaluated the biocompatibility of dicationic IL coatings on commercially pure titanium
disk (cpTi) in a subcutaneous implantation rat model [71]. They used two dicationic ionic
liquids with two amino acid anions (IonL-Phe, IonL-Met) and three doses to investigate
the interference of coatings in the osteointegration process during the early healing period
(Figure 5). They did not observe significant interference in the early healing timeline or
tissue regeneration. They also showed in separate studies [67,70] that dicationic IL film
remains on the implant surface for more than seven days, maintaining growth conditions
for human gingival fibroblasts and pre-osteoblasts while posing severe toxicity to bacterial
cells, thus helping the host cells to commandeer the surface.

Biomedicines 2023, 11, x FOR PEER REVIEW 7 of 17 
 

 
Figure 5. Ionic liquid-coated titanium implant. (A) SEM images of titanium surfaces coated and 
uncoated with ionic liquids at different doses (Scale bar 100 µm). (B) Hematoxylin and eosin staining 
of titanium implants (coated and uncoated). Images show the healing representation (pointed with 
arrows) of post-implantation at 2 and 14 days (Scale bar 20 µm). (C) Areas marked with arrows 
showing inflammatory responses of surrounding tissues at 14 days (post-implantation) in coated 
and uncoated titanium implants (Scale bar 20 µm). Reproduced with permission [71]. 

4.2. ILs as Dental Infiltrant Materials 
Non-cavitated carious lesions near dental surfaces are a prevalent dental disease [72]. 

To protect dental hard tissues, restorative materials are placed directly into a tooth cavity 
to prevent further expansion of lesions and restore dental functions and aesthetics. The 
American Dental Association (ADA) classified restorative materials into four categories in 
2003: amalgam, resin-based composites, glass ionomer, and resin-modified glass ionomer. 
Proper diet, patient education on oral hygiene, and topical fluoride application are the 
primary treatments for incipient enamel caries lesions [73,74]. The next step is to apply 
biocompatible materials as resin infiltrates for superficial carious lesions. These infiltrates 
are light-curable resins that inhibit carious progression by sealing the lesionʹs body and 
pores in proximal dental surfaces [75–77]. 

Designing highly active antimicrobial surfaces or coatings is a significant challenge 
for public health. Resins are inert methacrylate monomers, such as triethylene glycol di-
methacrylate (TEGDMA) and bisphenol A-glycidyl methacrylate (Bis-GMA), that lack an-
timicrobial activity. Hence, efforts are being made to endow resin infiltrates with antimi-
crobial properties. Cuppini et al. developed microcapsules loaded with 2.5wt%, 5wt%, or 
10wt% ionic liquid as resin infiltrates [78] (Figure 6). 

Figure 5. Ionic liquid-coated titanium implant. (A) SEM images of titanium surfaces coated and
uncoated with ionic liquids at different doses (Scale bar 100 µm). (B) Hematoxylin and eosin staining
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of titanium implants (coated and uncoated). Images show the healing representation (pointed with
arrows) of post-implantation at 2 and 14 days (Scale bar 20 µm). (C) Areas marked with arrows
showing inflammatory responses of surrounding tissues at 14 days (post-implantation) in coated and
uncoated titanium implants (Scale bar 20 µm). Reproduced with permission [71].

4.2. ILs as Dental Infiltrant Materials

Non-cavitated carious lesions near dental surfaces are a prevalent dental disease [72].
To protect dental hard tissues, restorative materials are placed directly into a tooth cavity
to prevent further expansion of lesions and restore dental functions and aesthetics. The
American Dental Association (ADA) classified restorative materials into four categories in
2003: amalgam, resin-based composites, glass ionomer, and resin-modified glass ionomer.
Proper diet, patient education on oral hygiene, and topical fluoride application are the
primary treatments for incipient enamel caries lesions [73,74]. The next step is to apply
biocompatible materials as resin infiltrates for superficial carious lesions. These infiltrates
are light-curable resins that inhibit carious progression by sealing the lesion’s body and
pores in proximal dental surfaces [75–77].

Designing highly active antimicrobial surfaces or coatings is a significant challenge
for public health. Resins are inert methacrylate monomers, such as triethylene glycol
dimethacrylate (TEGDMA) and bisphenol A-glycidyl methacrylate (Bis-GMA), that lack
antimicrobial activity. Hence, efforts are being made to endow resin infiltrates with antimi-
crobial properties. Cuppini et al. developed microcapsules loaded with 2.5wt%, 5wt%, or
10wt% ionic liquid as resin infiltrates [78] (Figure 6).
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Microcapsule-loaded RTILs show excellent antibacterial properties without chang-
ing other physicochemical properties or eliciting cytotoxicity (cell viability > 90%). In
recent studies [79,80], three thermally stable epoxy-amine networks were synthesized using
imidazolium-based ionic liquid monomers with similar thermomechanical properties to
conventional diglycidyl ether (DGEBA) epoxy prepolymers. They further tested antimicro-
bial properties against Escherichia coli (E. coli) and found potent biofilm inhibition of ~92%.
Importantly, imidazolium ionic liquids can replace carcinogenic bisphenol A. Recently,
an RTIL (BMIMTFSI) was successfully used as an antibacterial experimental orthodontic
adhesive against Streptococcus mutans [81] and resin infiltrate [78].

Nanoparticles, especially silver (AgNP), zinc oxide, titanium dioxide nanoparticles,
quaternary ammonium, and cationic nanoparticles, have been incorporated into resin
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as antibacterial agents, showing promising results [82–84]. Each of these methods has
challenges. For example, the primary concern of AgNPs is adverse effects on human health
and the dispersion of nanoparticles into solvents. RTILs are used to stabilize nanoparticles
and act as antimicrobial agents for dental resins [81,85,86]. Although microorganisms can
rapidly develop resistance against nanomaterials, such as AgNP, the infinite tunability of
RTILs makes them the ultimate solution for antimicrobial resistance [35,87].

4.3. Ionic Liquids (ILs) as Oral Hygiene Products

Efforts have been made to develop IL-based oral hygiene products, such as dental
toothpaste and mouthwash/mouth rinse. Madhusudan et al. proposed an oral care
composition for removing or reducing plaque comprising an IL formulated with choline
salicylate and tris-(2-hydroxyethyl) methylammonium methylsulfate. They developed
74 prototype formulations; in vivo experimental results suggested several formulations
might provide clinical efficacy to disrupt, dissolve, and remove bacterial plaque. The
function of ionic liquid-based oral care compositions will also prevent different gingivitis
and oral cavity diseases, such as dental caries, calculus, erosion, periodontitis, halitosis,
and even salivary gland disorders, including xerostomia/dry mouth [88].

4.4. Ionic Liquids (ILs) as Dental Restorative Materials in Clinics

In clinics, dental cement selection is vital in achieving successful restoration and
significantly increases the duration of teeth restoration [89]. Kajimoto et al. explored the
possibility of utilizing ILs to mix with dental cement, converting them to multifunctional
smart (intelligent) adhesives [90]. Due to the bonding strength of the dental cement,
removal from the oral cavity can require excessive force or vibration to the tooth by
electrical appliances, which might generate heat. Heating adhesives in the oral cavity have
possible drawbacks and risks damaging the surrounding oral mucosa [90]. The group
experimented with a specific electric current to trigger and control the heating process
by implementing IL-based dental cement. They developed a prototype resin-modified
glass-ionomer cement (RMGIC) with an IL and validated the use of an electric current
trigger to control the properties of an IL-based smart cement [90]. In a more recent study,
the same research team reported that after immersion and decreasing the bonding strength
via electrical current application, the electrical conductivity was greater for the RMGIC with
IL [91]. Thus, combining dental cement and ILs might represent an effective multifunctional
smart material with antimicrobial properties.

5. Biosensor Prospects in Dental Applications
5.1. Interleukin-6 Sensor to Detect Oral Cancer

Researchers have shown that interleukin-6 (IL-6) promotes tumor growth by causing
DNA methylation changes, which can lead to changes in the oral cancer cell gene expres-
sion [92]. Higher levels of IL-6 have been reported in the serum and saliva of patients with
oral cancer than in control subjects, demonstrating a possible relationship between IL-6
and oral cancer [93].

In the future, oral health care could utilize ionic liquids (ILs) as a strategy for early oral
cancer diagnosis. IL with menthol can be used to mass-screen patients for early oral cancer
diagnosis. The IL’s chemical structure can affect the menthol release rate [94]. Complexes
can be formed comprising IL with a menthol moiety [94] and IL-6 antibodies [95]. This
complex can bind IL-6 and release a proportional amount of menthol. As menthol triggers
TRPM8 and induces a cooling sensation, the intensity of this sensation will notify the
patient if IL-6 has been released and the amount of IL-6 in the mouth.

5.2. Gingivitis Sensor

A common condition in many oral diseases, such as gingivitis, is inflammation. Mi-
croorganisms cause an inflammatory immune response mediated by changes in the vascular
network and the exudation of gingival crevicular fluid (GCF), which contains inflammatory
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and plasma cells, ultimately resulting in tissue death. Gingivitis is the primary cause of
bleeding gums that allows plaque to accumulate at the gum line. Tartar will form if plaque
is left untreated. This results in bleeding as well as periodontitis, a severe form of gum and
jawbone disease [96]. Functionalized IL can be used for early diagnosis of gingivitis and to
highlight the damaged gum area. A possible option would be to synthesize fluorescent IL
with light intensity that becomes amplified or quenched upon illumination in the presence
of hemoglobin [97]. Hemoglobin is the oxygen-carrying protein in red blood cells [98].
Therefore, after rinsing the mouth with the IL complex, fluorescent light would reveal the
bleeding sites in the gum. An alternative option would be to make menthol-based IL func-
tionalized for hemoglobin. In this case, the IL can be synthesized to release menthol when
in contact with hemoglobin, causing a cooling sensation in the areas affected by gingivitis.

5.3. Tooth Caries and Cracks Sensor

The most prevalent cause of cracked tooth syndrome is chewing on hard foods, which
causes an incomplete tooth fracture. This is the third most frequent cause of tooth loss [99],
with no suitable diagnosis method. Transillumination and radiographic approaches, tra-
ditional dental crack identification methods, are inaccurate and offer subpar imaging
resolution [100]. Light-induced fluorescence dental imaging Field [100–102] has recently
gained considerable attention as a useful tool for diagnosing small cracks and cracked
teeth at an early stage. For real-time diagnosis, fluorescent IL can be used [103]. Here, after
rinsing the mouth with the liquid complex, the dyes will fill all possible cracks and, upon
illumination, will reveal the location and size of the cracks. It is important to note that the
illumination angle is essential to correctly identify the position and depth of the cracks [101].
This method provides a low-cost visual diagnostic tool for occlusal dental caries, proximal
dental caries, and tooth cracks. With the recently emerging telemedicine, this technique
will make clinical practice more accessible, especially in rural areas of developing countries.

5.4. Breath-Based Sobriety Sensors

Drinking too much alcohol can result in overdose, car accidents, intoxication of ath-
letes/pilots, etc. According to studies, the blood and saliva alcohol levels are consis-
tent [104]. A driver’s sobriety can be evaluated using a saliva alcohol test. The main
component of alcoholic drinks is ethanol, and saliva typically lacks alcohol subtypes, such
as methyl, propyl, or allyl. Ethanol concentration can be identified using ILs [105]. This can
be paired with the colorimetric IL to form an ethanol sensor. This hybrid liquid can be used
to rinse the mouth for a few seconds. Depending upon the alcohol concentration in the
saliva, the color of the liquid would change accordingly and provide a visual indicator of
the blood alcohol level. This method can be used as a fast, low-cost, and scalable technique
to monitor sobriety.

5.5. Oral Hygiene Sensor

A person’s oral cavity contains more than 70 different species of bacteria. Although
most are harmless, some bacteria are dangerous and can lead to dental problems, including
tooth decay and gum disease [106]. Oral health can be improved, and the risk of dental
problems can be decreased by minimizing the number of harmful germs in the mouth.
Fluorescent IL (excitation in the visible spectrum) functionalized for harmful bacteria can be
synthesized as a toothpaste [107]. This can be used by individuals at home to monitor the
effectiveness of brushing based on the number of fluorescent areas. This will significantly
help to improve personal hygiene.

6. Toxic Effects of Ionic Liquids (ILs)

Ionic liquids (ILs) have long been considered environmentally friendly and ecologically
benign solvents. Nevertheless, concerns have recently arisen regarding their potential
toxicity to human health and environmental impact, necessitating a thorough investigation.
ILs are engineered to possess low volatility and stability, which, unfortunately, reduces their
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biodegradability [108]. The toxicity of ILs is contingent upon their chemical composition,
including the types of cations, anions, and the alkyl chain length. ILs were found to be toxic
or highly toxic toward cells and living organisms [109,110]. Besides hampering the growth
rate of microbes, their antibacterial activity also interferes with their productivity [111].

Notably, ILs featuring choline-based components exhibit lower toxicity than the com-
monly used imidazolium, pyridinium, and pyrrolidinium variants [112–115]. This un-
derscores a clear relationship between IL structure and toxicity, offering prospects for
developing less harmful ILs. Even appropriate anions can reduce the half-maximal effec-
tive concentration (EC50) values by three orders of magnitude [116]. It is worth noting
that when ILs encounter water or other polar solvents, they may undergo ion exchange,
forming new substances with potentially different toxic properties. Research endeavors
have been undertaken to assess the cytotoxic effects of various piperidinium and pyrroli-
dinium ILs on the MCF7 human breast cancer cell line. Results suggest that toxicity tends
to increase with longer alkyl chain lengths. Furthermore, the nature of the anions also
plays a role, with Tf2N appearing to be more toxic than Br- [117]. Similar findings have
been observed in studies involving Escherichia coli, Staphylococcus aureus, Bacillus subtilis,
Pseudomonas flurescens, and Saccharomyces cerevisiae, reinforcing the trend that higher alkyl
chain lengths are associated with greater toxicity [118,119]. However, further studies are
needed to establish the precise molecular mechanism underlying the toxic effects of ILs.

With proper optimization, ILs can be incorporated into drug formulations to avoid
the development of cancer treatment resistance. Adequate knowledge of the toxicity will
provide vital information for anti-cancer drug development, as apoptosis-related drug
resistance is challenging for different cancer types. Additionally, there is an interest in
identifying other means of inducing cytotoxicity [120]. This information will improve the
efficacy of drugs against cancer progression and neurodegenerative disease.

7. Prospects and Future Directions

Room temperature ionic liquids (RTILs) have high potential in advanced tissue en-
gineering applications, including craniofacial engineering and dental procedures. They
can be easily incorporated with self-healing materials [121], magnetoelectric nanoparticles
(MENPs) [122,123], and electroconductive materials [124], through advanced tissue engi-
neering applications, such as three-dimensional (3D) cell cultures [125] and 3D bioprinting
techniques [126]. They can also be easily combined or used to control multi-functional
material-based applications. For example, they can influence applications based on MENPs
and electroconductive materials [122], and can be used for implant sensing [127].

7.1. ILs with Electroconductive Material for Dental Tissue Regeneration

Most cell types respond to electrical stimuli, which control the healing and regener-
ation of skin wounds, spinal cord injury, bone fractures, and neural growth [128]. The
combined usage of electroconductive materials and ILs has huge potentiality for guided
cell and tissue regeneration and may enable new directions for guided oral tissue regenera-
tion [124]. One of the challenges of dental hard tissue regeneration is the variable growth
rate, resulting in its under- or over-growth. The ILs can easily solve this issue by providing
better tissue regeneration control. ILs play a vital role in neural degeneration [129] and
could be an ideal root canal material to revitalize the dental pulps. By combining multifunc-
tional magnetoelectric nanoparticles (MENPs) with electroconductive and biodegradable
materials, ILs will have a potential role in the formulation of smart dental materials [130].

7.2. A Critical Component for Preventive Dental Care and Oral Hygiene

Oral hygiene maintenance is critical for a healthy oral cavity and lifestyle. However,
unfortunately, due to musculoskeletal disorders such as osteoarthritis, rheumatoid arthritis,
and other conditions, many elders find it challenging to maintain good oral hygiene [131].
Also, those who have arthritis cannot correctly grip a toothbrush [131,132], representing
a primary concern for poor oral hygiene, which leads to microbial accumulation and
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dental plaque formation. Also, Niesten et al. reported that elders residing in institutions
generally discontinue oral hygiene maintenance mainly due to inadequate social support
and disorientation [132]. Therefore, a need exists to provide improved methods and oral
care products, such as toothpaste and mouthwash, for plaque removal/prevention to
overcome some of these inefficiencies arising from poor brushing and flossing techniques.
In the future, ILs can minimize the gap by improving the antimicrobial properties of
toothpaste and mouthwash. This could effectively remove plaque usually unnoticed
between teeth, in the teeth cavities and fissures, and in gum pockets. Madhusudan and
colleagues with Colgate-Palmolive Company (New York, NY, USA) invented such a concept
to integrate ILs in oral care compositions [88].

With advanced 3D bioprinting techniques, there are enormous opportunities for
combining various amounts of ILs in toothpaste/mouthwash compositions to enhance
the protective environment within the oral cavities. Hayashi et al. recently explored a
technique enabling ILs to formulate fluoridated toothpaste. They reported preparing a
new class of hybrid ILs, called “fluoride ion-encapsulated germoxane cages”, containing a
fluoride ion inside [133].

Breath-based sensors could be another area for future bench-side applications of ILs
in clinical dentistry. There is evidence that the presence of chronic disease and cancer alters
cellular metabolic processes, and these alterations are recorded in the released volatile
organic compound (VOC) compositions of cancer cells. We have shown the potential of
using VOC sensors as a biomedical engineering approach for oral cancer detection. Due
to their multifunctional nature, ILs could be used for such breath-based early detection
systems [134].

7.3. As a Routine Anti-Microbial Material for Dental Clinics

Like any healthcare facility, dental clinics pose a risk of spreading coronavirus disease
(COVID-19) via cross-infection among patients, dentists, and community members. In clin-
ical dental settings, the instruments produce aerosols, droplets of saliva, secretions, saliva,
and blood, which can rapidly transmit viruses between dental practitioners, assistants, and
patients and their attendants [135,136]. Due to their antimicrobial properties and chemical
characteristics, RTILs could be used for coating the walls, appliances, and surfaces in dental
clinics to provide an infection-free environment [137].

A denture appliance resides in the oral cavity and is highly prone to microbial growth,
bacterial biofilm formation, and contamination. Many antimicrobial agents are commonly
used for denture preparation, such as titanium dioxide, methacrylic acid monomers, silica,
and MPDB/12-methacryloyloxy dodecylpyridinium bromide. Due to their multifunctional
properties and antimicrobial nature, RTILs can be incorporated as routine agents to fabricate
anti-viral dentures [137].

Further studies are required to accurately assess the toxicity at the cellular and molec-
ular levels. Experiments should be conducted utilizing flat two-dimensional (2D) cultures
and more advanced three-dimensional (3D) in vitro models (i.e., spheroids, sandwich cul-
tures) with cells embedded in extracellular matrices, such as rat tail-derived collagen type 1
and mice sarcoma tissue-derived basement membrane mimicking matrices [125,138]. After
successfully conducting biological characterization with in vitro models, in vivo studies
are required to complete the picture of IL toxicity prior to biomedical applications.

8. Conclusions

Ionic liquids (ILs) have a unique multifunctional property that might allow researchers
to explore the potentiality of remote sensing and controlling cellular growth in the craniofa-
cial region. ILs are antimicrobial and easy to characterize, enhancing the functionality of
dental cement, 3D bioprinting, and implants with sensing capabilities. However, further
in vitro and in vivo studies are required to evaluate the cytotoxicity of ILs and optimized
their formulations.
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Abstract: The roughness of the intra-oral surfaces significantly influences the initial adhesion and
the retention of microorganisms. The aim of this study was to analyze the surface texture of four
different CAD-CAM materials (two high-performance polymers and two fifth-generation zirconia)
used for complete-arch implant-supported prostheses (CAISPs), and to investigate the effect of
artificial aging on their roughness. A total of 40 milled prostheses were divided into 4 groups
(n = 10) according to their framework material, bio.HPP (B), bio.HPP Plus (BP), zirconia Luxor Z Frame
(ZF), and Luxor Z True Nature (ZM). The areal surface roughness “Sa” and the maximum height
“Sz” of each specimen was measured on the same site after laboratory fabrication (lab as-received
specimen) and after thermocycling (5–55 ◦C, 10,000 cycles) by using a noncontact optical profilometer.
Data were analyzed using SPSS version 28.0.1. One-way ANOVA with multiple comparison tests
(p = 0.05) and repeated measures ANOVA were used. After thermocycling, all materials maintained
“Sa” values at the laboratory as-received specimen level (p = 0.24). “Sz” increased only for the
zirconia groups (p = 0.01). B-BP exhibited results equal/slightly better than ZM-ZF. This study
provides more realistic surface texture values of new metal-free materials used in real anatomical
CAISPs after the manufacturing and aging processes and establishes a detailed and reproducible
measurement workflow.

Keywords: surface roughness; surface texture; CAD/CAM; high-performance polymers; PEEK;
zirconia; thermocycling; complete-arch implant-supported prostheses

1. Introduction

The surface roughness of dental materials which are in contact with soft tissues plays
a crucial role in the accumulation and adhesion of biofilm. Rough surfaces promote
increased bacterial adhesion due to their larger surface area and cleaning difficulties [1].
Therefore, materials with low surface roughness are essential to minimize bio-adhesion.
Previous articles have reported that the clinical acceptability threshold of roughness for
dental materials is 0.2 µm (Ra). Below this level, surface roughness does not significantly
impact biofilm formation [2]. The microbiota around dental implants differ from the
periodontal microbiota [3]. Consequently, one of the main objectives of surface finishing is
to achieve a surface roughness below 0.2 mm by utilizing polishing techniques, devices,
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and materials [4]. Changes in surface roughness can be caused by a complex and changing
humid oral environment, changes in temperature [5], manufacturing process (milling,
sintering, sandblasting) [6], or modifications performed with rotatory instruments [7].
Furthermore, surface roughness presents significant implications across various crucial
aspects for prosthetic dentistry, including bacterial proliferation [8,9], strength [10], optical
properties [11,12], and adhesion [13].

The high demands of aesthetic and biocompatible materials have increased the popu-
larity of metal-free materials in prosthetic dentistry and the main emphasis of developers
has been on enhancing their optical and mechanical properties. The gold standard for the
manufacturing of complete-arch implant-supported prostheses (CAISPs) involved a metal
framework and ceramic veneering. However, in recent years, the evolution of digital tech-
nologies and cad/cam materials has led to the development of alternative materials such
as high-performance polymers like bio.HPP and new generations of zirconia to improve
their aesthetics and mechanical properties [14].

Nowadays, high-performance polymer (HPP) materials have gained significant in-
terest in the field of prosthodontics. This attention is attributed to their advantageous
mechanical and biocompatible properties, which enhance their possibility to replace tra-
ditional metal frameworks in implant-supported prostheses [15]. BioHPP is a modified
PEEK with 20–30% of ceramic fillers, and is a semi-crystalline biopolymer characterized
by non-allergenic properties, good biocompatibility, low plaque affinity, excellent stability,
and high temperature and chemical resistance, as well as resistance to corrosion [16,17]. It
also exhibits high mechanical strength [18], high hardness, low water absorption, and low
solubility [5]. Furthermore, PEEK-based materials have a low modulus of elasticity like
human bone (4 Gpa) [19], which improves the transmission of chewing pressure, reduces
stress, and stimulates the bone modeling around the implants. Additionally, advantages
include good polishing properties, good esthetics, low weight, and wear resistance [20].
However, PEEK restorations have a white/dentin opaque color and require veneering
with composite resin. Considering the mechanical strength [21] and biocompatibility [22],
HPP represent a promising alternative for use as framework material in implant-supported
rehabilitations [23].

New generations of zirconia have been introduced to combine the advantages of esthet-
ics and translucency with mechanical properties [24]. Zirconia is a polymorphic material
with three crystallographic phases: monoclinic, tetragonal, and cubic [25]. It is present in
the monoclinic form at room temperature and when heated its phase transformation occurs
to its tetragonal form, and further heating leads to its cubic form. Y-TZP (yttria-stabilized
tetragonal zirconia polycrystal) can be of three types based on the yttria content: 3Y-TZP
(3 mol%), 4Y-TZP (4 mol%), and 5Y-TZP (5 mol%) [26]. The 3Y-TZP (tetragonal zirconia)
is the strongest and 5Y-TZP is the most translucent [27]. Recent developments in Y-TZP
materials with a higher yttria content (4–6 mol% yttria) have provided a high translucency
and adequate strength. Consequently, clinical indications of monolithic zirconia restora-
tions have expanded to avoid interface fractures in veneer-core structures [28,29]; Luxor Z
Frame and Luxor Z True Nature (both 5th generation) represent two new brands of these
emerging zirconia materials.

The surface roughness of a material results from marks and grooves left by various
factors during fabrication, including tools, abrasive particles, and chemical processes [30].
The areal surface roughness parameter “Sa” calculates average surface roughness and is
widely used due to its reliability in minimizing the impact of surface defects. It is a 3D
surface parameter analogous to “Ra”, a 2D parameter which measures linear roughness.
Additionally, “Sz” represents the maximum height of the selected area and is the sum of
the highest peak height and the deepest valley depth. While useful, “Sz” can be influenced
by surface flaws like scratches and contamination, as it relies on peak values. Therefore,
using both parameters is essential to assess the surface texture of dental prostheses [6].
There is limited information available about the surface roughness of these CAD/CAM
materials when comparing laboratory as-received prostheses and their roughness values
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after artificial aging. Moreover, there is a lack of studies evaluating surface roughness
in CAISPs.

While PEEK was previously used as a long-term provisional material in complete-
arch implant restorations, the emergence of modified PEEK materials, as well as the
introduction of new translucent zirconia, has significantly enhanced their mechanical
properties. Consequently, their clinical indications have expanded to include definitive
complete rehabilitations. Therefore, it is clinically relevant to evaluate a critical property
like surface roughness due to its significant implications across various essential aspects
for implant prosthetic dentistry.

The main objective of this in vitro study was to evaluate the surface roughness of four
CAD/CAM materials used for complete-arch implant-supported prostheses (CAISPs) after
manufacturing laboratory procedures and to investigate the effect of thermocycling on
their surface roughness. The following null hypotheses were evaluated: 1. There are no
statistically significant differences in surface roughness among all the studied materials
after the manufacturing of CAISDP frameworks. 2. No differences are found on the
roughness of the aged specimens among the groups. 3. Thermocycling does not affect the
surface roughness of the investigated materials.

2. Materials and Methods
2.1. Sample Size Calculation

A previous pilot study (n = 3) was conducted to determine the appropriate sample
size. Based on the difference between two independent means (BP and ZF groups) using
Sa means and SD values, an effect size of 1.4 was calculated. A sample size of (n = 10)
specimens per group was calculated using G-power software version 3.1.9.6 (Heinrich-
Heine University, Düsseldorf, Germany). A two-tailed analysis with a power of 0.80 and
a significance level of α = 0.05 was performed. This sample size was consistent with that
used in previous studies [1,4,24,31].

2.2. Specimen Preparation: Materials, Design, and Laboratory Manufacturing

The high-performance polymers selected for this study were bioHPP dentin shade
A2 and bio.HPP Plus White (Bredent GmbH & Co, Senden, Germany). The zirconia
materials chosen included fifth-generation zirconia Luxor Z Frame and zirconia Luxor
Z True Nature, both in shade A3 (Bredent GmbH & Co, Senden, Germany), which are
translucent multilayer zirconia materials developed for the CAD/CAM milling of full-
contour restorations. The compositions of the experimental materials are detailed in Table 1.

Table 1. Summary of experimental materials, abbreviations groups, compositions, and brand names.

Framework Material Groups Chemical Composition Brand Name

Polyether ether ketone B Polyether ether ketone with 20
wt.% inorganic fillers * Bio.hpp

Polyether ether ketone BP Polyether ether ketone with 25
wt.% inorganic fillers * Bio.hpp Plus

Zirconia frame ZF 94–95% ZrO2, 4.5–5.5% Y2O3,
<0.5% Al2O3, <0.5% other oxide Luxor Z Frame

Zirconia monolithic ZM 90–95% ZrO2, 4–10% Y2O3, ≤0.5%
Al2O3, <0.5% other oxide Luxor Z True Nature

* TiO2 and inorganic pigment.

The Bio.HPP materials present a High Fracture Strength of around 1000–1500 N [18].
Additionally, as specified by the manufacturer, the Luxor Z frame zirconia material exhibits
a Fracture Strength of >1050 MPa (previously colored disc) and >1100 MPa (white disc
version), while the Luxor Z True Nature features a Flexural Strength of 1100 MPa in the
cervical region and 750 MPa in the incisal area.

In the present in vitro study, two computer-aided designs for mandibular complete-
arch implant-supported prostheses (CAISPs) were employed: one with a total volume STL,
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and another with a reduced volume framework STL. These STLs were designed using
exocad software version 2.4 (Exocad Plovdiv GmbH, Darmstadt, Germany). A total of
40 specimens (CAISPs) were divided into four groups, with n = 10 per group, according to
their framework material: group B (bioHPP), group BP (bioHPP Plus), group ZF (Luxor
Z-Frame zirconia), and group ZM (Monolithic zirconia, Luxor Z True Nature).

For the zirconia rehabilitations, the designs were created with approximately 20%
enlarged dimensions to compensate for sintering shrinkage. Subsequently, the samples
were milled from pre-sintered zirconium oxide discs using computer-aided machining tech-
niques. Following the milling process, the zirconia frameworks were sintered in a furnace
Programat P510 (Ivoclar Vivadent, Schaan, Liechtenstein) according to the manufacturer
recommendations. The sintering protocol for bridges above 7 units involved heating at
5 ◦C/min to 900 ◦C and then at 2 ◦C/min to 1500 ◦C, with a 120-min hold time, and then
cooling at 3 ◦C/min to 900 ◦C and 7 ◦C/min to 300 ◦C. The total time was 13–15 h. In
group ZF, a veneering ceramic was applied using a layering technique, with low-fusing
glass–ceramic IPS e.max® Ceram (Ivoclar Vivadent, Schaan, Liechtenstein) in shade A2.
Then, ZF and ZM samples were glazed, and no mechanical polishing was performed.

Peek-based rehabilitations were milled from bioHPP and bioHPP Plus Bre.cam disks
(98.5 mm diameter and 20 mm thickness) using a dental laboratory milling unit (CORiTEC
350i; imes-icore). Group B and BP specimens were veneered with composite resin crea.lign
(Bredent GmbH & Co, Senden, Germany), except in the basal area. Finally, the finishing
of specimens was completed with the visio.lign toolkit (Bredent GmbH & Co, Senden,
Germany) for bioHPP. All procedures were conducted following the manufacturer’s speci-
fications (Figure 1). The specimens were subject to ultrasonic cleaning in distilled water for
5 min and then dried with compressed air.
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Figure 1. Experimental samples: B (lower left); BP (upper left); ZF (lower right); ZM (upper right).

2.3. Surface Texture Analysis

The surface texture of each specimen was measured using a non-contact optical pro-
filometer Alicona Infinite Focus XL200 G5 (Alicona Imaging GmbH, Raaba/Graz, Austria)
equipped with a measurement software program (MeasureSuite v. 5.3.1; Alicona Imag-
ing GmbH, Raaba/Graz, Austria). For each specimen, an area of 1.62 × 1.62 mm2 was
analyzed at the center of the basal side of the 4.6 first molar (non-veneered area). This
area corresponds to the maximum field of view achievable using the 10× magnification
objective. The same point was observed on each specimen with the use of a silicon mold to
allow for comparable results (Figure 2).

35



Biomedicines 2023, 11, 3036

Biomedicines 2023, 11, x FOR PEER REVIEW 5 of 15 
 

corresponds to the maximum field of view achievable using the 10× magnification objec-

tive. The same point was observed on each specimen with the use of a silicon mold to 

allow for comparable results (Figure 2).  

 

Figure 2. Optical measuring equipment. 

A focus variation microscope was chosen as one of the most suitable instruments to 

perform high-precision three-dimensional surface texture measurements. The surface 

area was examined in 3D images at 10× magnification. Two tridimensional roughness pa-

rameters “Sa” (average areal surface roughness) and “Sz” (maximum height) were evalu-

ated. Specimens were initially measured after laboratory manufacturing “lab as-received 

specimen”. These measurements were considered as baseline values (Sa, Sz). After the 

artificial aging procedure, the same parameters were measured for the “aged specimens” 

(Sa tmcl, Sz tmcl), and values were registered in microns. The measurement workflow 

applied was conducting following the manufacturer’s instruction for surface texture 

measurement. This involved the initial form removal, adjustment of the reference plane, 

application of the roughness filter to separate roughness from waviness, and using a 0.8 

mm cutoff, according to ISO 25178 standards [32,33] (Figure 3). A Gaussian filter was used 

to eliminate tilt from every surface analysis. Color topographic map images represent the 

height variations on the surface of the samples (Figure 4). Changes in Sa (Sa-Sa tmcl) and 

Sz (Sz-Sz tmcl) were analyzed to assess the effect of thermocycling on material roughness.  

The accuracy of the profilometer was calibrated for every 10 measurements and all 

measurements were carried out by a single trained operator. The specimens were codified 

with an ID number prior to the roughness measurements. The operator conducting the 

measurements and the statistician performing the data analysis did not have information 

about the material being evaluated, ensuring a double-blind test. 

Figure 2. Optical measuring equipment.

A focus variation microscope was chosen as one of the most suitable instruments
to perform high-precision three-dimensional surface texture measurements. The surface
area was examined in 3D images at 10× magnification. Two tridimensional roughness
parameters “Sa” (average areal surface roughness) and “Sz” (maximum height) were
evaluated. Specimens were initially measured after laboratory manufacturing “lab as-
received specimen”. These measurements were considered as baseline values (Sa, Sz).
After the artificial aging procedure, the same parameters were measured for the “aged
specimens” (Sa tmcl, Sz tmcl), and values were registered in microns. The measurement
workflow applied was conducting following the manufacturer’s instruction for surface
texture measurement. This involved the initial form removal, adjustment of the reference
plane, application of the roughness filter to separate roughness from waviness, and using
a 0.8 mm cutoff, according to ISO 25178 standards [32,33] (Figure 3). A Gaussian filter
was used to eliminate tilt from every surface analysis. Color topographic map images
represent the height variations on the surface of the samples (Figure 4). Changes in Sa
(Sa-Sa tmcl) and Sz (Sz-Sz tmcl) were analyzed to assess the effect of thermocycling on
material roughness.

The accuracy of the profilometer was calibrated for every 10 measurements and all
measurements were carried out by a single trained operator. The specimens were codified
with an ID number prior to the roughness measurements. The operator conducting the
measurements and the statistician performing the data analysis did not have information
about the material being evaluated, ensuring a double-blind test.

2.4. Hydrothermal Aging Process of Specimens

To simulate artificial aging, all the specimens were thermocycled for 10,000 cycles,
equivalent to one year of clinical function [1]. Thermocycling was performed using a ther-
mal cycler device (VA55, Euroortodoncia, Madrid, Spain) in distilled water at temperatures
of 5 ± 5 ◦C and 55 ± 5 ◦C, with an immersion time of 20 s in each bath and a transfer time
of 10 s. After the process, the thermocycled (tmcl) specimens were cleaned ultrasonically in
distilled water for 5 min and dried.

2.5. Microscopic Observation

A microscopic analysis of two randomly selected samples for each group was con-
ducted (basal side of the 4.6) before and after thermocycling using an optical microscope
(VE4, Euroortodoncia, Madrid, Spain) at a magnification of 10×. Images of the samples
were captured and subsequently subjected to visual inspection.
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2.6. Statistical Analysis

All statistical analyses were performed using a statistical software program SPSS
Statistics version 28.0.1.1 (IBM Corporation, Armonk, NY, USA). Descriptive statistics,
including mean, median, and standard deviation, were calculated. The normality of the
data was assessed using the Shapiro–Wilk test, and parametric statistics were applied. Data
were analyzed using a two-sided one-way ANOVA, followed by the Bonferroni corrected
test for multiple comparisons to determine the effect of material types. A repeated measures
ANOVA was employed to assess the effect of the aging process on surface roughness. A
significance level of “p < 0.05” was stablished.

3. Results
3.1. Surface Roughness Measurements

The areal surface texture was determined using two commonly used tridimensional
roughness parameters: Sa (average areal surface roughness) and Sz (maximum peak-to-
valley height). All the samples were measured before and after thermocycling.

The descriptive statistics, mean surface roughness values, and standard deviations for
the “Sa” and “Sz” parameters are displayed in Table 2.

Table 2. Mean surface roughness values ± SD (µm) for “Sa” (on the left) and “Sz” (on the right), and
after manufacturing (baseline) and after thermocycling (tmcl).

Experimental
Group

Sa Sa

Baseline tmcl Baseline tmcl

B 0.66 ± 0.07 aA 0.65 ± 0.13 aA 16.13 ± 5.84 aA 16.56 ± 11.48 aA

BP 0.75 ± 0.09 aA 0.75 ± 0.14 aA 15.08 ± 3.27 aA 15.19 ± 4.01 aA

ZF 0.75 ± 0.15 aA 0.81 ± 0.14 aA 33.63 ± 23.91 bA 56.55 ± 23.92 bB

ZM 0.70 ± 0.09 aA 0.75 ± 0.14 aA 18.98 ± 9.29 abA 33.85 ± 14.90 aB

The same superscript lowercase letters in the same column and uppercase letters in the same row indicate no
significant differences (p < 0.05). See Table 1 for group abbreviations.

3.1.1. Baseline Data

After the manufacturing laboratory procedure, the Sa highest values were observed
in the ZF (0.75 ± 0.15) and BP (0.75 ± 0.09) groups, followed by the ZM and the B group
with (0.70 ± 0.09) and (0.66 ± 0.07), respectively. Regarding the Sz parameter, the highest
value was also obtained in the ZF group (33.63 ± 23.91), followed by the ZM (18.98 ± 9.29),
B (16.13 ± 5.84), and BP (15.08 ± 3.27) groups.

At the initial Sa values, there were no statistically significant differences among the
groups (p = 0.21). However, significant differences were found for the Sz parameter
(p = 0.01). These differences were specific between the ZF group and the B and BP groups,
while no significant difference was noted with the ZM group. The results of the Sz mea-
surements are presented in Figure 5.

3.1.2. Data after Aging Process

Thermocycled specimens (5–55 ◦C, 10,000 cycles) were analyzed. For the Sa tmcl
variable, the ZF group had the highest value (0.81 ± 0.14) and the B group (0.65 ± 0.13) the
lowest value. However, no significant differences were detected among the four groups
(p = 0.09). Regarding the Sz tmcl parameter, the highest value was also obtained in the
ZF group (56.55 ± 23.92), followed by the ZM (33.85 ± 14.90), B (16.56 ± 11.48), and BP
(15.19 ± 4.01) groups. A one-way ANOVA followed by the Bonferroni post-hoc test revealed
significant differences between the ZF group and the rest of the groups (B, BP, and ZM)
(p < 0.05).
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3.1.3. Effect of Thermocycling

A repeated measures ANOVA test was used to assess the influence of thermocycling
on the initial surface roughness. Thermocycling exhibited a minimal effect on the “Sa”
parameter in relation to the studied materials. No statistically significant differences were
found between Sa and Sa tmcl among the four groups. However, significant differences
between Sz and Sz tmcl were observed, exclusively in the zirconia groups (ZF and ZM).
Hence, the both Sa and Sz values for HPP groups (B and BP) after aging remained similar to
those of the lab as-received specimens. The results of measurements for both 3D roughness
parameters, before and after thermocycling, are presented in Figure 6.
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3.2. Surface Microscopic Analysis

Microscopic assessment at 10× magnification revealed that thermocycling did not
induce significant alterations in the modified PEEK-based materials. No cracks were
observed, and only small pores and milling lines were detected before and after artificial
aging in both the B and BP groups (Figure 7).
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Figure 7. Microscopic images of the B (a,b) and BP (c,d) groups at 10× magnification. (left) Baseline;
(right) after tmcl. Small pores and milling lines were observed.

On the other hand, the zirconia groups exhibited surfaces with minor irregularities,
including scratches of the milling bur, pre-existing flaws, and small cracks that became
more pronounced after artificial aging (Figure 8).
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4. Discussion

In this study, we provide novel insights into surface roughness measurement and
its significance in prosthetic dentistry. The main objective of this research is to assess the
effect of thermocycling on the surface roughness of state-of-the-art materials, including
the latest developments in high-performance polymers (bio.HPP Plus) and translucent
zirconia materials (Luxor Z Frame and Luxor Z True Nature). Additionally, we aim to
introduce a comprehensive method detailing the essential steps for achieving accurate
surface roughness measurements within a determined area, with the goal of reducing
inaccuracies associated with conventional linear measurements.

Surface roughness is the most important parameter for describing surface texture and
plays a crucial role in various clinical aspects. Its assessment is essential due to its direct
influence on microbial adhesion and biofilm formation [1]. This study aimed to compare
the surface roughness of framework materials for CAISPs. Previous studies have reported
similar results for average roughness in bioHPP [4] and 5Y-ZP zirconia specimens [24].
However, this current research explored differences in specific 3D parameters, “Sa” (av-
erage roughness) and “Sz” (highest peak to valley) to achieve a better understanding of
surface texture.
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Initially, our results indicated that there were no significant differences in the baseline
data among the groups for the Sa parameter, suggesting that the materials exhibited
similar surface properties. However, we found statistically significant differences for the Sz
parameter between the ZF group and the B-BP groups, but not with the ZM group. As a
result, the first null hypothesis was partially rejected. These statistical differences between
the ZF and B-BP groups can be attributed to the different composition of polymers and
ceramics [9].

Moreover, manufacturing procedures can influence surface roughness. Notably, only
the ZF group showed significant differences in Sz value, which can be partly attributed to
an additional firing process for ceramic veneering during the fabrication of dental prosthe-
ses [7], while the ZM group lacks such a coating. It is also possibly due to increased milling
complexity and greater flexural strength and hardness compared to the ZM group [34].
Standard deviations (SD) in Sz are notably higher, displaying considerable variability, as is
commonly observed in studies evaluating Sz [35]. The zirconia groups showed higher SD
compared to the PEEK groups, with the ZF group registering the highest value.

Additionally, the microscopic analysis revealed that ZF exhibited different surface
characteristics compared to B and BP, showing more surface defects. These defects may
be a result of larger grains within the material, which are removed during the milling or
adjustment process [36].

In the aged specimens, Sa tmcl values showed no differences, but significant differences
in Sz tmcl were observed for the ZF group in comparison to the other groups. This could be
because the ZF group had a composition that differs from the B-BP group, as well as the ZM
group. ZF has a higher ZrO2 content and lower yttria content compared to ZM. These slight
variations may make it more susceptible to a phenomenon known as low-temperature
degradation (LTD), a chemical property of zirconia that results in surface degradation,
microcracking, and reduced strength in the presence of humidity [37].

Considering the effect of thermocycling (TMCL), the results of Sa confirm that it
does not increase average roughness for PEEK-based and zirconia materials. In con-
trast, both zirconia groups (ZF-ZM) showed intra-group differences between initial and
post-TMCL values. This can be explained by the zirconia’s susceptibility to LTD, which
involves a slow transformation from the tetragonal (t) to monoclinic (m) phase, induced
by thermal or mechanical stress, and exacerbated in the presence of water, causing a
surface deterioration [38]. The presence of Al2O3 stabilizes the tetragonal phase and im-
proves hydrothermal ageing resistance; therefore, when the alumina content decreases
(≤0.05 wt.%), zirconia is more translucent but more susceptible to LTD [39]. Conversely,
a higher yttria content reduces LTD by producing a less monoclinic phase and provid-
ing greater structural stability. Consequently, translucent zirconia (5Y-ZP) exhibits lower
susceptibility to LTD than tetragonal zirconia (3Y-TZP); however, 3Y-TZP still has an
adequate durability in oral conditions [40,41]. Theoretically, the aging process should
lead to an increase in surface roughness. However, when comparing the initial and final
roughness of the bioHPP samples, it became evident that the B-BP groups did not show
significant changes in the Sa and Sz parameters, and their values for Sa-Sa tmcl and Sz-Sz
tmcl remained unaltered. Notably, the aging process in the zirconia groups ZF-ZM led
to significant differences in the Sz-Sz tmcl parameters, with both groups also displaying
the highest initial Sz values. These variations in Sz are indicative of the presence of pores,
cracks, and flaws, making it a valuable parameter for assessing surface irregularities and
specific defects.

In recent years, numerous studies have evaluated surface roughness in PEEK and
zirconia materials [2,4,5,7–9,24]. However, only one has been conducted on samples with
real anatomies (monolithic zirconia 3-unit bridges) [11]. These studies reveal two distinct
trends: some report more favorable results for zirconia materials [22,42], while another
opposing trend observes lower roughness in PEEK materials [8]. In thermocycling-induced
artificial aging, most studies do not report significant differences in average roughness
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values (Sa, Ra) before and after TMCL for the two main material types assessed in this
study: HPP [1] and translucent zirconia [26].

In most literature reports [4,7,22,24,31], surface texture is typically assessed using
simple profile surface measures like Ra or Rz, while areal parameters have proven to be
more informative [6]. However, despite using the same parameter, results vary widely,
possibly due to the use of different measurement equipment. Some studies use contact
profilometers, which provide R values (a line), while others use non-contact optical systems
(interferometric, focus variation, or confocal microscopes, AFM), which offer S values
(an area). Non-contact optical systems can also calculate bidimensional parameters but
may not fully represent the surface. The methodological differences and the wide range
of parameter values are mainly attributed to the measurement methods and procedures
selected. The absence of standardized measurement methods and failure to specify key
factors, such as the length of the profile path for Ra or the cutoff filter, further complicate
their reproducibility. In our research, measurements were conducted at a 10× magnification
using a Gaussian filter and a cutoff length of 0.8 mm, following ISO 25178 standards.
While numerous methods are available for measuring surface roughness, there is a lack
of standardized procedures for conducting comparisons across different studies. ISO
4287:1999 [43] measures linear roughness “Ra”, which is limited to 2D measurement, while
the more recent ISO 25178-2:2012 includes updated terms, definitions, and parameters for
3D evaluation [33]. “Sa”, a 3D parameter, offers more comprehensive data by measuring
entire areas, rather than just linear profiles. Sa values are also influenced by magnification,
with higher magnification yielding lower roughness values [30]. Although the values
obtained for Sa exceeded the clinically acceptable limit of Ra = 0.2 µm [2], we could not
directly correlate 3D–2D parameters, as they are not equivalent.

In the realm of laboratory processing, ceramics have been categorized as difficult-to-
machine materials due to their high hardness and brittleness. After milling, tiny cracks
may develop on the final surface [6]. Also, 5Y-ZP did not undergo transformation tough-
ening and as a result may not be as tolerant to the surface damage introduced during the
fabrication (milling, sintering), adjustment, and airborne particle abrasion of a zirconia
restoration [34]. Sintering conditions have a strong impact on stability and mechanical
properties, and affects surface texture. The type of sintering (traditional or fast) affects
the properties. Novel speed sintering protocols have been developed to meet the demand
for time and cost-effective CAD/CAM restorations [44]. Wertz et al. reported that the
milling process may increase the monoclinic phase after machining, but it disappears after
sintering. Moreover, glazing and sandblasting processes have minimal influence on the
crystallographic structure phases [45]. However, an increase in roughness (Sa, Sz) was
observed after sandblasting [46]. Kim et al. reported that translucent zirconia requires
50 µm alumina sandblasting to prevent surface damage [47]. In some cases, differences in
surface roughness may not be detected using only average roughness parameters, Sa, or
Ra. When this occurs, it is essential to focus on other parameters such as Sz, which allows
us to assess the unevenness. In a previous study conducted by Fernández et al., the Sz
parameter was evaluated in milled Cr-Co frameworks, yielding a value of 29 µm, which is
comparable to the initial Sz value observed in our study for the ZF group (33 µm) [35].

This study has the typical limitations of in vitro studies. Mechanical and biological
factors, such as occlusion and the oral environment, were not replicated, which limits the
direct extrapolation of the data to the clinical situation. Furthermore, bacterial adhesion was
not evaluated, which could have provided additional insights regarding the relationship
between surface roughness and bacterial adhesion. Additionally, comparing different
roughness measurement equipment was not feasible due to a lack of reported details in
previous studies, highlighting the need to consider these details in future investigations.

While, traditionally, metal–ceramic prostheses have been the primary choice for
CAISPs, demonstrating high clinical performance and long-term survival rates, it is im-
portant to consider the potential impact of alternative materials like zirconia and HPP,
which offer biocompatibility and optimal mechanical properties. Moreover, HPP has

43



Biomedicines 2023, 11, 3036

the ability to absorb occlusal forces [48], making it interesting to evaluate its damping
effects on masticatory function in order to prevent the overloading of implants and tem-
poromandibular disorders. Ultimately, the extensive literature on surface roughness has
revealed correlations with other parameters such as flexural strength [7,10], antagonist
wear [49], translucency [50], etc., which could be explored in future research.

Further comparative clinical studies are essential to validate the utilization of these
new materials and determine their performance and applications in clinical practice.

5. Conclusions

Considering the limitations inherent to the present in vitro study, the following con-
clusions were drawn:

The thermocycling process did not show a statistically significant impact on the
average areal surface roughness (Sa) of the CAD/CAM studied materials, including high-
performance polymers and fifth-generation zirconia. Statistically significant differences
were only found for the maximum peak–valley heigh (Sz) in the zirconia groups.

Furthermore, it is noteworthy that the surface roughness observed in BioHPP (modi-
fied PEEK) groups closely resembled that of zirconia.

Significantly, microscopic observations did not reveal the presence of microcracks in
the surface texture of the B and BP groups.
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Abstract: Background: It is necessary to investigate the application of polymer materials in implant
dentistry. The aim of this study was to examine the outcome of full-arch polyetheretherketone
(PEEK)—acrylic resin implant-supported prostheses. Methods: Seventy-six patients were rehabili-
tated consecutively with 100 full-arch implant-supported prostheses of PEEK–acrylic resin (a develop-
ment group (DG): 37 patients with 5 years of follow-up; a routine group (RG): 39 patients with 1 year
of follow-up). The primary outcome measure was prosthetic survival. Secondary outcome measures
were implant survival, marginal bone loss, biological complications, prosthetic complications, veneer
adhesion, plaque levels, bleeding levels, and a patient subjective evaluation (including the Oral
Health Impact Profile for the RG). Results: In both groups, prosthetic (DG: 93.6%; RG: 100%) and
implant survival (DG: 98.9%; RG: 99.5%) were high, and marginal bone loss was low (DG: 0.54 mm;
RG: 0.28 mm). The veneer adhesion rate was 28.6% of prostheses in DG (RG = 0%). Mechanical
complications occurred in 49% and 11.8% of prostheses in DG and RG, respectively. Biological com-
plications, plaque, and bleeding levels were low in both groups. The subjective patient evaluation
was excellent in both groups (8.6 < DG < 8.8; 9.3 < RG < 9.5; OHIP = 1.38). Conclusions: Within the
limitations of this study, PEEK can be considered a viable prosthetic alternative.

Keywords: dental implants; immediate dental implant loading; polyetheretherketone; PEEK;
prostheses; implants

1. Introduction

The use of alternative materials for implant-supported rehabilitations is the object
of constant development. One such alternative is polyetheretherketone (PEEK), a high-
performance thermoplastic polymer whose application was extended from the aerospace
and automotive industry [1] to medicine [2–4] and dentistry [5–12], either alone or rein-
forced with polymer composite materials [13,14]. Given its original development (Vic-
trex plc, Lancashire, UK), the properties that make PEEK an exciting alternative include
creep and wear resistance, biostability, biocompatibility, superior mechanical behavior, and
compatibility with medical diagnostic imaging [15].

Its use in implant dentistry has received a significant amount of attention, from
the scientific community over the last decade from implants [16] to abutments [17] to
infrastructures in full-arch implant-supported rehabilitations [6–11,18–23]. Regarding
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the latter, the use of PEEK has been involved in some disagreement over its potential
favorable or detrimental effects on bone and dental implants, with opposing conclusions
from finite element analysis studies [24–29]. Concurrently, short-term clinical studies
register beneficial effects for full-arch rehabilitations, particularly on marginal bone loss,
where important reductions have been noted [6,9,11]. Previous studies registered positive
outcomes at 1 and 3 years for PEEK—acrylic resin prosthesis—when applied to full-arch
implant-supported rehabilitations, specifically the All-on-4 concept (Nobel Biocare AB,
Gothenburg, Sweden) [6,9]. Nevertheless, its effects in the long term and the impact on the
patient’s quality of life are lacking.

A second point of debate in the use of PEEK concerns the potential difficulty of the
adhesion of veneering materials (either due to PEEK’s properties or the need to follow strict
protocols). This renders a significant number of complications previously reported [6,9]
that impact the satisfaction of both patient and clinician due to the burdensome caused by
increased visits to resolve the complication. This highlights the need to establish a proper
preventive protocol.

The aim of this study was to document the outcome of full-arch implant-supported
fixed hybrid PEEK—acrylic resin prosthesis—applied to the All-on-4 concept at 5 years
for a development group and at 1 year for a routine group with an updated protocol to
prevent veneer adhesion issues.

2. Materials and Methods

This prospective cohort clinical study was performed in a private practice (Lisbon,
Portugal) for a duration of 5 years. This study was approved by an independent ethical
committee (Ethical Committee for Health, Lisbon, Portugal; authorization no. 008/2013).
Written informed consent was obtained from all patients. Data were divided into two
groups as follows: the development and routine groups. The patients were assigned con-
secutively to a development group and were rehabilitated between May 2015 and October
2016, and a routine group was rehabilitated between November 2017 and April 2021.

Seventy-six patients (53 females, 23 males), with an average of 58.5 years (range:
20–80 years, standard error of the mean: 1.23 years), were rehabilitated with 100 full-
arch implant-supported prostheses (27 maxillary rehabilitations, 25 mandibular rehabili-
tations, and 24 bimaxillary rehabilitations). The development group included 37 patients
(29 females, 7 males), with an average age of 59.8 years (standard error of the mean:
1.77 years), who were rehabilitated with 49 full-arch prostheses (12 maxillary rehabilita-
tions, 13 mandibular rehabilitations, and 12 bimaxilar rehabilitations). The routine group
included 39 patients (24 females, 15 males) with an average age of 57.1 years (standard error
of the mean: 1.70 years), who were rehabilitated with 51 full-arch prostheses (15 maxillary
rehabilitations, 12 mandibular rehabilitations, and 13 bimaxilar rehabilitations).

2.1. Inclusion and Exclusion Criteria

The patients who met the inclusion criteria were identified at the treatment planning
phase. Inclusion criteria consisted of patients with full-arch rehabilitations (single arch
or bimaxillary rehabilitations) performed using the All-on-4 concept (Nobel Biocare AB,
Gothenburg, Sweden), in need of definitive prosthetic rehabilitation, and who provided
written informed consent to participate. Exclusion criteria included patients unable to
provide written informed consent, with insufficient bone volume, or inactive radiotherapy
or chemotherapy.

2.2. Surgical and Prosthetic Protocols

Implant insertion (NobelspeedyTM, Nobel Biocare AB, Gothenburg, Sweden) followed
standard procedures [30] except for the use of under-preparation, which was employed
to guarantee a final torque of over 32 N/cm before the final implant seating. The two
most anterior implants were inserted following the direction determined by the anatomy
of the jaw. Two posterior implants were inserted (one implant on each quadrant) anterior
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to the mental foramina (in the mandible) and the anterior wall of the maxillary sinus (in
the maxilla) with distal tilting between 30 and 45 degrees relative to the occlusal plane
ad modum All-on-4 concept (Nobel Biocare AB).

Concerning the immediate prosthetic protocol, a high-density acrylic resin (PalaXpress
Ultra; Heraeus Kulzer GmbH, Hanau, Germany) prostheses with titanium cylinders (Nobel
Biocare AB, Gothenburg, Sweden), and a minimum of 10 teeth were manufactured at the
dental laboratory and inserted on the same day. Anterior occlusal contacts and canine
guidance during lateral movements were preferred as the occlusal scheme.

The definitive prosthetic protocol was described in full-on previous publications [6,9].
In brief, it consisted of a full-arch hybrid prostheses of polymeric–acrylic resin implant-
supported and fixed prostheses (patent WO 2019/008368) [31] with a PEEK substructure
(Juvora Ltd., Lancashire, UK), reinforcing titanium sleeves, acrylic resin prosthetic teeth
(anterior teeth: Premium; posterior teeth: Mondial; Heraeus Kulzer GmbH, Hanau, Ger-
many) and pink acrylic resin gingiva (PalaXpress Ultra, Heraeus Kulzer GmbH, Hanau,
Germany). In the development group, the metal bond 1 and 2 (Heraeus Kulzer GmbH,
Hanau, Germany) was used as a primer (Signum Connector, Heraeus Kulzer GmbH,
Hanau, Germany) in the cases identified with veneer adhesion issues; in the routine group,
the Signum connector (Heraeus Kulzer GmbH, Hanau, Germany) was used on all cases.
The infrastructure CAD–CAM guidelines included an “I” shaped design in the framework,
with minimum cross-sectional material dimensions of 5 mm of occlusal–cervical height,
4 mm of anterior buccal–lingual width, and 6 mm of buccal–lingual width in the areas of
the titanium sleeve, together with at least 1 to 2 mm of acrylic resin. The final prostheses
privileged a mutually protected occlusion scheme respecting the patients’ centric relations.
A clinical case is represented in Figure 1.

Figure 1. Cont.
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Figure 1. (a) Pre-treatment orthopantomography; (b) Pre-treatment intraoral view of both arches;
(c) Immediate provisional prostheses after bimaxilar full-arch rehabilitation; (d) Infrastructure design
during CAD–CAM process; (e) Polyetheretherketone (PEEK) infrastructures inferior view during
CAD–CAM process; (f) PEEK infrastructures with a superior view during CAD–CAM process;
(g) Maxillary PEEK–acrylic resin implant-supported prosthesis; (h) Mandibular PEEK–acrylic resin
implant-supported prosthesis; (i) Perspective of the patient’s smile after the rehabilitation process;
(j) Intra-oral occlusal view of the maxillary and mandibular PEEK–acrylic resin implant-supported
prostheses in function; (k) Intra-oral frontal view of the maxillary and mandibular PEEK–acrylic resin
implant-supported prostheses in function; (l) Final post-treatment orthopantomography.

2.3. Maintenance Protocol

The connection of the definitive prosthesis was considered the baseline for clinical
and radiographic evaluations, with the patients included in a maintenance protocol with
clinical evaluations every 6 months and both clinical and radiographical evaluations at
1 and 5 years.

2.4. Outcome Measures

The primary outcome measure at five years was prosthetic survival (the need for
replacement), including the fracture of the framework. Secondary outcome measures
were implant survival, marginal bone loss, technical evaluation concerning manufacturing
issues, the incidence of mechanical complications, the incidence of biological complications,
modified plaque index (mPLI), modified bleeding index (mBI), and patient subjective
evaluation. Implant survival was evaluated based on function and using the patient as a
unit of analysis (with the first implant failure in a patient considered as a censoring event
irrespective of the remaining implants maintaining their function) [6]. Marginal bone loss
was evaluated through periapical radiographs employing a radiographic holder (super-bite;
Hawe Neos, Bioggio, Switzerland), adjusted for the digital film’s orthognathic position. The
radiographs were evaluated using an outcome assessor through software for image analysis
(rayMage, version 2.3, MyRay, Imola, Italy). The marginal bone level was defined as the
distance between the implant’s platform and the most apical bone–implant contact, while
the measurement difference between the baseline (connection of the definitive prosthesis)
and five-year evaluation was classified as marginal bone loss (MBL). We calibrated the
measurements using the distance between implant threads and considered average values
between the mesial and distal sites. The technical evaluation concerning manufacture issues
was evaluated comprising the following: infrastructure manufacture issues (presence or
absence), framework integrity issues (present/absent), and veneer adhesion issues (present
or absent). The biological complications assessed were as follows: a probing pocket depth
>4 mm, evaluated using a plastic periodontal probe calibrated to 0.25 N; abscess (presence or
absence); fistulae formation (presence or absence); suppuration (presence or absence); and
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patient adverse soft tissue reaction (presence or absence). The mechanical complications
assessed were the loosening or fracture of prosthetic screws, abutments, or prosthesis.
The modified plaque index (mPLI) [32] was evaluated by inserting a periodontal plastic
probe 1 mm into the peri-implant sulcus, running a circular movement all around the
implant, and measuring in a scale between 0 and 3 (0, no detection of plaque; 1, plaque only
recognized by running a probe across the smooth marginal surface of the implant; 2, plaque
can be seen by the naked eye; and 3, abundance of soft matter). The modified bleeding
index (mBI) [32] was evaluated on the same moment as mPLI and measured on a scale
between 0 and 3 (0, no bleeding when a periodontal probe is passed along the mucosal
margin adjacent to the implant; 1, isolated bleeding spots visible; 2, blood forms a confluent
red line on mucosal margin; and 3, heavy or profuse bleeding). The patients’ evaluation
comprised the “in mouth comfort” defined as the following: the comfort felt by the patient
with the prosthesis in function regarding an overall fulfillment of expectations, measured in
a visual analog scale between 0 (poor) and 10 (excellent), and the “overall chewing feeling”,
defined as the patients’ feeling during daily food intake routines in relation to their ability
to chew any type of food and measured in a visual analog scale between 0 (poor) and
10 (excellent). Both evaluations were registered yearly. For the routine group, an additional
evaluation was performed using the Oral Health Impact Profile, version 14 (OHIP-14) [33],
estimating the following dimensions: functional limitations, physical pain, psychological
discomfort, physical disability, psychological disability, social disability, and handicap; this
was measured using a Likert scale between 0 (never occurred) and 4 (always occurs) at
6 months and 1 year of follow-up.

2.5. Statistical Analysis

Survival was estimated using life table analysis (actuarial method) and using the
implant and prosthesis as a unit of analysis. Descriptive statistics (average, standard
deviation) were computed for the following variables of interest: age, marginal bone
loss and patient evaluation parameters, OHIP-14 dimensions, “in mouth comfort”, and
“overall chewing feeling”. The median was computed for the variables mPLI and mBI;
frequencies were computed for the technical evaluation concerning manufacturing issues,
including the incidence of biological and mechanical complications. Inferential analysis
was computed for the evaluation of the correlation between mPLI and mBI through the
Spearman correlation coefficient. The significance level was set at 5%. Data were analyzed
using the software SPSS for Windows (IBM SPSS, New York, NY, USA) version 17.

3. Results
3.1. Sample

For the development group, the median cantilever length in a prosthesis was 1 unit
(average: 0.7; standard deviation: 0.6 units; range: 0–2 units). Two female patients (5.4%)
with two single full-arch maxillary prostheses (4.1%) were lost to follow-up as they became
inaccessible; one female patient (2.7%) with a single full-arch mandibular prosthesis (2%)
deceased due to cancer after 39 months; and one female patient (2.7%) with a single full-arch
mandibular prosthesis (2.0%) withdrew from the study after 48 months. A total of 33 patients
(89.2%) with 45 prostheses (91.8%) were eligible for follow-up and completion at 5 years.

For the routine group, the median cantilever length in a prosthesis was 1 unit (average:
0.55; standard deviation: 0.57 units; range: 0–2 units). Two patients (5.1%) with two double
full-arch prostheses (7.8%) were lost to follow-up/withdrew during the first year of follow-
up: one patient deceased due to health conditions unrelated to the prosthodontic treatment,
and one patient chose to be followed at another dental clinic. A total of 37 patients (94.9%)
with 47 prostheses (92.2%) were evaluated at 1 year of follow-up.

3.2. Primary Outcome Measure—Prosthetic Survival

For the development group, three PEEK frameworks were fractured as follows: one
mandibular framework in bimaxilar rehabilitation during the first year of follow-up in a male
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patient, heavy bruxer, 55 years of age requiring a new prosthesis; one mandibular framework
was characterized by the complete fracture of the mandibular PEEK framework near the
cylinder (position #42) during the fourth year of follow-up in a female patient 75 years of
age that developed bruxing habits (and deceased due to cancer shortly after); one maxillary
framework fractured on the cantilever position (position #26) in a male patient at 47 years
of age (that refused its replacement as the prosthesis remained in function). This outcome
rendered a 93.6% prosthetic cumulative survival rate at five years of follow-up (Table 1).

Table 1. Cumulative prosthetic survival rate for patients rehabilitated using the All-on-4 treatment
concept and a hybrid polyetheretherketone (PEEK)—acrylic resin prostheses—for development and
routine groups.

Development Group

Time Total Number of
Patients

Total Number of
Prostheses

Prosthetic
Failures

Lost to
Follow-Up

Cumulative
Survival Rate (%)

Prosthesis connection—1 year 37 49 1 2 98.0%
1 year–2 years 35 46 0 0 98.0%
2 year–3 years 35 46 0 1 98.0%
3 years–4 years 34 45 1 0 95.8%
4 years–5 years 34 44 1 2 93.6%

Routine Group

Time Total Number of
Patients

Total Number of
Prostheses

Prosthetic
Failures

Lost to
Follow-Up

Cumulative
Survival Rate (%)

Prosthesis connection—1 year 39 51 0 2 100%

No prosthesis failed in the routine group during the first year of follow-up, resulting
in a 100% prosthesis survival rate (Table 1).

3.3. Secondary Outcome Measures
3.3.1. Implant Survival

A total of 196 implants were inserted for the rehabilitation of 49 edentulous arches in the
development group. Two implant failures (implant positions #32 and #34) were registered in
one female patient 75 years of age (the same patient deceased due to cancer) during the fourth
year of follow-up, rendering a 98.9% implant survival rate after five years (Table 2).

Table 2. Cumulative implant survival rate for patients rehabilitated using the All-on-4 treatment
concept and a hybrid polyetheretherketone (PEEK)—acrylic resin prostheses— for the development
and routine groups.

Development Group

Time Total Number of
Implants Implant Failures Lost to Follow-Up Cumulative Survival

Rate (%)

Prosthesis connection—1 year 196 0 8 100.0%
1 year–2 years 188 0 0 100.0%
2 year–3 years 188 0 0 100.0%
3 years–4 years 184 2 2 98.9%
4 years–5 years 180 0 4 98.9%

Routine Group

Time Total Number of
Prostheses Prosthetic Failures Lost to Follow-Up Cumulative Survival

Rate (%)

Prosthesis connection—1 year 204 1 8 99.5%

52



Biomedicines 2023, 11, 3013

Concerning the routine group, a total of 204 implants were inserted for the rehabilita-
tion of 51 edentulous arches. One implant failure was registered in one female patient with
mandibular rehabilitation (implant position: #32) at 7 months of follow-up, with increased
marginal bone loss noted during the rehabilitation process, rendering a 99.5% implant
survival rate after one year (Table 2).

3.3.2. Marginal Bone Loss

For the development group, the average (standard deviation) marginal bone loss at
5 years was 0.54 mm (0.95 mm) with the following distribution: 0.42 mm (0.95 mm) for
maxillary implants; 0.65 mm (0.94 mm) for mandibular implants; 0.42 mm (0.89 mm) for
bimaxillary rehabilitations; 0.78 mm (0.99 mm) for single arch maxillary rehabilitations;
and 0.62 mm (1.03 mm) for single arch mandibular rehabilitations. Concerning the routine
group, the average (standard deviation) marginal bone loss at one year of follow-up was
0.28 mm (0.59 mm), with 0.25 mm (0.54 mm) for maxillary implants; 0.32 (0.65 mm) for
mandibular implants; 0.27 mm (0.55 mm) for bimaxillary rehabilitations; 0.22 mm (0.48 mm)
for single arch maxillary rehabilitations; and 0.37 mm (0.76 mm) for single arch mandibular
rehabilitations.

3.3.3. Technical Evaluation—Veneer Adhesion Issues

A total of 12 patients (32.4%) and 14 prostheses (28.6%) registered veneer adhesion
issues in the development group during the 5 years of follow-up (Table 3). These were
characterized by the avulsion of acrylic resin from the PEEK infrastructure. All situations
were solved by leaving the cylinder areas with increased amounts of exposed PEEK to
increase flexion resistance; a tungsten bur was used to increase mechanical retention on
the PEEK infrastructure and the bonding primer was replaced to increase the tensile bond
strength. On the routine group, no veneer adhesion issues were registered during the first
year of follow-up.

Table 3. Veneer adhesion problems between acrylic resin and polyetheretherketone (PEEK) infras-
tructure and resolution. All situations occurred in the development group.

Patient Gender Follow-Up
(Months) Position (FDI) Type

Rehabilitation Opposing Dentition Resolution

1 Male 5 #12, #22, #25,
#35 Bimaxilar Implant-supported prosthesis

New prostheses due
to fracture of PEEK

infrastructure

2 Male 2 #35 Mandibular Mucosal-retained full-arch
prosthesis

To increase flexion
resistance, the

cylinder areas were
left with increased

amounts of exposed
PEEK; to increase

mechanical retention
in the PEEK

infrastructure, a
tungsten bur was

used; to increase the
tensile bond strength,
the bonding primer

was replaced

3 Female 4 #46 Mandibular Natural teeth and
implant-supported prosthesis

4 Female 10 #45 Mandibular Mucosal-retained full-arch
prosthesis

5 Female 12 #35 Mandibular Mucosal-retained full-arch
prosthesis

6 Female 12 #15, #22 Bimaxilar Implant-supported prosthesis
7 Female 16 #26 Maxillary Natural teeth
8 Female 30 #35 Mandibular Implant-supported prosthesis
9 Male 32 #12 Maxillary Implant-supported prosthesis

10 Female 52 #15 Maxillary Natural teeth

11 Male 53 #12, #13, #22,
#45, #46 Bimaxilar Implant-supported prosthesis

12 Female 55 #13 Bimaxilar Implant-supported prosthesis

3.3.4. Mechanical Complications

The incidence of mechanical complications on the development group was 54.1%
at the patient level (n = 20 patients) and 49% at the prostheses level (n = 24 prostheses).
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In the routine group, the incidence rate of mechanical complications was 12.8% at the
patient level (n = 5 patients) and 11.8% at the prostheses level (n = 6 prostheses). Table 4
describes the type of complications and remedies implemented, with all situations resolved
in both groups.

Table 4. Incidence of mechanical complications and resolutions during the 5 years of follow-up of the
sample.

Patient Gender Opposing
Dentition

Cantilever
Units

(Left/Right)

Follow-Up
in Months

Acrylic Resin
Crown

Fracture
(Position

FDI)

Abutment
Wearing
(Position

FDI)

Abutment
Loosening

(Position FDI)

Prosthetic
Screw

Loosening
(Position

FDI)

Prosthetic
Screw

Fracture
(Position

FDI)

Resolution

DG 1 Male ISP

0/0
(maxilla);

1/1
(mandible)

5 #12, #22;
#35

1; Patient
fractured

PEEK
infrastruc-

ture
DG 2 Male ISP 1.5/0.5 16 #32 #42 1
DG 3 Male ISP 1.5/2 22 #41 1
DG 4 Female NT 1/1 15 #45 2
DG 5 Female ISP 1/0.5 16 #45 #42 3
DG 6 Female ISP 2/2 16 #42 3

DG 7 Female ISP

1/1
(maxilla);

0/0
(mandible)

8 #25,
#35, #45 3

DG 8 Female ISP 0/0 4 #15 3
DG 9 Male NT 1/1 20 #16, #26 3
DG 10 Female RP 2/2 40 #35 1
DG 11 Female NT 0/0 43 #12, #26 2
DG 12 Female ISP 1/0 43 #32 2
DG 13 Female ISP 1/1 47 #12 1
DG 14 Female NT 0/0 48 #12 1
DG 15 Male RP 1/1 49 #35 2
DG 16 Male ISP 0/0 55 #15 2
DG 17 Female ISP 1/1 55 #25 3
DG 18 Female ISP 1/1 59 #11 1
DG 19 Female ISP 1/1 59 #31 1
DG 20 Female NT 0/0 60 #31,#41 1
RG 1 Female RP 2/1 6 #42 3
RG 2 Female ISP 0/0 6 #12, #22 2

RG 3 Female ISP

1/1
(maxilla);

2/2
(mandible)

12;
6

#12, #13
#31, #32, #41 1

RG 4 Female FPNT 1/1 12 #25 3
RG 5 Female NT 1/1 12 #15, #25 #22 1; 2

DG: development group; RG: routine group; ISP: implant support prosthesis; NT: natural teeth; RP: removable
prosthesis; FPNT: fixed prosthesis over natural teeth. Resolutions: 1—mending the prostheses and adjusting
occlusion; 2—replacing the abutment/prosthetic screw and adjusting occlusion; 3—torque-controlled retightening
and adjusting occlusion.

3.3.5. Biological Complications

The incidence rate of biological complications during the 5 years of follow-up for the
development group was 10.8% at the patient level (n = 4 patients) and 2.6% at the implant
level (n = 5 implants) consisting of a peri-implant pathology. Table 5 describes the type
of complications and remedies implemented, with all situations resolved apart from two
implants in two patients. No biological complications were registered for the routine group
during the follow-up of 1 year.

Table 5. Incidence of biological complications (peri-implant pathology) and resolutions during the 5
years of follow-up (all from the development group).

Patient Gender Implant Position
(FDI) Presence of Risk Indicators Time of Follow-Up Resolution

1 Male #12 Smoker; History of Periodontitis 48 months Resolved non-surgically
2 Female #26 Smoker; History of Periodontitis 52 months Resolved non-surgically
3 Female #45 History of Periodontitis 55 months Not resolved
4 Male #35 History of Periodontitis 58 months Not resolved
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3.3.6. Plaque and Bleeding Scores

Considering the development group, the median value for the mPLI was 2 (plaque
visible by the naked eye) at five years of follow-up; while the mBI median value obtained
at five years of follow-up was 1 (one isolated bleeding spot visible when tested). The
correlation between plaque and bleeding levels was weak (positive) and non-significant (R
= 0.240, p = 0.210; Spearman).

Regarding the routine group, the median for the mPLI was 1 (plaque was only recog-
nized by running a probe across the smooth marginal surface of the peri-implant sulcus) at
both six months and one year of follow-up. The median for the mBI was 1 (one isolated
bleeding spot visible when tested) at both 6 months and one year. The correlation between
mPLI and mBI was characterized by a strong positive linear relationship at both 6 months
and 1 year (six months: R = 0.609, p < 0.001; one year: R = 0.672, p < 0.001; Spearman
correlation coefficient).

3.3.7. Patient Subjective Evaluation and OHIP-14 Assessment

In the development group at 5 years, “in mouth comfort” registered a mean value of
8.8, while ”overall chewing feeling” registered a mean value of 8.6 and both indexes were
evaluated on a scale of 0 to 10 (0, poor; 10, excellent).

In the routine group, the registered mean value for “in mouth comfort” was 9.5 and 9.3
at 6 months and 1-year, respectively, whereas “overall chewing feeling” registered a mean
value of 9.3 at 6 months and 9.4 at one year. In addition, concerning the patients’ quality
of life evaluation in the OHIP-14 dimensions, the mean total sum OHIP-14-dimension
scores were 0.73 and 1.38 at 6 months and 1 year, respectively (Table 6). The distribution
was skewed, with scores of 0 reported by 63% of the patients at 6 months and 60% of the
patients at 1 year of follow-up (Figures 2 and 3).

Table 6. OHIP-14 scores and patient’s subjective evaluation of the routine group.

OHIP-14 Evaluation Parameters 6 Months Mean
(Standard Error of Mean)

1 Year Mean
(Standard Error of Mean)

Functional limitation 0.23 (0.06) 0.20 (0.04)
Have you had trouble pronouncing any words?
Have you felt that your sense of taste has

worsened?
Physical pain 0.20 (0.06) 0.35 (0.08)

Have you had painful aching in your mouth?
Have you found it uncomfortable to eat any foods?

Psychological discomfort 0.18 (0.05) 0.38 (0.09)
Have you been self-conscious?
Have you felt tense?

Physical disability 0.03 (0.02) 0.08 (0.04)
Has your diet been unsatisfactory?
Have you had to interrupt meals?

Psychological disability 0.05 (0.03) 0.18 (0.06)
Have you found it difficult to relax?
Have you been a bit embarrassed?

Social disability 0.05 (0.04) 0.13 (0.05)
Have you been a bit irritable with other people?
Have you had difficulty doing your usual jobs?

Handicap 0.00 (0.00) 0.08 (0.04)
Have you been unable to function?
Have you felt life in general was less satisfying?

Total sum 0.73 (0.00) 1.38 (0.00)
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4. Discussion

The current study reported on the outcome of a full-arch prosthodontic solution
consisting of a fixed hybrid implant-supported PEEK–PMMA prosthesis produced through
CAD–CAM workflow at 1 and 5 years for two different groups (routine and development,
respectively).

The 100% prosthesis survival at one year registered for the routine group and the
93.6% prosthesis survival at five years for the development group are suitable taking into
consideration the complexity of full-arch implant-supported rehabilitation and the broad
inclusion criteria applied to this study. The PEEK infrastructure fractures corresponded to
patients that were heavy bruxers and/or whose structures had >1 cantilever unit, which is
a pattern that was also noted for the high incidence of mechanical complications. Bruxism
and cantilever units represent two factors that significantly increase the probability of
mechanical complications, with a previous study evaluating different implant distribu-
tions registering odds ratios >60 times for bruxism and >4.5 times for cantilevers [34].
Nevertheless, it is important to underline the previously mentioned limits established in
CAD–CAM guidelines for full-arch PEEK infrastructures together with the limitation to
one cantilever unit (≤10 mm) as these were created to compensate for material flexion [6].
Furthermore, the change in the bonding primer for the routine group was beneficial to
the protocol considering the excellent results obtained (absence of veneer adhesion issues)
together with the successful resolution on the development group’s incident cases. The
bonding primer of choice was characterized by a higher tensile bond strength enabling
firmer chemical retention [35,36]. In addition, actions were taken to improve mechanical
retention, including an increased amount of exposed PEEK to the cylinder areas, a PEEK
rough finish [37–39], insertion of a horizontal thread in the infrastructure without smooth
and round finish, and the insertion of vertical threads in the cantilever area, enabling
PEEK’s flexion capacity to be maintained under control. PEEK is a completely different
material compared to titanium regarding its mechanical characteristics, so one should
approach the prosthetic design accordingly to these features. In circumstances where
the space is reduced and the infrastructure does not possess an appropriate height, the
shock-absorbing property of PEEK, which is an advantage for dissipating occlusal forces,
makes the infrastructure too flexible. In this situation, a titanium infrastructure designed
in traditional fashion could be functional. However, in the case of a PEEK infrastructure
(37 times more flexible than zirconia) [38], there is too much bending of the cantilevers
and pontic areas, causing mechanical complications such as prosthetic screw loosening or
fractures and fissures in the pink acrylic areas [40]. Extending the PEEK framework to the
gingival tissue and creating areas in the lingual aspect that remain uncovered with acrylic
resin reinforces the infrastructure and prevents or minimizes complications.

Implant survival was high (99.5% at 1-year for the routine group; 98.9% at 5 years
for the development group) and compared favorably with previous publications on the
outcome of full-arch rehabilitations. Recent publications on full-arch implant supported
rehabilitations [41–43], including two studies on the All-on-4 concept (Nobel Biocare AB)
with a long-term outcome [42,43] registered for cumulative survival rates between 98.6%
and 99.6% at 1 year and between 97.7% and 98.8% at the 5 years evaluation. A recent
systematic review and meta-analysis evaluating the outcome of full-arch rehabilitations
supported by tilted and axially placed implants reported an implant survival proportion at
5 years of 98.2% (95% confidence intervals: 97.93%, 98.43%) [41].

The marginal bone loss registered in both groups was low with 0.28 mm (routine
group at 1 year) and 0.54 mm (development group at 5 years). These results compare
favorably with a recent systematic review and meta-analysis, which was lower than the
overall or individual average of all included studies at 1 year or 5 years [39]. In addition,
the routine group marginal bone loss at 1 year was lower (−0.09 mm) compared to the
development group at the same time frame [6]. The incidence of biological complications
was also low during the follow-up of this study (absence in the routine group; 2.6% of the
implants in the development group), which is in line with the results from a systematic
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review (data extracted from study) [41]. All four patients with biological complications
presented history of periodontitis or smoking habits, representing risk indicators for the
incidence of biological complications [44,45]. The good results registered for these out-
come measures (implant survival, marginal bone loss and biological complications) can
be potentially attributable to PEEK’s properties, specifically its shock absorption charac-
teristics [9,10,46–48]. Recent finite element analysis studies reported conflicting results
when evaluating PEEK infrastructures used in full-arch implant-supported rehabilitations
and the ad modum All-on-4 concept: Tribst et al. [24], Ersöz et al. [26], Yu et al. [27] and
Dayan et al. [28] reported that PEEK frameworks transferred more stress to the bone in both
compression and tensile stress compared to other metallic frameworks (including titanium)
in what could be perceived as placing the rehabilitations at an increased risk of biological
complications. Shash et al. [25] and Haroun et al. [29] registered that PEEK material reduced
the stresses and strains on bone tissue compared to titanium, and therefore, could prevent
complications. In light of these results, with high implant survival and low marginal bone
loss, the present study is in agreement with Shash et al. [25] and Haroun et al. [29], a result
that is parallel with other clinical investigations [11,20,49]. A clinical study comparing
PEEK and titanium frameworks in full-arch implant-supported fixed prosthesis with an
average follow-up of 26.5 months registered a significantly lower marginal bone loss for
PEEK (0.70 mm) compared to titanium (0.96 mm) [11]. A systematic review investigating
the clinical performance of polymer frameworks in dental prostheses registered in their
qualitative analysis lower plaque and gingival indices, probing depth, and marginal bone
loss, with higher survival rates for implant-supported and fixed prostheses and overden-
tures fabricated with PEEK than for metal frameworks [20]. Despite the increased number
of finite element analysis studies recently published on the subject [24–29], it should be
noted that they do not mimic the true clinical scenario. This is due to the restrictions of
these experiments and an array of possible scenarios including different types of implants;
modeling only a portion of bone considered as isotropic material despite its anisotropic
behavior; assuming in most cases complete osseointegration; considering compressive or
oblique forces acting on the implant; or neglecting muscle forces and the bone remodeling
process, thus attesting the absence of a standardized approach for finite element analysis
modeling in dentistry [50].

Concerning plaque and bleeding scores, both groups were characterized by the pres-
ence of plaque around the implants, with increased plaque levels at 5 years for the de-
velopment group (visible plaque) compared to a median lower score at 1 year for the
routine group (plaque only visible after running the periodontal probe across the mucosal
margin). On the other hand, bleeding levels were stable with the median representing
mild inflammation for the routine group at 1 year and the development group at 5 years.
The correlation between plaque and bleeding scores has been pointed out by previous
publications, representing the causality between plaque accumulation and peri-implant
breakdown [51,52]. The present study points in the same direction, with a positive cor-
relation between plaque and bleeding scores in both groups, despite the non-significant
correlation for the development group. This result should nevertheless be analyzed in the
context of the risk for biological complications (which remained at a low level), in what
can be inferred as the presence of stable biomechanical conditions that allow to mitigate or
delay the deleterious effects of plaque accumulation in the process of peri-implant pathol-
ogy [10,44]. Nevertheless, it is important to stress the importance of frequent maintenance
appointments for soft tissue evaluation, prophylaxis and hygienic measures education [10].

The patients’ subjective evaluation was characterized by a high satisfaction rate for
the “in mouth comfort” and “overall chewing feeling” evaluation parameters, with over
90% for the routine group at 1 year and over 85% for the development group at 5 years.
Both results were substantially higher (5% to 14%) than the satisfaction rate registered for
the fixed mandibular full-arch implant-supported fixed prostheses of metal–acrylic resin
regarding an improvement in the chewing ability and the fulfillment of expectations [53].
Moreover, an excellent impact on the patient’s quality of life was registered by the low
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OHIP-14 index value at both 6 months and 1 year for the routine group. The significance
of this result can be described as a potential gain in quality-adjusted life years, a measure
of impact which represents population health by considering the duration and quality of
life. A study with 9445 subjects estimated the quality-adjusted life-expectancy loss for
dental-related events including missing teeth [54]. The authors attested the substantial
burden of dental conditions on quality of life, estimating an impact of approximately
between ¼ to 1/3 of major causes of health burden such as diabetes, heart disease, obesity
and smoking [54]. The present study, with 60% of the participants registering no impact (a
score of 0), and only an average of 1.38 for the sample’s quality of life, creates conditions for
a large gain in years of life lived with quality by restoring the patients’ function, aesthetics,
and self-esteem. This confirms the results of a recent randomized controlled trial evaluating
the treatment outcomes (functional and subjective through OHIP-20) of full-arch fixed
hybrid rehabilitations of PEEK with milled crowns of a nano-filled composite, concluding
that the treatment significantly improved the masticatory performance, bite force, occlusal
pattern, quality of life, and satisfaction [18].

The study limitations include the lack of a non-polymeric control group, the short
follow-up of the routine group and the fact that this was a single-center study. The strengths
of this study include the low rate of dropouts (11% and 5% for the development and routine
groups, respectively) which relates to an increased internal validity and the prospective
study design. However, the outcomes should be interpreted with caution as even in low
dropout rates, the patients missing control appointments had an increased probability of a
deleterious outcome, therefore implying an overestimation of the results. Future studies
should aim to assess the outcome at midterm and during the longer term for the routine
group to evaluate the clinical and patient-centered impacts of the protocol modifications.

5. Conclusions

Within the limitations and considering the results of the present study, it can be
concluded that when using PEEK as a framework in fixed prosthetic implant-supported
prostheses for full-arch rehabilitations ad modum, the All-on-4 concept is an acceptable
treatment approach. A high prosthetic/implant survival was registered, together with
low biological complication rates, low marginal bone loss, and an excellent impact on
the patient’s subjective evaluation/quality of life. It further constitutes a shock-absorbing
alternative that provides conditions for a beneficial and stable long-term outcome. The
protocol modification resulted in an absence of veneer adhesion issues. The high incidence
of mechanical complications implies strict respect for the CAD–CAM design and the
number of cantilever units.
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Abstract: Guided bone regeneration is frequently used to reconstruct the alveolar bone to rehabilitate
the mastication using dental implants. The purpose of this article is to research the properties of
eggshell membrane (ESM) and its potential application in tissue engineering. The study focuses on
the structural, mechanical, and histological characteristics of ESM extracted from Gallus domesticus
eggs and to compare them to a commercially available porcine pericardium membrane (Jason®

membrane, botiss biomaterials GmbH, Zossen, Germany). Thus, histology was performed on the
ESM, and a comparison of the microstructure through scanning electron microscopy and atomic force
microscopy (AFM) was conducted. Also, mechanical tensile strength was evaluated. Samples of ESM
were prepared and treated with alcohol for fixation and disinfection. Histological analysis revealed
that the ESM architecture is constituted out of loose collagen fibers. However, due to the random
arrangement of collagen fibers within the membrane, it might not be an effective barrier and occlusive
barrier. Comparative analyses were performed between the ESM and the AFM examinations and
demonstrated differences in the surface topography and mechanical properties between the two
membranes. The ESM exhibited rougher surfaces and weaker mechanical cohesion attributed to its
glycoprotein content. The study concludes that while the ESM displays favorable biocompatibility
and resorb ability, its non-uniform collagen arrangement limits its suitability as a guided bone
regeneration membrane in the current non-crosslinked native form. Crosslinking techniques may
enhance its properties for such applications. Further research is needed to explore modifications and
processing methods that could leverage the ESM’s unique properties for tissue engineering purposes.

Keywords: eggshell membrane; biocompatibility; bone regeneration; rat model

1. Introduction

Alveolar bone resorption is a process that always takes place following tooth loss
due to trauma or disease [1]. Thus, reconstruction has been proposed for a long time as
a treatment to compensate for lost volume [2]. Furthermore, bone block and autologous
bone graft has long been the golden standard for bone rebuilding [3]. In contrast, the
concept of guided bone regeneration (GBR) requires compartmentalization, which employs
a barrier membrane to permit the bone to heal [4]. In addition, Urban et al. [2] found that
the membrane stabilizes the graft and the surrounding tissues.

Polytetrafluoroethylene (PTFE) and titanium meshes are the most common nonab-
sorbable materials used for GBR [5]. However, although they have excellent space mainte-
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nance, they require a second surgery to remove and carry a greater risk of exposure and
contamination [6].

The alternative, resorbable membranes, may be of natural or synthetic origin. They can
also be crosslinked or non-crosslinked, a process that modifies the membrane’s properties
so that it absorbs water more slowly [7]. Consequently, they do not require surgical
removal, but they are not suitable to maintain the space in large, particularly vertical,
defects. As a matter of fact, exposure of the resorbable membranes does not always result
in graft failure [8]. For instance, the bovine pericardium membranes have shown significant
functional and morphological potential, which have provided the opportunity to examine
cellular behavior [9].

Scanning electron microscopy (SEM) is used to evaluate the surfaces of biomaterials
and bone [10]. Furthermore, it evaluates the tissue response to the graft materials and the
production of the bone scaffold and osteogenic structures [11,12].

Atomic force microscopy (AFM) is used to examine the surface properties and the
characteristics of materials [13]. In addition, it enables the evaluation of samples at the
molecular level [14]. Moreover, by measuring forces and mapping the topography, AFM
aids in evaluating the quality of graft materials, cellular adhesion, and proliferation and
assists in studying the mechanical properties of regenerated bone [15].

In vivo studies on experimental animals’ subcutaneous tissue give valuable informa-
tion on the histology-level effects a substance might produce [16]. Especially since the ideal
membrane must have a surface that does not create tissue reaction, it is easy to manage, is
semipermeable, and maintains a space for proper bone healing [17].

Although there are extensive inquiries regarding the use of the eggshell membrane
(ESM) in clinical trials [18] and in animal use, much research is needed to fully evaluate the
proprieties and potential. The eggshell membrane is of biologic origin, composed out of
natural proteins, is a semipermeable membrane for oxygen and other nutrients, and acts as
a barrier membrane for the contents of the egg [19]. These qualities and the research that is
already in the public domain have produced questions regarding the actual biologic use for
the membrane.

The aim of this paper is to assess the histologic and microscopic structure and tensile
strength of the eggshell membrane in comparison to a commercially available porcine
pericardium membrane (Jason® membrane, botiss biomaterials GmbH, Zossen, Germany).

2. Materials and Methods
2.1. Production of the Membrane

Using the outer-shell membrane of Gallus domesticus eggshells, a collagen membrane
was produced. The membrane was disinfected and fixed with a 99% alcohol solution.

The porcine pericardium membrane was procured from suppliers (Jason® membrane,
botiss biomaterials GmbH, Zossen, Germany) and was used for the testing described below.

Samples from each type of membrane (ESM and Jason) were produced for each test:
for biocompatibility 1 × 1 cm (n = 12), samples for tensile testing (40 mm × 5 mm), for SEM
(n = 12) and AFM (n = 12).

2.2. Histology

The specimens fixed with paraformaldehyde were mounted on glass slides, dehy-
drated with an alcohol gradient. Paraffin-embedded 10 mm sections were washed with
xylene and rehydrated before being stained with hematoxylin and eosin (Histo-Lab. Ltd.,
Gothenburg, Sweden).

We adopted a specific histological processing technique with the goal of precisely
preserving the structure for the assessment of the eggshell membrane. To achieve this, we
cut a small pocket in the liver fragments of a recently sacrificed rat using a sharp scalpel, and
then we inserted a piece of membrane into the pocket. The membrane and liver fragment
were immersed in a 10% formalin solution for three days to fixate them. The fragments
were cleared with 1-Butanol (Histo-Lab. Ltd., Gothenburg, Sweden), dehydrated with ethyl
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alcohol, and then embedded in paraffin when the fixing was finished. Hematoxylin and
eosin (H&E) staining was used to create sections with a 5 µm thickness. An Olympus BX41
microscope (Olympus, Tokyo, Japan) with a digital image capture camera type E-330 was
used to examine histological sections. The choice for this specific technique was because it
enables us to produce a clear cross-section of a relatively soft material, but it can be hard to
handle and process (the eggshell membrane). Also, it allows us not to damage the structure
during handling and micro slicing.

2.3. Scanning Electron Microscopy

SEM investigation was executed with an Inspect S50 SEM Microscope produced by
FEI Company, Hillsboro, OR, USA. The secondary electron images were obtained at an
acceleration voltage of 25 kV at low vacuum mode without metallization.

2.4. Mechanical Testing: Tensile Testing

The mechanical strength of membranes was studied using a Lloyd LR5k Plus dual-
column mechanical testing machine (Ametek/Lloyd Instruments, Meerbusch, Germany),
equipped with a load cell with a maximum range of 5 kN. The tested samples had a
rectangular shape measuring 40 mm high and 5 mm wide. The tensile test was performed
with a separation of 25 mm at an expansion speed of 25 mm/min until they failed. The
membranes were evaluated wet (immediately after removal from alcoholic solution) and
dry (after 15 min of absorption on suction paper).

2.5. Atomic-Force Microscopy

The eggshell membrane was dried using a filter paper until it reached the proper con-
ditions for the AFM investigation. The porcine pericardium membrane (Jason® membrane)
was extracted from the sterile envelope and a small corner was cut off for the AFM investi-
gation. The investigation was setup with a JEOL JSPM 4210 Scanning Probe Microscope,
produced by JEOL, Japan, Tokio. The probing cantilevers are of NSC 15 type produced by
MicroMasch, Estonia, Talinn, with a resonant frequency of 325 kHz and a spring constant
of 40 N/m. The topographic images were obtained at a scan rate of 1.5–3 Hz depending on
the image size. The images were analyzed trough Jeol WIN SPM 2.0 processing soft and Ra
(Surface roughness average) and Rq (root mean square roughness) roughness, measured
for each image. At least three different macroscopic areas were scanned for each sample for
a proper statistical average of the obtained values.

Ra represents the arithmetic average of the profile height and is described by Equation
(1) and Rq root mean square of the profile height and is described by Equation (2):

Ra =
1
lr

∫ lr

0
|z(x)|dx (1)

and

Rq =

√
1
lr

∫ lr

0

∣∣z(x)2∣∣dx (2)

where l is the profile length and z is the height at x point. Both Ra and Rq are important for
a various research applications [20,21].

3. Results
3.1. Histopathologic Results

Histological fixation preserved the architecture of the eggshell membrane, which does
not alter in contact with bodily fluids; fixation is similar to the process of cross-linking.
After histological processing, the eggshell membrane remained intact, and it could be seen
on the wide surface area in direct contact with the liver parenchyma (Figures 1 and 2).
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The eggshell membrane is structurally made up of collagen fibers arranged closely
together but without a very rigorous organization. This connective tissue can be classified
as dense, non-oriented connective tissue. Because non-oriented connective tissue does
not have a very rigorous arrangement of collagen fibers, it can be easily appreciated
that this membrane can be considered as a protective membrane but not as a separating
membrane, as desired in guided bone regeneration. In other words, this membrane has
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good mechanical strength, but the random arrangement of collagen fibers means that
meshes with a rigorous shape and size are not defined between them but are polymorphous
in shape and size. In this regard, the membrane cannot be considered an efficient separating
material as desired in guided bone regeneration because cells can pass through the larger
meshes between collagen fibers, whereas the separating membrane should not allow this.

3.2. SEM Analysis

The eggshell membrane general aspect of the microstructure is presented in Figure 3a.
The sample was positioned at 45◦ to the accelerated electron beam, revealing the membrane
section on the middle horizontal position within the observation field, and the membrane
surface is positioned below. Both exterior and interior sides of the membrane are visible,
being strongly reticulated by collagen I type fibers, while the section cohesion is assured
by only a few collagen type I fibers and a lot of collagen V type small fibers that bind the
glycoprotein units. The eggshell membrane has a thickness of about 50 µm as observed
in Figure 3a.
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Figure 3. SEM images for the eggshell membrane: (a) ensemble microstructural view, (b) surface
microstructure, and (c) section microstructure.

The microstructure of the eggshell membrane surface is presented in Figure 3b. The
collagen I type network is clearly visible, having a lot of well interconnected fibers embed-
ded into the glycoprotein matrix. Their average diameter is 2.5 ± 0.81 µm. The section
microstructure, Figure 3c, reveals some vertical collagen type I fibers that interconnect both
sides of the membrane, assuring its cohesion and consistency. Collagen type V fibers are
smaller, having diameters of 0.6 ± 0.077 µm, and are predominantly horizontally oriented,
assuring the texture base for the glycoprotein clusters from the membrane insight. The
glycoprotein clusters are present, but it is exceedingly difficult to distinguish it from the
collagen structure.

The porcine pericardium membrane is synthetically manufactured from collagen
type I from porcine pericardium. Thus, it has a controlled interlaced structure based on
the uniform collagen fibers. The overall microstructural aspect is presented in Figure 4a;
both surface and section of the Jason membrane is visible due to the sample inclination
of about 30◦ regarding the accelerated electron beam within SEM device. The surface is
visible in the upper side of the observation field while the section is situated on the lower
side of the SEM image in Figure 4a. The surface looks exceptionally smooth and is formed
by a dense texture of collagen fibers. The section thickness has 100 ± 12 µm and is formed
by several interlaced layers similar to the one observed in the surface. (There are about
10–12 successive collagen layers.)
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Figure 4. SEM images for Jason membrane: (a) ensemble microstructural view; (b) surface microstruc-
ture, and (c) section microstructure.

Surface microstructure is presented in Figure 4b. It features a dense network of
collagen fibers interlaced in a compact structure. It is difficult to observe each collagen
fiber due to its small diameter, but some fascicles are clearly visible. Their general direction
is situated from the lower left corner to the upper right corner of Figure 4b. The section
microstructure has more visible details, Figure 4c. The successive layers are also interlaced
together by a dense spatial texture of fine collagen fibers. The thickness of a single layer
ranges from 1.5 to 2 µm, and the free space between two successive layers is situated at
10 ± 1.3 µm. Layer cross linking occurs through local intersections under a sharp angle
(about 15–30◦) situation; these are more visible in the left side of Figure 4c.

3.3. Atomic Force Microscopy Analysis

The eggshell membrane is a complex biological structure based on a very well retic-
ulated collagen matrix based on both I and V types bonded with glycoprotein. Collagen
type I is found in the outermost layers of the membrane while V type is characteristic for
the deeper layers of the membrane. Thus, the topography of the eggshell membrane’s fine
microstructure in Figure 5a reveals a dense network of collagen type I fibers with diameters
of 2.5 ± 0.75 µm coated with a dense and compact glycoprotein layer that practically makes
it impossible to visualize the tropocollagen units.
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Figure 5b reveals a more detailed fine microstructure that evidences some small fibers
of collagen V type in the range of 0.6–1 µm in diameter and are coated with a compact layer
of rounded glycoprotein clusters of 300–400 nm. The nanostructural detail in Figure 5c
reveals a single collagen V type fiber oriented from the upper left corner to the lower right
corner with a diameter of 0.6 ± 0.08 µm, and glycoprotein clusters surrounds its structure.

Surface roughness, Figure 6, strongly depends on the topographic image scan side, the
nanostructural aspects featuring lower roughness values (e.g., image side of 2.5 µm), while
the fine microstructure has a slightly increased roughness due to the spatial orientation
of the interlaced collagen fibers of type I and V. Thus, the roughness values of the fine
microstructure ranges from Ra 173 to 194 nm and Rq 217 to 241 nm.
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Figure 6. Roughness variation with the image side: (a) Ra and (b) Rq.

The Jason membrane is synthetically produced from collagen type I from porcine heart
destined for dental application. The fine microstructure topography in Figure 7a reveals
a dense texture of relative parallel fascicles of fine collagen fibers. Some of the fibers are
interlaced under low angles assuring a good cohesion of the structure. It should enhance
the tensile strength and avoid texture tearing under axial forces.
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Figure 7b evidences a fine microstructure detail observed at a scan side of 2.5 µm,
revealing the fibers interconnecting and assuring a good cohesion of the adjacent fascicles.
Three concurrent fibers are situated in the lower left corner of Figure 7b and are bundled
into an emergent one that passes through the right side of the structure being incorporated
in the next fascicle. The nanostructural detail in Figure 7c allows us to properly observe
and measure the fiber’s diameter that is situated at 160 ± 15 nm. The tropocollagen units
are clearly visible in the fiber’s structure as rounded elements with a diameter of 67 nm.

The Jason membrane proves to be flatter than the eggshell membrane due to the
synthetic interlacing and due to the lack of the glycoprotein matrix. Thus, the roughness
values are less dependent on the topographic image side. However, at the nanostructural
level, the roughness is slightly lower, Figure 8. The fine microstructure presents roughness
ranges as follows: Ra 42.6 to 49.4 nm and Rq 54.6 to 63.5 nm.
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3.4. Mechanical Proprieties

The results of the mechanical testing of the membranes can be observed in Table 1,
and the descriptive statistics are in Table 2. The mean of the dried membranes is 10.42
for the eggshell membrane and, for the Jason, 65.72. The same difference can be seen
for the membranes observed that were immersed in SBF (simulated body fluids). This
is in accordance with the histologic results and the SEM and AFM analysis. The lack of
structure and the nonuniform distribution of the collagen fibers determine such a significant
difference between the membranes results of the mechanical testing.

Table 1. Tensile Strength (MPa) testing on the eggshell membrane comparing to the Jason membrane.

Eggshell Membrane
after 15 min of Drying

Dried Jason
Membrane

Eggshell Membrane
Immersed in SBF
and Dried 15 min

Jason Membrane
Immersed in SBF
and Dried 15 min

4.93 59.65 1.20 61.91

13.74 67.01 1.20 64.22

10.09 62.25 1.27 64.32

8.35 67.01 1.25 69.63

4.36 62.25 1.25 69.87

6.37 67.01 1.23 74.44

10.75 66.08 1.22 69.73

11.70 65.78 1.24 67.00

12.46 65.65 1.23 74.18

11.82 59.91 1.21 74.14
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Table 2. Descriptive statistics of the tensile strength (MPa) of the eggshell membrane and Jason membrane.

Eggshell
Membrane after

15 min of Drying

Dried Jason
Membrane

Eggshell Membrane
Immersed in SBF
and Dried 15 min

Jason Membrane
Immersed in SBF
and Dried 15 min

Mean 9.46 64.26 1.23 68.94

Median 10.42 65.72 1.23 69.68

Standard
Deviation 3.29 2.95 0.02 4.52

Minimum 4.36 59.65 1.20 61.91

Maximum 13.74 67.01 1.27 74.44

In Figure 9, the tensile strength curve for dry eggshell membrane after 15 min (upper
left graph), dry eggshell membrane immersed in SBF (upper right graph), Jason membrane
(lower left graph), and Jason membrane immersed in SBF (lower right graph) can be
compared. The eggshell membrane has a higher load and break for the dried eggshell
membrane. The membrane itself has significantly lower values for the load at break. The
porcine pericardium origin of the collagen membrane offers a denser structure with a thicker
layer which, in fact, gives it better handling capabilities and resistance at tensile testing.
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Due to the content of the membrane, it is biocompatible and resorbable. Despite this,
the shell membrane cannot be an ideal separating membrane in guided bone repair because
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the collagen fibers are not rigorously arranged, so they do not form regular meshes of a
suitable and comparable size, which could prevent cell migration through the membrane.

An early study of biocompatibility by Rothamel et al. [22] regarding the porcine
pericardium membranes has revealed that they display a fibrous structure, cell proliferation,
and no inflammatory reaction. Moreover, the degradation of the membranes has been
shown to be around 4 to 8 weeks—for some commercial variants, even 12 weeks.

Nevertheless, the rationale behind bone regeneration techniques, not dependent on
the technique itself, involves the facilitation of three-dimensional dental implant placement
in a correct prosthetic position for functional loading [23]. Hence, the histologic changes
that occur during alveolar bone healing can be summed up into subsequent processes:
inflammatory, proliferative, and remodeling. First, it involves the blood clot formation
and the inflammatory cells’ migration. Secondly, it includes fibroplasia and woven bone
formation. Then, the remodeling stage will reshape the alveolar bone considering the
architecture and the functional loading. In conclusion, after tooth loss, it is expected that at
least 50% bone loss after healing will occur, especially on the buccal side and more volume
in the molar region [24]. Furthermore, the alveolar bone remodeling can be influenced by
using xenograft in combination with a collagen membrane; thus, the resorption rate can be
decreased. In addition, the facial aspect of the bone always resorbs in a small portion [25].
Above all, bone remodeling occurs, and usually the alveolar bone stabilizes at 9 months
postoperative after GBR, to a significant degree, although it is still a better outcome than no
treatment [26].

Although both resorbable and non-resorbable membranes produce the same quality
of bone, when using titanium meshes, it was observed that the thickness and the stability
after 1 year of loading was greater [27]. Despite all the efforts, the hard tissues resulting
from GBR using resorbable membranes with xenograft material will always retract during
the remodeling phase. Furthermore, Jiang et al. [28] concluded that new bone formation
further than the bony envelope is not predictable.

What is a more important issue to discuss is the quality of studies found in the
literature regarding the follow-up of clinical cases. In general, the median follow-up is
about 60 months, not enough for what one could consider a success, and there is also a
lack of prospective studies which compare different techniques and assess the long-term
stability and outcome [23].

In fact, Bornert et al. [29] found that the barrier function of the pericardium porcine
membrane is similar to other commercially available collagen membranes (Biogide) in
regard to the resorption kinetics and resorption rate. Also, the barrier function was intact
at 12 weeks, and the cell adhesion facilitated the bone formation process.

Similarly, a study on a critically sized rat calvaria defect by You et al. [30] found
that the pericardium membrane, which was compared to native collagen membrane at
4 weeks, showed good biocompatibility, good barrier function, and enhanced bone regener-
ation. Furthermore, its surface promotes the proliferation and differentiation of the human
bone mesenchymal stem cells, increased alkaline phosphatase activity, and upregulated
expression of bone-specific genes.

In their in vivo tissue response study, Radenković et al. [31] compared a commer-
cially available cross-linked porcine sugar membrane with two non-cross-linked collagen
membranes. They concluded that all membranes lead to similar bone formation, but the
cross-linked membrane is more stable and resorbs more slowly up to 60 days after im-
plantation. In research recently publicized regarding an in vivo model which compares
a novel membrane based on bovine dermis collagen with two commercially available
alternatives, the authors found no difference between the proposed product regarding
its biocompatibility [32]. Comparably, another study on calvaria’s critically sized defects
revealed that collagen porcine membranes promote new bone formation when compared
to a negative control [33].

Strnková et al. [34] evaluated the tensile behavior of different eggshell membranes
(hen, goose, and Japanese quail) and revealed that they express linear and non-linear
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tensile deformation. Also, the parameters increased with the loading rate, with the smallest
values being measured for the quail eggs and the highest for the goose eggs. Moreover,
the structure relationship of the eggshell membrane has been proven that it behaves both
as Mooney–Rivlin and Hookean materials in different environmental conditions. As a
result, it can stretch and restore its position, or it can have a nonlinear behavior akin to
rubber [35,36].

Because of the AFM investigation, both membranes revealed significant structural
and topographical differences. Nevertheless, the eggshell membrane is rougher than that
of the porcine pericardium membrane due to the interpenetration of collagen types I
and V bonded together with rounded glycoprotein structure while Jason membrane is
synthetically textured by size-controlled collagen type I fibers of about 160 nm diameter.

Also, the microstructural aspect indicates that porcine pericardium membrane has a
constant mechanical behavior under tensile strength testing due to the very well interlaced
collagen fascicles. Another point is that the eggshell membrane cohesion strongly depends
on the glycoprotein structure, assuring collagen network binding, whereas, in a wet state, it
might exhibit significant tensile strength which might strongly decrease after glycoprotein
drying because of cohesion becoming fragile.

In particular, tensile strength membranes can be influenced by a number of factors:
origin of the material, processing methods, and crosslinking. Significantly, glutaraldehyde
treatment of the membrane has been shown to enhance its proprieties, reduce the resorption
time, and increase tensile strength [37]. Raz et al. [38], in a mechanical testing paper,
examined three membranes and found comparable mechanical results as in our study: the
dry state exhibited higher tensile strength values, and the denser the membrane the higher
the output values.

Overall, the limitation factor for this study is the fact that it lacks a dynamic histologic
and histomorphometry image of the soft and hard tissue reaction to the membrane for
comparison. Also, a radiologic image could be of help to evaluate the potential of bone
regeneration.

Above all, future research is needed to completely assess the membrane in an in vivo
model with a bone defect. Also, investigation is needed regarding the crosslinking of
the membrane, a process which might improve the mechanical and barrier functions. In
addition, there could be a future perspective to research and perform an ultrastructural
analysis using transmission electron microscopy.

5. Conclusions

The membrane does not determine a foreign body reaction. It can be used as an
occlusive barrier but not as a separation membrane. It is a potential vehicle for other
substances that may enhance its proprieties. Because it consists of collagen, it is highly
biocompatible, resorbable, and biodegradable by the organism, and it does not induce a
foreign body response.

Crosslinking may enhance the eggshell membranes proprieties to become a feasible,
guided bone regeneration product. Further research is needed to better understand the
processing needed to utilize this cheap and readily available biomaterial.
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Abstract: There are two main methods used for dentin hypersensitivity (DH) treatment: dentinal
tubule occlusion and blockage of nerve activity. Dentifrices are the most common vehicles for active
ingredients used for DH treatment. The aim of this study was to evaluate the efficacy of three
toothpastes on dentinal tubule occlusion, mineral acquisition, and dentin hardness. Forty human
dentin disks were submerged in 40% citric acid for 30 s and then exposed to tooth brushing for
2 min twice a day for 14 days using three toothpastes: Dontodent Sensitive (group 1), Dr. Wolff’s
Biorepair (group 2), and Sensodyne Repair and Protect (group 3). In the control group (group 4),
the samples were brushed with water. All of the samples were evaluated using scanning electron
microscopy (SEM), energy-dispersive X-ray (EDX), and Vickers dentin hardness determination. On
SEM images, the degree of dentinal tubule occlusion was assessed using a five-grade scale. The mean
score values in groups 1–4 were 3.60 ± 0.69, 2.20 ± 0.91, 2.30 ± 1.16, and 5.00 ± 0.00, significantly
higher in study groups when compared to the control group (Kruskal Wallis test p < 0.05). EDX
evaluation showed significantly higher calcium and phosphorus concentrations in groups 1 and
3 when compared to control group d. The mean values of Vickers dentin hardness numbers in
groups 1–4 were 243.03 ± 10.014, 327.38 ± 56.65, 260.29 ± 37.69, and 225.83 ± 29.93, respectively. No
statistically significant results were obtained when comparing the hardness mean values in groups
(Kruskal-Wallis statistical test, p = 0.372 > 0.05). All three toothpastes tested demonstrated significant
occlusion of dentinal tubules. Dontodent Sensitive and Sensodyne Repair and Protect toothpastes
enhanced the calcium and phosphorus content of the dentin surface. None of the toothpastes
increased dentin hardness as a result of mineral acquisition.

Keywords: dentin hypersensitivity; dentin hardness; desensitizing agent; EDX; nanohydroxyapatite;
SEM; zinc-nanohydroxyapatite

1. Introduction

Two conditions are mandatory for dentin hypersensitivity (DH) to occur: the dentinal
tubules should be exposed into the oral cavity, and the dentinal tubules should be opened
toward the pulp and toward the oral cavity [1]. Many factors are involved in DH etiology.
Cervical or root dentin exposure can be a result of hard or soft tissue loss (enamel wear,
gingival recession, and cementum loss) [2,3]. Dentin exposure as a result of enamel wear
can frequently be determined by the association of erosive wear with abrasion, attrition, and
abfraction [1,4,5]. The natural smear layer that results after dentin exposure in the absence
of any acidic aggression is very stable in oral conditions and closes the dentinal tubules,
preventing the occurrence of DH [6]. The exposed dentin is sensitive only if the smear layer
is removed and the dentinal tubules are open [5,7]. Today, it is considered that erosion
initiates the process of dentinal tubules opening, which is then amplified by abrasion,
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attrition, or abfraction [1,8,9]. Most frequently, root dentin exposure is caused by gingival
recession and is associated with DH [10]. In gingival recession, the retraction of the gingival
margin apically at the enamel-cementum junction determines coronal cementum exposure
at the beginning and apical cementum exposure in more advanced cases [11]. Coronal
cementum is a very thin layer (16–60 µm) that can easily be removed by tooth wear or
periodontal treatment, exposing the dentin layer directly to the oral cavity [12]. Frequently,
gingival recession is caused by toothbrushing, occlusal loading, periodontal disease, or
periodontal treatment [13,14]; the most important risk factors are a thin periodontal biotype,
the absence of attached gingiva, or a thin alveolar cortical shell [15].

There are two main methods used for DH treatment: dentinal tubule occlusion and
blockage of nerve activity. Sealing of the dentin surface in occlusive therapy decreases the
movement of fluid inside the tubules and reduces the DH [16]. Nerve desensitization is
obtained by chemical agents that suppress or modify nerve polarization. The procedures
used in DH treatment can be applied at home or in the office. In non-invasive at-home
procedures, the patients apply the active ingredients by using toothpastes, mouthwashes,
gels, or chewing gum. In-office therapy includes non-invasive procedures like gels, foams,
vanishes, dentinal adhesive application, iontophoresis, microinvasive procedures like laser
therapy, and restorative methods using composite resin or glass ionomer cements [14,17].
The products used at home are available for the treatment immediately, come at a small
price, and can be self-administrated. In DH associated with gingival recession, non-invasive
treatment is first recommended, and then, if indicated, periodontal surgical procedures
are performed.

Dentifrices are the most common vehicles for active ingredients used for DH treat-
ment. They are preferred because of their small price, ease of use, and home application.
Active ingredients such as strontium chloride, potassium nitrate, dibasic sodium citrate,
formaldehyde, sodium fluoride, sodium monofluorphosphate, and stannous fluoride are
included in a complex composition [18–21]. The application of fluorides seems to create a
barrier by precipitating calcium fluoride crystals, which are formed especially in the inlet
of the dentinal tubules. The precipitate is slowly soluble in saliva, which may explain the
transitory action of this barrier [22]. Abrasive components of the dentifrices like calcium
phosphate, calcium carbonate, silicate, or aluminum can determine dentin tubule oblitera-
tion by precipitation or by smear layer formation during brushing [19,20]. The multitude of
products for DH treatment on the market indicates that we are far from reaching the ideal
product. Choosing the method and the product for DH treatment remains the doctor’s
option based on their personal experience, preferences, and knowledge.

The aims of the present study were to compare the efficacy of three commercial
desensitizing toothpastes on dentinal tubule occlusion by scanning electron microscopy
(SEM) evaluation of dentin mineral deposition by energy-dispersive X-ray (EDX) analysis
and by dentin hardness determination. The null hypothesis was that there is no difference
in tubule occlusion, mineral acquisition, or dentin hardness when the selected dentifrices
were used.

2. Materials and Methods

The study design is presented in Figure 1. Details of each study step are described below.

2.1. Teeth Collection and Sample Preparation

The sample size was calculated using G*Power software (version 3.1.9.7., Heinrich
Heine-Universität Düsseldorf, Düsseldorf, Germany). It was used with an effect size of
0.90, an alpha value of 0.05, and a power of 95%. The results estimated a total number of
40 required samples.

Twenty extracted human permanent third molars were used for this study. In order to
be included in the study, the teeth should have a complete crown and present no caries,
wear, cracks, or fillings. After removing soft tissues, the teeth were stored in distilled water
containing 0.2% thymol until the beginning of the study [23].
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For every tooth, the crown was separated from the root using a diamond disc (NTI-
Kahla GmbH, Kahla, Germany) at 5000 rpm under abundant cooling water. The tooth
crowns were then embedded in self-curing acrylic resin blocks (Duracryl Plus, Spofa Dental,
Jičín, Czech Republic). Then, from the middle part of each crown, two dentin discs with
a thickness of 1 mm were obtained by cutting the tooth perpendicular to the long axis
with a diamond disc at slow speed. All the dentin sections were then polished using
600-grit silicon carbide abrasive papers for 20 s to create a uniform smear layer. To simulate
the sensitive tooth model and to open the dentinal tubules, all the dentin blocks were
submerged for 30 s in 40% citric acid (Cerkamed, Stalowa Wola, Poland). After that, the
sections were rinsed with distilled water and introduced into an ultrasonic bath for 10 min.
The resulting specimens were randomly and equally distributed into four groups. In study
groups 1–3, three commercial desensitizing toothpastes were applied by brushing on dentin
sample. In control group 4, the sections were brushed with water. The three toothpastes
selected to be tested in the study groups were Dontodent Sensitive (DS) group 1, Dr. Wolff’s
Biorepair (Dr. Kurt Wolff GmbH & Co. KG, Bielefeld, Germany) group 2 (DWB), and
Sensodyne Repair, and Protect (GlaxoSmithKline, Brentford, Middlesex, UK) group 3 (SRP).
The brand name, manufacturer name, and chemical composition of the tested toothpastes
are presented in Table 1.

Table 1. Brand name, manufacturer and chemical composition of the tested toothpastes.

Materials’ Brand Name Manufacturer Composition

Dontodent Sensitive DM Drogeria Markt,
Karlsruhe, Germany

Hydroxyapatite, Sodium Fluoride, Tetrapotassium pyrophosphate,
Aqua, Sorbitol, Propylene Glycol, Glycerin, Silica, Aroma, Cellulose
Gum, Sodium C14–16 Olefin Sulfonate, Sodium Cocoyl Isethionate,

Sodium Saccharin, Menthol, Eucalyptol, Limonene, CI 77891

Dr. Wolff’s Biorepair Dr. Kurt Wolff GmbH & Co.
KG, Bielefeld, Germany

Zinc Hydroxyapatite, Aqua, Hydrated Silica, Glycerin, Sorbitol,
Silica, Aroma, Cellulose Gum, Sodium Myristoyl Sarcosinate,

Sodium Methyl Cocoyl Taurate, Tetrapotassium Pyrophosphate,
Zinc Pca, Sodium Saccharin, Phenoxyethanol, Benzyl Alcohol,
Propylparaben, Methylparaben, Citric Acid, Sodium Benzoate.

Sensodyne Repair and
Protect

GlaxoSmithKline, Brentford,
Middlesex, UK

Calcium sodium phosphosilicate, Stannous fluoride, Glycerin,
PEG-8, hydrated silica, pentasodium triphosphate, sodium lauryl
sulfate, flavour, titanium dioxide, polyacrylic acid, cocamidopropyl

betaine, sodium saccharin
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Toothpaste slurries were prepared by mixing water and toothpaste (2:1 by volume) [24].
The slurries were applied on the surface of dentin disks using a brushing machine that
operates with back-and-forth movement with an amplitude of 30 mm (15 mm in each
direction), a frequency of 60 cycles/minute at 1.5 Hz, and a 250 g vertical load. The
application protocol was also described in a previous study [16]. The samples were brushed
for 2 min twice a day for 14 days using medium-hardness bristle toothbrushes (Classic
Deep Clean, Colgate-Palmolive Company, New York, NY, USA), which were changed after
each brushing. After tooth brushing sessions, all the samples were rinsed under abundant
deionized water and stored in artificial saliva (AFNOR NF S90–701) until the next brushing
procedure. The last tooth brushing session was followed by rinsing the samples with
deionized water and air drying.

2.2. Dentinal Tubules Occlusion by SEM Evaluation

Five samples from each group were morphologically evaluated using a scanning
electron microscope (Vega Tescan LMH II, Tescan, Brno, Czech Republic), which op-
erates at 30 kV and 15.5 WD. Ten photomicrographs of every sample were taken un-
der 2000× magnification to evaluate the occlusion of the dentinal tubules. Two exam-
iners, blinded to the protocol, independently evaluated the photomicrographs and as-
sessed the dentinal tubules occlusion according to a scoring system with five grades:
score 1 = occluded (100% of tubules occluded); score 2 = mostly occluded (50 to less
than 100% of tubules occluded); score 3 = partially occluded (25 to less than 50% of
tubules occluded); score 4 = mostly unoccluded (25 to less than 50% of tubules occluded);
score 5 = unoccluded (0%, no tubule occlusion) [25]. In cases of disagreement on scoring,
both examiners re-evaluated the specific image until they came to an agreement. For each
sample, the final score of dentinal tubule occlusion was the average of the registered scores
after ten images were evaluated.

2.3. Mineral Evaluation by Energy-Dispersive X-ray (EDX) Analysis

The samples evaluated using SEM were also analysed by X-ray dispersive spectroscopy.
A Quantax QX2 (Bruker/Roentec, Berlin, Germany) detector was used for chemical element
determination. A qualitative evaluation of the chemical elements on a selected area was
performed using a P/B-ZAF database. Quantitative determination of ion concentrations
(wt%) were performed in ten different areas of each dentin sample. For every sample, the
ion concentrations were reported as the average value of ten determinations.

2.4. Dentin Hardness Evaluation

Five dentin samples from each group were submitted to surface hardness evaluation
using a tribometer (CETR UMT-2, Bruker Corporation, Berlin, Germany). A Vickers-type
indenter having a diamond cone with an angle of 120◦ and a tip with a radius of 200 µm
was used for the microindentation test. The following parameters were used to obtain the
indentations: a vertical force of 5 N, a speed of 0.005 mm/s, a preload time of 15 s, a charging
time of 30 s, a holding time of 15 s, and a download time of 30 s. Surface hardness was
automatically calculated by the software (Tribometer CETR UMT-2, Version 1.01 software,
Bruker Corporation, Berlin, Germany) from the discharge slope curve and expressed in GPa.

2.5. Statistical Analysis

SPSS 27.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
The Kolmogorov-Smirnov normality test and the non-parametric Kruskal-Wallis test were
used to compare the mean scores of dentinal tubule occlusion and dentin hardness among
groups. A value of 0.05 was set as a statistically significant level.
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3. Results
3.1. SEM Evaluation Results

Examples of the dentin surface morphological aspects of some samples in the control
and study groups are presented in Figure 2. Surface analysis of dentin samples revealed a
rare area of mineral precipitation on intertubular dentin but obvious mineral deposits on
tubule openings. SEM micrographs showed different degrees of dentinal tubules in groups.
In group 1, the majority of the samples were evaluated with a score of 4 (70%), followed in
descending order by the samples scored with 3 (20%) and the samples scored with 2 (10%).
In this group, there was no sample evaluated with a score of 1 and 5. In group 2, the highest
percentage of samples was scored with 2 (50%), followed by the samples scored with 1 and
3 (20%), and the samples scored with 4 (10%). No sample with a score of 5 was registered in
this group. In group 3, a more homogenous distribution of scores was recorded: 20% of the
samples were evaluated with scores 3 and 4, and 30% of the samples were evaluated with
scores 1 and 2. There was no sample scoring 5 in this group. In group 4, all the samples
were evaluated with a score of 5.
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Figure 2. SEM micrographs of dentin samples in control and study groups. SEM micrographs
of dentin samples in study groups (1–3) and control (4) at ×2000 magnification; DS—Dentodent
Sensitive toothpaste; DWB—Dr. Wolff’s Biorepair toothpaste; SRP—Sensodyne Repair and Protect
toothpaste; C—control, no toothpaste.

The mean values of tubule occlusion in the study and control groups are presented in
Table 2. Significantly lower mean score values were registered in the study groups when
compared to the control (Table 3).
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Table 2. The scores of dentinal tubule occlusion in control and study groups (mean value ± standard
deviation).

Group 1 Group 2 Group 3 Group 4

Mean score value ± SD 3.60 ± 0.69 2.20 ± 0.91 2.30 ± 1.16 5.00 ± 0.00

Table 3. Kruskal-Wallis test result of comparison of the mean values of dentinal tubule occlusion in
control and study groups.

Group Compared With Standard Error Significance

Group 1 (DS)
Group 2 (DWB) 5.103 0.216
Group 3 (SRP) 5.103 0.321

Group 4 (C) 5.103 0.048

Group 2 (DWB) Group 3 (SRP) 5.103 1.000
Group 4 (C) 5.103 0.000

Group 3 (SRP) Group 4 (C) 5.103 0.000
DS—Dentodent Sensitive toothpaste; DWB—Dr. Wolff’s Biorepair toothpaste; SRP—Sensodyne Repair and
Protect toothpaste; C—control, no toothpaste.

3.2. Energy-Dispersive X-ray (EDX) Evaluation Results

EDX elemental analysis of the samples in groups showed the presence of carbon,
oxygen, silicon, calcium, and phosphorus on the sample surface. In all groups, normalized
weight percentages of oxygen were recorded, followed by calcium, carbon, and phospho-
rous (Table 4). A very low value of the ion weight percentage was registered in all study
groups and in the control group. The fluorine ion was undetectable (mass concentration
and normalized weight percent were lower than the values of absolute and relative error
of detection). Carbon, silica, and oxygen ion concentrations were significantly lower in
the control group when compared to all three study groups. Calcium and phosphorus
ion concentrations were significantly higher in groups 1 and 3 when compared to the
control group.

Table 4. Ion concentrations (wt%) in control and study groups (mean values ± standard deviation).

Mean Value of Ion Concentration (wt%) ± Standard Deviation

Ion Group 1 Group 2 Group 3 Group 4

Calcium 23.657 ± 5.016 A 20.352 ±7.373 C 24.608 ± 3.738 A 17.417 ± 2.381 B

Phosphorous 13.320 ± 3.323 A 11.351 ± 4.979 C 13.202 ± 2.910 A 8.983 ± 1.919 B

Carbon 14.135 ± 6.920 A 16.456 ± 9.109 A 11.910 ± 7.410 A 35.212 ± 3.712 B

Oxygen 46.057 ±1.502 A 48.137 ± 4.631 A 47.581 ± 2.894 A 38.089 ± 2.040 B

Silicon 2.828 ± 0.838 A 3.702 ± 1.945 A 2.696 ± 0.980 A 0.296 ± 0.200 B

The same capital letter in rows represent no statistically significant differences among groups (ANOVA test,
p > 0.05, post hoc LSD test, p > 0.05).

3.3. Dentin Hardness Test Results

The mean values of dentin surface hardness in the control and study groups are
presented in Table 5. No statistically significant results were obtained when comparing the
hardness values among groups (Kruskal-Wallis Chi-Square = 0.186, p = 0.980 > 0.05).
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Table 5. Dentin hardness (GPa) in control and study groups (mean values ± standard deviation).

Group 1 Group 2 Group 3 Group 4

Mean hardness value ± SD 243.033 ± 100.147 A 327.382 ± 376.653 A 260.299 ± 157.697 A 225.803 ± 89.934 A

The same capital letter represents no statistically significant differences among groups (Kruskal-Wallis test,
p > 0.05).

4. Discussion

In this study, we evaluated dentinal tubule occlusion by mineral deposition on the
dentin surface and the changes in dentin surface hardness after using some commercial
desensitizing toothpastes. All the tested toothpastes determined significant occlusion of
dentinal tubules, so the null hypothesis was rejected. An efficient toothpaste used in DH
treatment should present a high capacity for dentinal tubule occlusion and a good perfor-
mance during intraoral acidic attacks [26]. In a systematic review of the literature, after
analyzing 35 in vitro studies, Behzadi et al. concluded that desensitizing products based
on bioactive glass and n-HAP are very efficient in dentin tubule occlusion [27]. Sodium
calcium phosphosilicate bioactive glass (NovaMin® technology) in Sensodyne Repair and
Protect toothpaste serves as a reservoir for calcium and phosphate ions, resembling biologi-
cal apatite [28,29]. In the toothpaste, calcium, phosphate, sodium, and silica dioxyde ions
are included in an amorphous matrix [29]. When the product comes into contact with an
aqueous environment (water or saliva), sodium ions will be released. That will cause the
pH to increase, which in turn will favor a fast precipitation of calcium and phosphate ions in
the form of a hydroxyapatite layer. Previous studies have demonstrated that this protective
layer of amorphous calcium phosphate is formed one hour after contact with a simple
buffer solution [30]. By scanning electron microscopy evaluation, it was concluded that
bioglass determines apatite layer formation, which can occlude the dentinal tubules [31].
NovaMin® technology, like pure n-Hap or Zn/n-HAP, also acts by plugging formation in
dentinal tubules. The bioactive glass particles attach to the dentin-exposed collagen fibers,
forming a sealant layer that continuously releases calcium and phosphate ions [32]. Other
studies have mentioned that an important advantage of bioactive glasses when compared
to n-Hap or Zn/n-HAP is the potential to initiate cellular migration and pulp stem cell pro-
liferation and differentiation, which will stimulate reparative dentin formation [27]. In vitro
studies have shown that NovaMin® in a concentration that exceeds 3% can block at least
75% of the opened dentinal tubules after just one application and can resist frequent acidic
challenges [30]. High potential for dentinal tubule occlusion of desensitizing toothpastes
based on 1% n-HAP and NovaMin® technology was also reported in the study of Kulal
et al. (percentage of dentin tubule occlusion of 97.62% and 81.9%, respectively) [28]. Shah
et al. also found an increased capacity of dentinal tubule occlusion (95.58%) when testing
SHY-NM toothpaste based on NovaMin® technology [33]. When compared to stanium
fluoride, NovaMin® products can lead to protective layer formation, despite the fact that
both determine dentinal tubule occlusion [32]. Mahmoodi et al.’s transversal dentin section
analysis revealed occlusive deposit formation on the dentin surface and inside the dentin
tubules at different depths when stanium fluoride and NovaMin® desensitizing toothpastes
were used, but only the NovaMin® product determined significant tubule occlusion by this
protective layer formation inside the tubules.

Decreased dentin permeability was reported in the study of Wang et al. after 24 h of
immersion in saliva when a product based on NovaMin® technology was applied. After the
acidic attack, a reduction in the deposits formed inside the dentinal tubules was observed,
but the crystals were still present. After a prolonged period of bathing in artificial saliva,
the dentin surface morphology changed, and a homogenous layer that completely sealed
the dentinal tubules formed [26].

In our study, Dr. Wolff’s Biorepair toothpaste (active ingredient Zn/n-HAP) deter-
mined similar dentinal tubule occlusion to Sensodyne Repair and Protect toothpaste (based
on NovaMin® technology) and Dentodent Sensitive toothpaste (active ingredient n-HAP).

83



Biomedicines 2023, 11, 2464

In a clinical study, Gopinath et al. also demonstrated that n-HAP toothpaste had the same
efficiency in DH reduction as toothpaste based on NovaMin® technology [34]. The results
of our study are also in agreement with the study of Poggio et al., which evaluated the
capacity of desensitizing toothpastes to prevent dental erosion caused by an acidic beverage
and demonstrated that Biorepair Plus-Total Protection (active ingredient Zn substituted n-
HAP-MicroRepair® technology) and Sensodyne Repair and Protect (NovaMin® technology)
presented high potential for dentinal tubule occlusion [35]. The same study demonstrated
the remineralization capacity of both products, with the minerals being integrated into the
collagen network after acidic attack.

In our study, all the tested toothpastes had the same efficacy on dentinal tubule
occlusion. The same result was also reported by Arnold et al. after analyzing different
desensitizing toothpastes [36]. On the contrary, other studies have concluded that n-
HAP toothpaste (nanoXIM® technology) was significantly more efficient in dental tubule
occlusion when compared to Sensodyne Repair & Protect toothpaste, with 66.13% of the
tubules being occluded. Excellent results after seven days of using n-HAP toothpastes were
also reported in Pei et al.’s study [37]. The higher efficiency of Dr. Wolff’s Biorepair and
Dontodent toothpastes in Pei’s study when compared to the results of the present study
can be explained by different experimental conditions (1% citric acid application for 20 s
in Pei’s study for dentin tubule occlusion). Lower concentrations and decreased time of
acid action cause a reduced opening of the dentinal tubules and facilitate a more rapid and
complete occlusion of the tubules when desensitizing toothpastes are applied.

Excluding calcium phosphosilicate, Sensodyne Repair and Protect toothpaste contains
the active ingredient stannous fluoride. For many years, fluoride products were considered
the gold standard in tooth remineralization and tooth protection against acidic attacks, but
the action of fluorides in desensitizing DH is still unclear. In a review of the literature,
Fiorillo L. et al. highlighted the effects of stannous fluoride compounds on dental hard tis-
sues [38]. Previous studies demonstrated similar occlusion of dentinal tubules when using
toothpastes containing 0.454% stannous fluoride and 0.76% sodium monofluorophosphate,
but a greater degree of occlusion for stannous fluoride toothpaste after acidic attack [10].
Another toothpaste of the three tested products in our study, Dentodent Sensitive, has
an active ingredient that is a fluoride compound (sodium fluoride). It was demonstrated
that fluorides may increase the mineralization of hydroxyapatite [39] and may enhance
hydroxyapatite crystal formation within the dentine tubules, which blocks dentinal fluid
movement and reduces pain.

EDX analysis of the dentin surface showed increased carbon ion concentrations and
decreased calcium and phosphorus ion concentrations in the control group. The dentin after
desensitizing toothpaste application presented decreased carbon and increased calcium and
phosphorus ion concentrations. These results confirm the hypothesis of calcium and phos-
phate ions being released from n-HAP and NovaMin® products. Calcium phosphate layer
formation as a result of 5% and 7.5% NovaMin® product application has been reported in
previous studies [40]. In this study, the increased calcium and phosphate ion concentrations
on the dentin surface did not increase dentin hardness. Except the density of the mineral
phase, there are other factors that can influence dentin hardness: the location, density, and
direction of the dentinal tubules or the direction of the collagen fibers [41]. Other studies
reported an increased dentin hardness when compared to demineralized and sound dentin
after NovaMin® product application, but the research protocol was different [40].

One limitation of this study is the evaluation of dentinal tubule occlusion only by
mineral deposition on the dentin surface assessment and not by the investigation of mineral
penetration in tubule depth, which can allow conclusions regarding only the short-term
efficacy of the products used for DH treatment. Another limitation is the use of a minimum
number of dentin samples in the groups. In our study, dentin samples were obtained from
the middle part of the tooth crown. There can be differences in dentinal tubule orientation
and tubule diameter in this area when compared to cervical coronal or root dentin. Samples
bathed in artificial saliva between toothbrushing sessions were free of acidic challenges.
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Future long-term research and comparative clinical-based studies must be performed to
certify the efficacy of using these products for pain relief and dentin mineralization.

5. Conclusions

Within the limitations of this in vitro study, the three tested toothpastes based on n-
HAP, Zn/n-HAP, and NovaMin® technology determined the occlusion of dentinal tubules.
When used twice a day for fourteen days, Dontodent Sensitive and Sensodyne Repair and
Protect toothpastes increased the calcium and phosphorus ion content of the dentin surface.
None of the toothpastes increased dentin surface hardness as a result of mineral (calcium
and phosphate ions) acquisition. Due to their capacity for dentinal tubule blocking, the
tested products can be efficiently used in immediate DH treatment.
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Abstract: There is no unequivocal scientific consensus for the temporary anchorage device (TAD)
positioning in the infrazygomatic crest area (IZC). The two principal aims of this systematic review
were to assess bone availability in the IZC and to establish both the target site and the need for
cone-beam computed tomography (CBCT) prior to miniscrew placement. The study was performed
following PRISMA guidelines (PROSPERO: CRD42023411650). The inclusion criteria were: at least
10 patients, three-dimensional radiological examination, and IZC assessment for the TAD placement.
ROBINS-I tool and Newcastle-Ottawa Scale were used for quality evaluation. No funding was
obtained. The study was based on the information coming from: PubMed, Google Scholar, Web of
Science Core Collection, MDPI, Wiley, and Cochrane Libraries. The last search was carried out on
1 August 2023. Fourteen studies were identified for analysis. A narrative synthesis was performed
to synthesize the findings of the different studies. Unfortunately, it is not possible to establish the
generally recommended target site for IZC TAD placement. The reasons for this are the following:
heterogeneity of available studies, inconsistent results, and significant risk of bias. The high variability
of bone measurements and the lack of reliable predictors of bone availability justify the use of CBCT
for TAD trajectory planning. There is a need for more high-quality studies aiming three-dimensional
bone analysis of the IZC.

Keywords: CBCT; cone-beam computed tomography; temporary anchorage devices; miniscrew;
infrazygomatic crest; IZC; maxilla; maxillary sinus; orthodontics; orthodontics anchorage procedures

1. Introduction

Skeletal anchorage has expanded orthodontic treatment possibilities and is an integral
part of modern orthodontic practice [1]. Temporary anchorage devices (TADs) can be
placed within the maxilla in several locations such as the alveolar process [2,3], tuberos-
ity [4], palate [5–9], and infrazygomatic crest area (IZC) [10,11]. Extra-alveolar miniscrews
offer benefits such as reduced risk of root damage and the lack of interference with the
mesiodistal tooth movement [11–13]. The IZC and external oblique ridge (the so-called
buccal shelf) are the most frequently used extra-alveolar sites [11,14]. The TADs placed
into the IZC region have been successfully used for total arch maxillary distalization with
clockwise rotation of the occlusal plane [15]. Moreover, miniscrews in the IZC region seems
to be more cost-effective than the palate distalizers, which offers a similar amount of tooth
movement [13,15,16].

The IZC is a cortical bony eminence which is located on both sides of the zygomatic
bone to the alveolar process at the level of the first molar or between first molar and second
premolar (Figure 1). The IZC TADs are usually placed according to the clinical protocol,
which allows to place miniscrews in the upright position in the lateral part of the posterior
alveolar process between the first and second maxillary molars and to omit slipping on the
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bone surface [11]. However, some authors preferred to place IZC TADs in the “key ridge”
above the first permanent molar [10]. Moreover, miniscrews could be placed with multiple
angle adjustment technique in order to obtain more vertical orientation [17].
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6—posterior superior alveolar vein; 7—infrazygomatic crest).

The head of the miniscrew should be positioned at least 5 mm superior to the level
of the soft tissue in order to facilitate oral hygiene and control soft tissue irritation [11].
It seems that the TAD should not only be placed in attached gingiva and mucogingival
junction areas, but also in the zone of opportunity, which ranges to 2 mm of the mucosa
apical to the mucogingival junction. It is possible to obtain greater amount of bone here
with improved interradicular distance and healing response of the mucosa, which is similar
to that for the attached gingiva [18–20].

On the other hand, there is a high likelihood of sinus perforation after miniscrew
placement in the IZC region [21,22]. If the TAD penetrates more than 1 mm into the sinus,
there is significantly higher incidence of sinus membrane thickening [21]. Concomitantly,
the success rate of miniscrews placed into the IZC region is controversial and amounts
from 78.2% to 96.7% [10,11,21,22].

Three-dimensional radiological examination provides detailed information about
alveolar bone morphology [23]. Due to the lack of generally recommended target site
and ambiguous success rate of IZC miniscrews, it was decided to perform this systematic
review on papers evaluating IZC anatomy by means of three-dimensional radiological
examination. The chosen research questions were as follows: What is the bone availability
in the IZC area? What is the recommended target site? Should cone-beam computed
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tomography (CBCT) be performed prior to IZC orthodontic TAD placement for more
predictable results?

2. Materials and Methods

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were used in this study [24]. The study protocol was registered with the
Prospective Register of Systematic Reviews (PROSPERO; CRD42023411650). A narrative
synthesis was performed to synthesize the findings of the different results of various
studies.

2.1. Search Criteria
2.1.1. Inclusion Criteria

As a template to formulate a clinical question the PICO (P—population, I—Intervention
or exposure, C—Comparison, O—Outcome) was used. Study characteristics:

P. At least 10 patients
I. Three-dimensional radiological examination
C. Not required
O. Assessment of IZC for orthodontic miniscrews placement

Only those papers written in English and study only on human were enrolled for
reviewing.

2.1.2. Exclusion Criteria

Articles not meeting the PICO criteria were excluded from the systematic review.
Publications that assessed the bone support after TAD placement were excluded due to
two reasons—potential metal artifacts caused by the appliance and assessment driven by
final placement instead of regional anatomy.

2.2. Data Collection

In order to find relevant studies, international databases including PubMed, Google
Scholar, Web of Science Core Collection, MDPI, Wiley, and Cochrane Libraries were
searched. We analyzed the scientific literature concerning IZC and three-dimensional
radiological examination available from 2007 to the 1st of August 2023. The search terms
used for the review were: [(“maxilla” OR “infrazygomatic crest”) AND (“mini-implant”
OR “miniscrew” OR “TAD” OR “temporary anchorage device” OR “skeletal anchorage”
OR “orthodontics anchorage procedures”) AND (“orthodontics” OR “Tooth Movement
Techniques”) AND (“cone-beam CT” OR “cone beam computed tomography”)] and [(“in-
frazygomatic crest” OR “infrazygomatic crest area” OR “IZC”) AND (“mini-implant” OR
“mini-implants” OR “miniscrew” OR “TAD” OR “temporary anchorage device” OR “skele-
tal anchorage” OR “orthodontics anchorage procedures”) AND (“cone-beam CT” OR “cone
beam computed tomography”)] and [(“maxilla” OR “infrazygomatic crest”) AND (“mini-
implant” OR “miniscrew” OR “TAD” OR “temporary anchorage device” OR “skeletal
anchorage” OR “orthodontics anchorage procedures”) AND (“orthodontics” OR “Tooth
Movement Techniques”) AND (“CT” OR “computed tomography”)] and [(“infrazygomatic
crest” OR “infrazygomatic crest area” OR “IZC”) AND (“mini-implant” OR “mini-implants”
OR “miniscrew” OR “TAD” OR “temporary anchorage device” OR “skeletal anchorage”
OR “orthodontics anchorage procedures”) AND (“CT” OR “computed tomography”)].
References were imported into Mendeley manager. In order to identify eligible studies for
the review, the papers were screened basing on titles and abstracts. Afterwards, full-text
articles were assessed for eligibility.

Subsequently, data were extracted from those records retrieved for detailed text evalu-
ation. These procedures were conducted by the first author. The second author participated
in cases of disagreement. The following information was collected: first author, year of
publication, study type, group characteristic (number, age, sex, ethnicity), aim of the study,
assessment methods, bone measurements, and conclusions. Duplicate records, as well
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as letters and papers that did not contain significant information, were also excluded.
Subgroup analyses were used to explore possible causes of heterogeneity among study
results.

2.3. Quality Assessment

In this article the risk of bias was assessed of the included studies using the ROBINS-I
tool (Risk of Bias in Non-randomized Studies of Interventions) and Newcastle-Ottawa
Scale (NOS). ROBINS-I evaluates the following domains: (1) confounding; (2) selection
of participants; (3) classification of interventions; (4) deviations from intended interven-
tions; (5) missing data; (6) measurement of outcomes; and (7) selection of reported result
(Table 1) [25]. Then each of the risk of bias domains was classified as: low, moderate, serious,
critical, or no information. Overall risk was scored in the same gradation. NOS scale assess:
(1) study selection; (2) comparability; (3) exposure (Good quality: 3 or 4 stars in sample
selection category AND 1 or 2 stars in comparability category AND 2 or 3 stars in exposure
category; Fair quality: 2 stars in sample selection category AND 1 or 2 stars in comparability
category AND 2 or 3 stars in outcome; Poor quality: 0 or 1 star in sample selection category
OR 0 stars in comparability category OR 0 or 1 stars in exposure category) [26]. These
procedures were performed by both authors. In case of disagreement, a consensus reading
was made.

Table 1. Criteria adopted for risk of bias assessment using ROBINS-I tool.

Domains Criteria

Bias due to confounding

Studies are considered at low risk of bias if they consider the bone measurements at common sites of
TAD placement in the IZC. Studies are considered at moderate risk of bias if they consider the presence
of maxillary deciduous molars or the absence of maxillary permanent molars as confounding factors.

Studies are considered at a high risk of bias if adjustment factors are not reported.

Bias in selection of
participants into

the study

Studies are considered at low risk of bias if the study size population was performed prospectively.
Studies are considered at moderate risk of bias if the exposed cohort has some representation of the

assessed exposure. Studies are considered at high risk of bias if the exposed cohort does not
faithfully represent the assessed exposure.

Bias in measurement of
the interventions

Studies are at low risk of bias if a correct measure of IZC bone is reported on CBCT or CT scans. Studies
are considered at moderate risk of bias if the measurement of IZC bone is not performed on CBCT or CT

scans. Studies are at high risk of bias if the way of measuring of IZC bone was not reported.

Bias due to departures
from intended
interventions

Studies are at low risk of bias if no intervention in the maxillary arch was performed, while at
moderate risk of bias if any intervention in the opposite arch to change the reference point was

performed. Studies are considered high risk if any intervention was performed on the maxillary arch
(leveling, arch expansion, sagittal tooth movement).

Bias due to missing data
Studies are considered at low risk of bias if less than 10% of participants were excluded to missing

data, while at moderate risk of bias if less than 20%. Studies with higher proportion (≥20%) are
considered at high risk of bias.

Bias in measurement of
outcome

Studies are at low risk of bias if raters are aware of the limitations of the study or method error has
been statistically evaluated. Studies are considered at moderate risk of bias if no reliability analysis

has been performed in the intra-examiner’s assessment. Studies are at high risk of bias if the
outcome assessment is based solely on self-report, without external validation.

Bias in selection of
reported results

Studies are at low risk of bias if all data planned by the authors in the entire sample are analyzed in
accordance with a prescribed plan. Studies are considered at moderate risk of bias if there is no
information about a prespecified plan. Studies are at high risk of bias if numerical result being

assessed likely to have been selected on the basis of the results.

Overall risk of
bias

If at least one domain was found at high risk of bias, the overall risk was considered high. If at least
one domain is at some concerns, but no domains are at high risk, the overall risk was considered

moderate. If all domains were at low risk of bias, the overall risk was considered low.
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3. Results
3.1. Literature Search

In the first stage of selection, a total of 303 records were identified after duplicated refer-
ences had been removed. Twenty-five studies were retrieved for full-text detailed evaluation.
Next, 11 articles were excluded. Of these, two studies were excluded due to inappropri-
ate assessment method, which did not take into consideration the recommended IZC TAD
position [19,27]. Finally, 14 articles were included in the review (Figure 2 and Table 2).
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3.2. Study Characteristic

All of the studies were retrospective and cross-sectional. There were five studies from
Brazil, three from China, and single studies from Taiwan, USA, Saudi Arabia, India, Colombia,
and Poland. The biggest study group consisted of 128 patients [36]. Only one and con-
comitantly the oldest paper [28] used spiral computed tomography (CT) for IZC anatomy
evaluation. The rest of the studies (n = 13) performed the measurements by means of CBCT.
Seven papers evaluated the IZC bone availability in relation to sex [29,31,32,35,36,38,40] and
five investigated age differences [29,32,36,38,40]. Five studies analyzed the IZC anatomy in
relation to different vertical skeletal patterns [12,33,34,37,39] and one in relation to different
sagittal skeletal patterns [39]. One study evaluated the bone availability in relation to regional
anatomy—modified palatal height index [40].

There were different measurement methods for IZC bone availability. Most popular
assessment sites were mesiobuccal and distobuccal roots of maxillary first molar (n = 8),
and region between maxillary first and second molars (n = 6). Other assessment sites
were regions between maxillary second premolar and first molar, middle of the upper
first molar, and mesiobuccal root of maxillary second molar (n = 3), distobuccal root of
maxillary second molar (n = 2), and middle of the upper second molar (n = 1). Eleven
studies evaluated the overall bone depth, three the bone thickness, and one the bone
height in the IZC region. Single studies evaluated the buccal cortical bone depth and the
buccal cortical bone thickness. Seven papers investigated different insertion regions. Eight
studies investigated different insertion heights and seven compared different transversal
angulations. Only one of the studies examined different sagittal angulations.

High variability of the results was found within individual studies as well as between
different studies. Individual sample differences were high, as indicated the standard
deviation which was often around 50% or more of the mean.

There was no consensus about best insertion region among studies, which evaluated
the bone depth in different sagittal insertion sites [33,34,36,38,40]. Two studies recom-
mended distobuccal root of first molar [36,38], one study mesiobuccal root of first mo-
lar [34], one mesiobuccal root of second molar [33], and one region between maxillary first
and second molars [40]. Concomitantly, Arango et al. [36] recommended to place TADs in
the region between second premolar and first molar in younger patients.

Moreover, there was no agreement among studies, which evaluated transversal an-
gulations influence on the bone depth availability [28,32,34–36,38,39]. Only four studies
performed statistical evaluation of the obtained results. On the one hand, Amri et al. [32]
obtained significant negative correlation with the bone depth decrease when the insertion
angle increase. On the other hand, Du et al. [35] found significant positive correlation in
most sites. Instead, Tavares et al. [39] found no significant differences between different an-
gulations at the same insertion level. Song et al. [38] assessed all of the possible angulations
from 0 to 90◦ and obtained significant differences. The highest values were related to the
transversal angulations from 60◦ to 70◦. The transverse angulation was recommended to
be larger at lower insertion heights and concomitantly the angle could be relatively smaller
at higher insertion sites [28,38].

Paper, which assessed sagittal angulation effect on the bone depth availability, revealed
that the bone depth increased with the higher sagittal inclination and this relation was not
statistically significant only in one insertion path [35].

There was a tendency to bone depth decrease in the apical direction [12,35,38–40].
Concomitantly, in two studies which compared levels in proximity, not exceeding a distance
of 2 mm between sites, no significant differences were found [12,39]. On the other hand,
Gibas-Stanek et al. obtained significant differences in the region of distobuccal roots of max-
illary first molar and region between maxillary first and second molars [40]. Du et al. [35]
and Song et al. [38] also obtained statistical significance. The former compared the measure-
ments performed in three levels within a distance of 4 mm and obtained significant negative
correlation between insertion height and bone depth. The latter performed measurements
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at thirteen levels within distance of 12 mm. The results suggested an optimal range of
insertion heights.

Both studies, which assessed bone thickness in various insertion regions, recommend
to placing TADs more distally in the region between first and second maxillary molars
or even in the region of mesiobuccal root of second maxillary molar [30,37]. One study
investigated the relation between angulation and bone thickness [35]. The bone thickness
increased significantly with higher transversal angulations. Concomitantly, no significant
differences in bone thickness were found among different sagittal insertion angles.

There was a tendency to bone thickness increase in the apical direction [30,35,37]. Sta-
tistical significance was assessed and found in two studies [35,37]. Moreover, Lima et al. [37]
found significant differences in the buccal alveolar bone thickness measurements, which
tend to get higher from the region between upper premolars to the region between molars.
In the same study were the alveolar bone heights evaluated. The lowest alveolar bone
height was found between molars and the highest was found between premolars. However,
no significant differences were obtained [30].

Only one of the studies evaluated both the bone depth and the bone thickness [35]. A
statistically significant and negative correlation between these measurements was found in
the study.

There was no agreement about recommended insertion height (Table 3) [12,28,30,31,
35,37–40].

Table 3. Insertion height according to various authors.

No Study Recommended Insertion Height

1 Liou [28] 14–16 mm above OP

2 Santos [31] 2 mm above FP

3 Liu [30] 11 mm above AC

4 Du [35] 13–15 mm above OP

5 Matias [12] 11 mm above OP

6 Lima [37] 11 mm above AC

7 Song [38] 3–9 mm above AC

8 Tavares [39] 4 mm above CEJ

9 Gibas-Stanek [40] 12 mm above OP
AC—alveolar crest; CEJ—cemento-enamel junction; FP—Frankfurt plane; OP—occlusal plane.

No statistically significant differences were found between different genders in most
of the studies which assessed that relationship [29,31,32,35,36]. Song et al. [38] obtained
statistically significant differences, but these differences were concomitantly clinically
insignificant. Gibas-Stanek et al. [40] obtained statistically significant differences only in
two insertion heights (14 mm and 16 mm above the occlusal plane) in the region between
maxillary first and second molars. These differences, which were both 1.2 mm, also seem
to be clinically significant.

There was no consensus about age differences in IZC bone depth among studies, which
obtained contrary results [36,38,40]. Al Amri et al. [32] found no significant age-related
differences in bone depth, but the study group consisted of only adult patients, which were
18 years or older. Moreover, there was no consensus about differences in cortical bone
dimensions in the IZC area between the adolescents and the adults [29,38].

Moreover, no consensus on vertical growth pattern differences was found [12,33,34].
There were reports, that this relationship may be related to specific sites. Two of the studies
did not statistically evaluate differences between the results obtained in different growth
pattern groups [37,39].

A significant and negative correlation between bone depth and modified palatal height
index was found only in 30% of the measurement sites [40].
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Only one of the included studies performed not only static but also dynamic evalua-
tion by taking into consideration distal movement trajectory of roots during orthodontic
treatment [35].

CBCT imaging provides accurate clinical guidance for orthodontic TAD insertion. Six
studies discussed the use of CBCT prior to IZC miniscrew placement [12,31,32,34,36,40].
There was an agreement among these studies that CBCT is justified for extra-alveolar TADs
placement planning. The reasons were individual variation in growth and development
of the maxilla and maxillary sinus, high variability of bone measurements, high risk of
maxillary sinus perforation and the fact, that facial type is not a good predictor of bone
availability.

3.3. Risk of Bias
3.3.1. ROBINS-I

Of the fourteen included studies, one was judged to be at critical risk of bias, nine
were rated as having a moderate risk of bias and four had a low risk of bias. Main concerns
related to the risk of bias were due to no reliable analysis in the intra-examiner assessment
and no prospective calculation of the study size. In the study of Song et al. [38], should have
the eligible patients had the distance between maxillary sinus and alveolar ridge crest no
less than 10 mm. It is a potential reason of incredible results due to overestimation. In the
study of Arango et al. [36] was one of the measurements, IZC region bone length performed
in three sagittal sites and in three different angulations, not described. Concomitantly, the
study of Liu et al. [30] which was referenced in the above publication, did not present such
a measurement. Therefore, that measurement was omitted in Table 2. The results of risk of
bias assessment are shown in Figure 3.
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3.3.2. Newcastle-Ottawa Scale (NOS)

It was considered that one study is of good quality and 13 are of fair quality. The risk
of bias assessment using the NOS was described in Table 4.

Table 4. Risk of bias using the Newcastle-Ottawa Scale for quality assessment.

No Study

Sample Selection Comparability Exposure

TotalAdequate
Case

Definition

Represen-
tativeness

of the
Cases

Selection
of Control

Definition
of Control

Compar-
ability of

Cases

Controls
Based on

the
Analysis

Ascerta-
inment of
Exposure

Non-
Response

Rate

1 Liou [28] ⋆ - - - ⋆ - ⋆ ⋆ 4

2 Farnsworth [29] ⋆ - - - ⋆ - ⋆ - 3

3 Liu [30] ⋆ - - - ⋆ - ⋆ - 3

4 Santos [31] ⋆ - - - ⋆ - ⋆ - 3

5 Al Amri [32] ⋆ ⋆ - - ⋆ - ⋆ - 4

6 Murugesan [33] ⋆ ⋆ - - ⋆ - ⋆ - 4

7 Vargas [34] ⋆ ⋆ - - ⋆ - ⋆ - 4

8 Du [35] ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ ⋆ 8

9 Matias [12] ⋆ ⋆ - - ⋆ - ⋆ - 4

10 Arango [36] ⋆ ⋆ - - ⋆ - ⋆ ⋆ 5

11 Lima [37] ⋆ ⋆ - - ⋆ - ⋆ ⋆ 5

12 Song [38] ⋆ ⋆ - - ⋆ - ⋆ ⋆ 5

13 Tavares [39] ⋆ ⋆ - - ⋆ - ⋆ - 4

14 Gibas-Stanek [40] ⋆ ⋆ - - ⋆ - ⋆ - 4

Star (⋆) = item present.

4. Discussion

Recent development in three-dimensional X-ray diagnostics have enabled more pre-
cise measurements of alveolar bone structure [41]. Concomitantly, CBCT provides lower
radiation dose than spiral CT [42]. Only four studies included in the review discussed the
radiation dose during the CBCT examination [32,34,36,39]. Current guidelines state, that
CBCT is not normally indicated for planning the placement of TADs in orthodontics. This
examination is needed preoperatively for placement of miniscrews in cases of borderline
dimensions [43]. High variability of the results was associated with different root lengths,
anatomy of the maxilla and the maxillary sinus, transversal inclination of the adjacent teeth,
and height of the alveolar process [30,31,33,35,37–40]. However, not only high variability of
IZC bone architecture, but also no reliable predictors of bone availability were found during
the review. It seems that only CBCT with adequate parameters can provide information
about the bone amount, possibility of IZC miniscrew placement and preferred insertion
path. It seems that insertion of the IZC TAD needs to be patient specific and one site is not
adequate for all. Therefore, CBCT may be necessary to install IZC miniscrews correctly.
It enables one to develop individual TAD insertion protocol for each patient to obtain
desirable primary stabilization for orthodontic anchorage and to reduce complication risk.
Not only insertion height and depth but also bone thickness, cortical bone amount and
different transversal and sagittal angulations should be taken into consideration. When
considering favorable risk-benefit ratio, it seems justified to use CBCT for IZC miniscrew
placement planning. However, radiological protection is needed for this type of examina-
tion especially in young patients [44]. It is recommended to reduce the field of view to the
maxilla region if there are no other indications for increasing the imaging area size. This
approach is in conformity with the ALARA (as low as reasonably achievable) principle.
This rule involves maintaining exposures to radiation as far below the dose limits as is
practical, while being consistent for which the activity is undertaken [45].

According to the literature, decreasing the CBCT voxel size can improve the accuracy
of alveolar bone measurements [44]. Examination with a 0.2-mm voxel size provides on
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average spatial resolution of 0.4 mm. Therefore, it can distinguish objects with a minimum
0.4-mm distance [46]. It provides clearer images, easier identification of alveolar crests,
and enables closer to the gold standard (direct measurements) results [47]. Voxel size
of approximately 0.4 mm can potentially be a limitation due to insufficiency accurate
measurements [40]. On the other side, Farnsworth et al. [29] showed high reliability for
both the 0.2 mm and 0.4 mm scans with high interclass correlations.

The positioning of the orthodontic miniscrew in the IZC area relative to the anatomical
structures of the maxilla is of great importance. Only with the use of CBCT, it is possible
to precisely determining the availability of the bone limited by the maxillary sinus floor
location or the position of the posterior superior alveolar artery and vein. Moreover, the
presence of septa in the maxillary sinus can be used as an additional bone support for the
IZC TAD stability. The prevalence of sinus septa is estimated at 31.7% [48]. The posterior
superior alveolar artery is located on or in the lateral wall of the maxillary sinus. The
intraosseous variant is usually located at a height of 19 mm from the bone crest, and the
extraosseous variant at a height of 23 mm from the bone crest. The average distance from the
bottom of the maxillary sinus is about 6–9 mm. Moreover, the position of posterior superior
alveolar vein should be also taken into consideration. It is in a more inferior position, which
is more adjacent to the IZC insertion site than the artery. Both vessels can be damaged
during the positioning of the miniscrew. This can lead to postoperative complications
in the form of prolonged bleeding [49–51]. Jia et al. [21] assessed the incidence of TADs
penetration into the maxillary sinus and penetration depth influence on sinus tissue. The
frequency of penetration of miniscrews into the maxillary sinus was high. The incidence
of membrane thickening was 88.2% in a group in which penetration exceeded 1 mm, and
the mean value of thickening was 1 mm. In a group with membrane penetration of 1 mm
was the membrane thickening observed at 37.5%, and the mean value of thickening was
0.2 mm. According to Chang et al. [22] perforation of the sinus reduced both the length of
the bone contact and the terminal insertion torque, but did not significantly increase the
failure rate of TADs.

Thick cortical bone is associated with good primary stability. Therefore, it is not
recommended to place the miniscrews in thin cortical bone, which is less than 1 mm
thick [52]. However, there is no consensus how does the insertion torque affect the survival
rate of orthodontic TADs [22,52]. Placement failure might be associated with low as well as
excessive torque values [52]. IZC are might be expected to undergo greater damage, such
as crushing and heat, due to thick cortical bone during placement [29]. Pilot holes might be
preferred to omit this potential damage in certain patients [29,52].

Nine studies presented requirements for adequate bone availability [28,33–40]. There
was no consensus about preferred values of the bone measurements. Liou et al. [28],
Arango et al. [36], Tavares et al. [39], and Gibas-Stanek et al. [40] suggested the required
bone depth value of 6 mm. Concomitantly, all of the patients met this requirement in the
study of Liou et al. Moreover, mean bone depths obtained the required value except one
insertion path in class 2 patients in the study performed by Tavares et al. [39]. However,
significant variability was noticed. Whereas Arango et al. obtained a significant bone
variability with mean measurements beneath the adopted limit value. Gibas-Stanek et al.
found that bone depth rarely reaches recommended value of 6 mm. Murugesan et al. [33]
and Song et al. [38] required bone depth of 5 mm. In the former study was that mean bone
amount not obtained only in high angle patients’ group above the mesiobuccal root of first
molar. The mean bone depth was adequate above the mesiobuccal root of a second molar
in all skeletal patterns. In the latter study was the recommended areas, with greater bone
depth than required 5 mm, presented. There is a possibility, that border value of 5–6 mm
might be exaggerated and significantly limits the choice of sites for miniscrew safe insertion
in the IZC region. Therefore, Vargas et al. [34] and Du et al. [35] preferred values of 4 mm
and 3.8 mm, respectively. Most of the measurements in the IZC were lower than 4 mm
in the former study. In the study of Du et al., the median bone depths of most paths did
not reach 3.8 mm only at the 17 mm insertion height. Farnsworth et al. [29], following
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the study of Motoyoshi et al. [52], preferred the cortical bone depth of 1 mm. Most of the
patients met this condition [29,38]. Other requirements were presented according to the
bone thickness measurements. Lima et al. [37] preferred bone thickness of 3 mm, when
Du et al. [35] recommended 1.3 mm. This value was calculated as a sum of 0.8 mm TAD
radius and 0.5 mm safety distance from root surface. According to Lima et al. mean values
of bone thickness were larger than 3 mm between first and second molar, and in the mesial
second molar root area 11 mm from the alveolar crest. In the study of Du et al. [29], was the
median bone thickness of each path at 13 mm height less than 1.3 mm when transversal
angulation of 50◦ was adopted. A statistically significant and negative correlation between
the bone depth and the bone thickness was found. Therefore, both measurements should be
taken into consideration for insertion path analysis. The extent of the results and obtained
standard deviations in sites with adequate mean bone values indicate that there is no
universality of the measurements and some patients presented inadequate bone availability.
There is a need for comprehensive studies considering different aspects of regional bone
anatomy to establish the bone requirements. The aspects of bone quantity and quality with
possible bicortical fixation that could increase the clinical success should be considered.

Dynamic evaluation presented by Du et al. [35] seems to be more adequate for or-
thodontic purposes than static measurements. Potential collision of the miniscrew with
orthodontic tooth movement may prevent the clinician from obtaining the desired treatment
results and may lead to root injuries or failure of the miniscrews. Therefore, continuous
evaluation taking into consideration distal movement trajectory of roots is justified. Future
studies should take this approach into consideration.

Orthodontic biomechanics should be also considered when IZC miniscrew placement
planning. Tooth movement patterns during total maxillary arch distalization with different
force directions were recognized [53]. None of the included studies discussed in this aspect
of miniscrew placement. More distal and occlusal placement sites provide higher relation
between values of horizontal and vertical force vectors when comparing with mesial and
more apical placement sites. Therefore, power arms should be more frequently considered
in forward and apical locations.

There was no consensus that higher transversal angulations were associated with
greater bone depth. On the other hand, it seems that it is better to implant TADs closer to
the occlusal plane to ensure the appropriate depth of implant insertion, and the apically
increasing bone thickness provides support and distance to root surfaces despite trans-
verse angulation of the miniscrew. This also seems to be advantageous considering the
biomechanical aspects. Moreover, additional stabilization increase may be obtained due to
miniscrews’ sagittal angulation. However, more acute insertion angle is associated with
more technically difficult placement due to slipping [28]. Precise TAD insertion may still be
a challenge for manual manipulation, especially for inexperienced physicians. Du et al. [35]
indicated a need for assistive device or intelligent robot to be developed. Implementation
of optical scanning and 3D printing to fabricate customized appliances including guides for
patients with craniofacial disorders was proved to be efficient way in the individualization
of the treatment [54]. Moreover, there is a possibility to use insertion guides for more
predictable results [6,55]. Surgical guides for IZC miniscrew placement can be obtained
based on CBCT examinations and intraoral scans. Implementation of optical scanning
and 3D printing to fabricate customized appliances including guides for patients with
craniofacial disorders is proved to be efficient way in the individualization of the treatment.
This approach could potentially improve the primary stability and reduce both the TAD
collision risk during orthodontic tooth movement and the sinus penetration risk. Moreover,
it could solve the slipping problem during insertion. The use of surgical guides for IZC
miniscrew placement should be further researched.

An interesting issue is the use of artificial intelligence-supported determination of
available sites for orthodontic miniscrews based on bone analysis using the CBCT [56,57].
Today, it is not common in dentistry and orthodontics. The AI system demonstrated
high accuracy in bone segmentation and measurement, which is helpful in identifying
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available sites and designing a surgical template for palatal TADs [56]. The use of AI for
IZC miniscrew placement planning should be researched in the future.

The differences of IZC TADs’ success rates among previously mentioned studies might
be caused by different localizations and miniscrews’ dimensions. Uribe et al. [10] preferred
the “key ridge” above the first permanent molar, where reduced bone depth due to high
insertion position could be present. These authors favored also TADs of smaller width than
the other authors did [11,21,22]. Both factors seem to affect the obtained results. There is no
consensus on the ideal IZC position in terms of vertical dimension. Some authors propose
positioning relative to the occlusal plane [12,35,40,58]. It may not be a reproducible place
for positioning TADs in cases of pathological tooth wear or disturbed occlusal plane. Also,
the height of the crown of the teeth varies. The use of the mean height of clinical crowns
measured between the cusp tip and the cemento-enamel junction is not reliable due to
individual variability. Another aspect is the clinical significance of the variables, which
potentially could be insignificant in case of minor deviation. Moreover, adjustment of the
single molar occlusal plane as the referential [33,39] seems to be even more limited due
to the common compensatory transversal inclination of the molars. A repetitive location
could be positioning using the mucogingival line as a landmark. As a rule, miniscrews
should be located within the safe zone adjacent to the mucogingival line. This protects the
oral mucosa from excessive exposure to inflammation caused by the implant irritating the
mobile mucosa. Due to both diverse gingival biotypes of patients and different height of
keratinized gingiva, it is difficult to define uniform standards for the positioning of TADs.
Alveolar crest in the condition of healthy periodontium or cemento-enamel junction should
be considered as the potentially good referential site. Establishing a reference value would
allow more accurate positioning of miniscrews.

Cross-sectional studies have limited reliability in the age-related assessments. There-
fore, it is justified to perform cohort studies. However, there are ethic aspects as well
as radiological protection requirements, which should be taken into consideration when
performing two CBCT examinations in the untreated study group.

Only in the study of Santos et al. [31] was a need for maxillary anchorage during
orthodontic treatment stated as an inclusion criterion.

The available literature lacks a systematic review on the positioning TADs in the IZC
area. The presented study shows limitations of existing evidence, new directions of research,
and their degree of advancement on the way to implementation in everyday practice. The
limitation of this article is the scarcity of literature reports on this subject. The most studies
included in the systematic review was the assessment of the location of miniscrews in
IZC without clear standards. The studies differ in the methods of measuring the depth
and angulation of the inserted TADs, the level of insertion relative to the horizontal plane,
the diversity of patients in terms of ethnic group or age of patients. Moreover, the IZC
position was commonly not assessed in the absence of maxillary molars or the presence
of significant congenital disorders such as cleft palate. The influence of the alveolar bone
loss due to periodontal disease on the bone depth in IZC region was not investigated. Also,
periodontal biotype and recessions presence were not evaluated as potential prognostic
factors of the bone availability. These aspects should be researched in the future.

5. Conclusions

It is not possible to establish the generally recommended target site for the placement
of the miniscrews in the IZC area. The reasons for this were the heterogeneity of available
studies, inconsistent results, and significant risk of bias. The high variability of bone
measurements and the lack of reliable predictors of bone availability justify the use of CBCT
for TAD trajectory planning. Finally, there is a need for more high-quality studies aiming
three-dimensional bone analysis of IZC area.
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Abbreviations

AC alveolar crest
CBCT cone-beam computed tomography
CEJ cemento-enamel junction
CSS cross-sectional study
CT computed tomography
F female
FOV field of view
FP Frankfurt plane
IZC infrazygomatic crest
M male
MBS mandibular buccal shelf
OP occlusal plane
TAD temporary anchorage device = miniscrew
ZP zygomatic process
5–6 region between maxillary second premolar and first molar
6D distobuccal root of first maxillary molar
6IR middle of the buccal furcation of the maxillary first molar (equal distances to mesial

and distal buccal root)
6M mesiobuccal root of maxillary first molar
6–7 region between maxillary first and second molar
7D distobuccal root of maxillary second molar
7IR middle of the buccal furcation of the maxillary second molar (equal distances to

mesial and distal buccal root)
7M mesiobuccal root of second maxillary molar
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Abstract: This study compared the buccolingual angulation (BLA) of the upper and lower first
permanent molars before and after using the different methods of microimplant-assisted expansion
in adults and its influence on bone insertion loss. Methods: Cone-beam computed tomography
scans taken before and after the expansion in 36 patients (29.9 ± 9.4 years) were used to assess
dental and periodontal changes and compare changes between the groups. Results: This research
shows a statistically significant increase in the BLA of the upper first molars. An increase of the
BLA of the lower molars is also observed in MARPE. Regarding the comparison between cases
treated with MARPE (4.42◦ ± 10.25◦; 3.67◦ ± 9.56◦) and BAME (−0.51◦ ± 4.61◦; 2.34◦ ± 4.51◦), it was
observed that upper molar torque increased significantly less in cases treated with BAME. In cases
with CWRU < 96◦ at T0, a slight bone insertion gain was observed at T1, whereas if CWRU ≥ 96◦,
a slight bone insertion loss was observed. Regarding the labial cortical bone loss, a slight gain of
CBW was observed in all cases. This labial cortical enlargement (T0–T1) is greater in cases where
the CWRU < 96◦ at T0. Conclusions: Patients treated with MARPE show torque increase in the teeth
selected to support the expansion appliance compared to cases treated with BAME. In cases where
the BLA at T0 < 96◦, an increase in thickness and cortical insertion is observed in the upper molars
after treatment with disjunction appliances assisted with microscrews.

Keywords: rapid maxillary expansion; maxillary skeletal expander; cone-beam computed tomog-
raphy (CBCT); miniscrew-assisted rapid palatal expansion (MARPE); bone-anchored maxillary
expander (BAME)

1. Introduction

Non-surgical rapid palatal expansion (RPE) in adults can provoke purely orthodontic
expansion, i.e., undesired dentoalveolar effects [1] This limitation is due to the mid-palatal
suture ossification, which makes the orthopedic separation of hemimaxillary portions
impossible with the use of tooth-borne separators [2]. An expansion with increased torque
and descent of the palatine cusps occurs in the upper posterior teeth [2]. In addition,
adverse effects have been found, such as gingival inflammation, labial gingival recession,
labial fenestration, and root resorption, due to their contact with the labial cortical bone [3].

The use of this technique is contraindicated in adults with maxillary compression,
correct or positive molar torque, periodontal disease, generalized recessions, or absence of
posterior teeth. If treatment is required, a surgical approach with surgical assisted rapid
palatal expansion (SARPE) should be chosen. In SARPE, a surgical separation of the already
ossified midpalatal suture is performed. In this way, we can increase the skeletal transverse
dimension with an intraoral expansion device [4].

The microimplant-assisted rapid palatal expansion (MARPE) technique described by
Moon [5] is characterized by a reduction of the excessive load exerted by conventional
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appliances to the labial periodontal ligament of the teeth, which is used as anchorage. The
technique consists of a tooth-bone-borne device that uses retention in the form of two or
four bicortical microscrews placed in the posterior area of the palate. The bone-anchorage
maxillary expansion (BAME) appliance has been described as consisting of two or four
bicortical microimplants without dental support [6].

The main side effect of MARPE is the buccolingual angulation (BLA) of the posterior
teeth [7]. Increased molar torque has also been related to bone dehiscence [8]. Few studies
have studied the change of BLA of the molars after treatment with MARPE or BAME using
CBCTs [7,9–12].

Complications with microscrew-assisted separators occur in patients who have al-
ready completed the midpalatal suture ossification when the orthopedic forces are applied
near the maxillary, frontal maxillary, and frontal zygomatic-maxillary buttresses. These
buttresses distribute the applied force. There are reports of cases with fractures in the fron-
tonasal suture or ocular area. In addition, there have also been cases with device impaction
or microscrews fracture that can be solved only by a surgical intervention [13–15].

The BLA of the upper and lower molars forms the curve of Wilson (COW), which has
a convex shape in the upper posterior teeth and a concave shape in the lower posterior
teeth [16]. According to Hayes [16], the correct BLA of both the canines and the upper
and lower molars is assumed to be essential to ensuring the functional balance of the
patient and the stability of orthodontic treatment. The objective of having correct molar
occlusion are twofold: (i.) the centering and uprighting of the teeth in their alveolus and
(ii.) ensuring their correct intercuspation. These factors are important for achieving the
proper functioning of dentition, dental stability, temporomandibular joint health, and
periodontal viability [17].

The correct relationship of COW has been studied in treatments performed with
fixed appliances [18–21] and with aligners [22], but it has not been studied in treatments
performed with MARPE or BAME.

The literature also describes how cortical bone insertion (CBI) affects the molars in
MARPE or BAME treatments [7,23–25], but no relation has been found with the increased
torque of the affected teeth.

This article has two main objectives. The first is to analyze and compare the change
of the BLA of the upper and the lower first permanent molars before and after using the
different methods of microimplant-assisted expansion (MARPE and BAME). The second
is to evaluate whether the initial buccolingual inclination of the upper first molars affects
periodontal health after MARPE treatment.

This article has great clinical significance for orthodontists since it provides rigorous
information on which expansion therapy has the most dental effect on the maxillary and
mandibular molars, and it is important to evaluate the inclination of the upper molars
before treatment for the control of periodontal health.

2. Materials and Methods
2.1. Design and Participants

Patients’ data were involved retrospectively. Those patients under treatment with
MARPE or BAME in a private dental office (Athenea Dental Institute, Barcelona, Spain)
from September 2021 to March 2023 were involved.

The inclusion criteria of the study were adult patients with maxillary compression
without counter-indications for surgery and who were to undergo microimplant-assisted
maxillary expansion treatment. The exclusion criteria from the study were patients with
craniofacial malformations, patients with fissured palates, patients who did not accept
orthodontic treatment, and patients who refused to participate in the study or refused
to sign the informed consent. Demographics and sample images were used, and the
information was anonymized. The sample size was calculated using Jamovi 2.3.18. As there
were no previous studies comparing dental changes using BAME and MARPE, sample
size calculations were based on the results of a pilot study performed with ten patients.
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The calculated means ± standard deviations (SDs) of the maxillary width change of BAME
and MARPE were 1.96 mm ± 0.22 and 2.31 mm ± 0.35, respectively. Based on comparison
of means using the two-tailed test, it was calculated that accepting an alpha risk of 0.05
and a beta risk of 0.2 in a bilateral contrast, 16 subjects per group are required to detect a
difference equal to or greater than 0.35 mm. Finally, we were able to include 36 subjects,
which increased the robustness of the data. The MARPE technique was used in 18 subjects,
and the BAME technique was used in 18 subjects. See Figures 1 and 2.
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2.2. Digital Procedure and Measurements in the CBCT

Palalign Round Head Type (Osteonic Co., Ltd., Seoul, Republic of Korea), an Ti6Al4V
alloy, with diameter of 1.8 mm diameter and 10, 12, 14, or 16 mm long (depending on
the case) microimplants are used to ensure bicorticality. It has been described that this
bicorticality is mandatory to ensure the increase the stability and decrease mini-implant de-
formation and fracture [25]. All appliances were designed digitally, and all the microscrews
were placed with digital guidance to reduce clinical placement error [26]. A Power MARPE
Type 1 (Osteonic Co., Ltd., Seoul, Republic of Korea) expansion screw was used with an
activation rate of four turns per day until the interincisal diastema appeared and then,
two turns per day until a 1.5 mm overcorrection per side is achieved. All treatments were
performed by the same orthodontist. The study was conducted according to the guidelines
of the Declaration of Helsinki. The protocol was reviewed and approved by the Ethics
Committee of the Rey Juan Carlos University with internal number (1504202110721).

2.2.1. CBCT Data Acquisition

The patient was subjected to a CT-type radiographic recording (NewTom Giano HR
(QR, Verona, Italy) with 300 µm voxel size and a 16 × 18 cm fov before and after MARPE
or BAME treatment, and the following indicators were calculated on that 3D X-ray before
(T0) and after treatment (T1). All treatments were performed by the same orthodontist.
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2.2.2. CBCT Measurement

For the CBCT BLA measurements, the transverse analysis of Case Western Reserve
University (CWRU) was followed [27]. Maxillary first molar BLA was measured in the
coronal view as the angle between the major axis of the palatal root and the mesiopalatal
cusp and the line tangent to the nasal floor. The BLA of the lower molars was the angle
between the mesial cusp and the mesial root and the tangent line at the lower edge of the
mandibular corpus [28]. The indicators are shown in Table 1 and Figure 3.

Table 1. Description of indicators (BLA: buccolingual angulation, CBI: cortical bone insertion, and
CBW: cortical bone width).

Measurements Description

Bucolingual angulation of the first right
upper molar (BLA 16)

Angle between the line passing through the palatal
cusp and the root apex of the palatal root of the
right upper first molar and the tangent line to the
floor of the nostrils.

Bucolingual angulation of the first left
upper molar (BLA 26)

Angle between the line passing through the palatal
cusp and the root apex of the palatal root of the left
upper first molar and the line tangent to the floor
of the nostrils.

Bucolingual angulation of the first left
lower molar (BLA 36)

Angle between the line passing through the central
fossa and the root apex of the lingual root of the
first right lower molar and the line tangent to the
lower edge of the mandibular corpus.

Bucolingual angulation of the first right
lower molar (BLA 46)

Angle between the line passing through the central
fossa and the root apex of the lingual root of the
first lower left molar and the line tangent to the
lower edge of the mandibular body.

Cortical bone insertion (CBI) Labial cortical bone insertion with respect to the
cementoenamel junction of the upper first molars

Cortical bone width (CBW)
Labial cortical bone thickness. The distance from
the furca of the upper first molars to the most
external point of the labial cortical bone was taken.
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Cortical bone insertion (CBI) and cortical bone width (CBW) of the right and left upper
first molars were also measured (Figure 3).
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An example of how the measurements were carried out can be found in the Supple-
mentary Material.

2.3. Statistical Analysis

All statistical analyses were performed using the Statistical Package for the Social
Sciences version 28.0 for Windows (IBM, Armonk, NY, USA). The Kolmogorov–Smirnov
test was used to evaluate the assumption of normality, which was confirmed. A descriptive
analysis was carried out to expose the details of the sample, such as age, sex, appliance type,
maturation stage of the suture, and type of suture opening achieved after treatment. An
intraclass correlation coefficient (ICC) was used to determine the intra-observer reliability of
the measurements through reliability analysis in SPSS. The intraclass correlation coefficient
(ICC) was calculated considering poor (ICC < 0.40), fair to good (0.40 ≤ ICC ≤ 0.75), and
excellent (ICC > 0.75). Three measurements were also carried out for each indicator and
for each investigation time, and the measurement error was calculated. Subsequently, a
paired sample t-test was performed to evaluate the T0–T1 change of dental measurements
obtained with MARPE and BAME, and a student t-test to compare changes in skeletal
measurements between MARPE and BAME. In addition, Cohen’s d was used for the effect
of the sample in the analysis of the differences of the means with the t-test. A measurement
with low effect was considered as d ≈ 0.2, medium d ≈ 0.5, and high d ≈ 0.8 [29]. An
ANOVA one-factor analysis was performed to evaluate the loss of CBI and CBW after
treatment with both therapies. Then, a univariate analysis was done to evaluate the loss
of CBI and CBW and their relationship with the CWRU at T0. Statistical significance was
established at p < 0.05.

3. Results

This study presents an ICC > 0.9 in the evaluations performed (Table 2).

Table 2. Intraclass Correlation Coefficient (ICC) and Measurement Error (ME).

ICC ME

BLA 16 0.972 0.26◦ ± 0.56

BLA 26 0.912 0.19◦ ± 0.42

BLA 36 0.998 0.37◦ ± 0.67

BLA 46 0.986 0.25◦ ± 0.55

3.1. General Descriptive Analysis

The sample size was 36 subjects, and 41.7% of the subjects were male and 58.3% were
female. The mean age of the subjects was 27.42 ± 8.53, with an age range of 18 to 49. The
MARPE technique was used in 18 subjects (50%), and the BAME technique was used in 18
subjects (50%). Regarding the relationship between device type and sex, MARPE was used
in 60% of the male subjects, whilst BAME was used in the remaining 40%, and MARPE was
used in 42.9% of the female subjects, whilst BAME in the remaining 57.1%. No differences
in gender distribution were found (X(1) = 1.029; p = 0.310).

3.2. Evaluation of Variables Baseline

To evaluate the similarity between groups at T0, age was compared (MARPE: 29.9 ± 9.4
and BAME: 24.8 ± 6.8; t = 1.83, p = 0.076) finding no significant differences. The clinical
variables (See Table 3) are right cortical bone insertion (MARPE: 2.9 ± 1.3 y BAME: 2.9 ± 1.7;
t = 0.01, p = 0.496) and left (MARPE: 3.1 ± 0.9 y BAME: 2.8 ± 1.2; t = 0.667, p = 0.255),
right cortical bone width (MARPE: 6.66 ± 1.6 y BAME: 7.1 ± 0.8; t = 1.044, p = 0.153) and
left (MARPE: 6.8 ± 1.0 y BAME: 7.1 ± 0.9; t = 0.947, p = 0.175), buccal lingual angulation
in right upper molar (MARPE: 99.5 ± 7.3 y BAME: 101.4 ± 6.4; t = 0.829, p = 0.413), and
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buccal lingual angulation in left upper molar (MARPE: 97.4 ± 7.8 y BAME: 102.8 ± 10.1;
t = 0.1.782, p = 0.08). No differences were found between either groups.

Table 3. Descriptive and comparative analysis of changes in BLA for MARPE T1–T0 and descriptive
and comparative analysis of changes in BLA for BAME T1–T0.

MARPE T0
M (SD)

MARPE T1
M (SD)

MARPE T1–T0
M (SD) p Value T1–T0

BLA 16 (◦) 99.52 (7.35) 103.94 (8.02) 4.42 (10.25) 0.085
BLA 26 (◦) 97.47 (7.89) 101.14 (7.69) 3.67 (9.56) 0.122
BLA 36 (◦) 76.01 (5.50) 77.26 (5.95) 1.02 (4.21) 0.222
BLA 46 (◦) 76.46 (8.13) 77.58 (6.93) 1.12 (6.04) 0.440

BAME T0 BAME T1 BAME T1–T0 p value T1–T0

BLA 16 (◦) 101.44 (5.88) 100.93 (8.82) − 0.51 (4.61) 0.644
BLA 26 (◦) 102.88 (10.16) 105.22 (8.75) 2.34 (4.51) 0.042 *
BLA 36 (◦) 77.06(5.81) 75.96 (6.41)) − 1.10 (6.71) 0.496
BLA 46 (◦) 77.57(7.61) 78.36 (6.51) 0.79 (4.17) 0.434

* = p< 0.05.

3.3. Changes in T1–T0 Bucolingual Angulation of First Molar

The angulations of the upper and lower right molars as well as the left first molars
were calculated according to the expansion therapy used. Torque increases of 4.42 ± 10.25◦

and 3.67 ± 9.56◦ in the right and left upper first molars, respectively, were observed in the
cases treated with MARPE. Torque increases of − 0.51 ± 4.61◦ and 2.34 ± 4.51◦ in the right
and left upper first molars, respectively, were observed in the cases treated with BAME.
Compared with the used therapies (Table 4), MARPE produced a greater bucolingual
inclination compared to BAME, although these differences were not statistically significant.

Table 4. Comparative analysis of T1–T0 for MARPE and BAME appliances.

MARPE T1–T0 BAME T1–T0 p Value Cohen’s d

BLA 16 (◦) 4.42 (10.25) − 0.51 (4.61) 0.071 0.620
BLA 26 (◦) 3.67 (9.56) 2.34 (4.51) 0.594 0.177
BLA 36 (◦) 1.02 (4.21) − 1.10 (6.71) 0.274 0.378
BLA 46 (◦) 1.12 (6.04) 0.79 (4.17) 0.847 0.063

In relation to BLA 36 and BLA 46, there was an increase in BLA for the cases treated
with MARPE (BLA 36: 1.02 ± 4.21◦; BLA 46: 1.12 ± 6.04◦), but for BAME, this increase was
lower than MARPE for only one of the lower molars (BLA 46: 0.79 ± 4.17◦), whereas for
BLA 36, there was an inclination loss (−1.1 ± 6.71◦) (see Table 4).

3.4. The Loss of CBI and CBW and Their Relationship with the CWRU at T0

In cases where the CWRU was less than 96◦ at the beginning of the treatment, a slight
bone insertion gain (0.24 ± 0.61 mm) was observed, whereas if the CWRU was 96–104◦

(−0.08 ± 1.05 mm) or higher than 104◦ (−0.29 ± 1.06 mm), a slight bone insertion loss was
observed. These differences were not significant (F = 0.874, p = 0.427), as seen in Figure 4.

Regarding labial cortical bone loss, a slight loss was observed in all the groups, but
the least loss was observed in the CWRU = 96–104◦ group (−0.01 ± 0.69 mm). There was
a greater loss for the CWRU > 104◦ group (−0.24 ± 0.61 mm) and a median loss for the
CWRU < 96◦ group (−0.13 ± 0.53 mm).
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4. Discussion

The two main objectives of this research were to study (i.) the BLA changes in the
first upper and lower molars and (ii.) the loss of CBI and CBW in patients with maxillary
compression treated with MARPE and BAME. For this study, different measurements were
taken in the CBCT, and they were taken before (T0) and after (T1) maxillary expansion
therapy. Several studies, such as those by Shewinvanakitkul [27], Evangelinakis [30],
Shewinvanakitkul et al. [31], Karamitsou [32], Miyamoto [33], Copeland [34], Streit [35],
and Palomo et al. [36], have described the CWRU method for measuring the BLA in canines
and the upper and lower molars, and these studies have established some standards. Those
standards were (i) 100 ± 4◦ of BLA in upper first molars and (ii) 77 ± 4◦ of BLA in lower
first molars.

The labial molar angulation after MARPE therapy is commonly found in the litera-
ture [8,37–39], but it has not been compared with the labial angulation of the lower molars
or in treatments performed with MARPE and BAME techniques.

In the article by Jia et al. [38], dental changes were compared in 30 patients treated
with MARPE and 30 patients treated with conventional bone-borne maxillary expansion.
CBCTs were taken before expansion and 1 week after expansion, and the change of the
labiolingual inclination of the upper right and left first molars was studied, which resulted
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in the obtainment of the angle between the lines passing through the palatal orifice of the
chamber and the apex of the palatal root and the original horizontal line. Torque increases
of 3.82 ± 4.07◦ and 2.72 ± 3.44◦ were shown in the right and the left upper first molars,
respectively. The results obtained in our research for the cases treated with MARPE do not
coincide with the results obtained in the article by Jia et al. [38], and this disparity may be
because our research was conducted in adults.

De Oliveira et al. [39] compared skeletal and dental changes in 17 patients treated
with MARPE and 15 patients treated with SARPE. Three-dimensional radiographic records
were also taken just before and after the expansion. In the group of patients treated with
MARPE, the increase in BLA of the upper right and left first molars was 2.87 ± 1.94◦ and
in the SARPE group, it was 3.39 ± 2.41◦.

Gunyuz Toklu et al. [37] compared periodontal, dentoalveolar, and skeletal changes in
cases treated with tooth-borne and tooth-bone-borne expansion appliances in 26 patients.
CBCTs were taken before treatment (T1) and at the end of 3 months of retention (T2). It
measured the changes in the molar mesiobuccal bone thickness (M1 MBBT) and molar
dental inclination (M1 D1) of the upper right and left first molar between T1 and T2. The
results of the MARPE group for M1 MBBT were 0.89 ± 0.72 mm and 0.98 ± 0.61 mm
and for M1D1 were −2.43 ± 5.54◦ and −2.89 ± 4.90◦ for right and left upper first molar,
respectively, between T1 and T2. The results obtained in our research for the cases treated
with MARPE do not coincide with the results in the article of Gunyuz Toklu et al. [37],
and this disparity may be because our second measurement in the CBCT was immediately
after expansion.

This research shows an increase in the BLA of the upper first molars. A variation in the
BLA of the lower molars was also observed. Regarding the comparison between the cases
treated with MARPE and BAME, it was observed that the molar torque increased signifi-
cantly less in cases treated with BAME. This increase may be due to the dental anchorage at
the level of upper first molars of the design in MARPE appliances. These results contradict
the conclusions drawn by Khosravi et al. [40] in their systematic review of tooth tipping in
treatments carried out using MARPE and BAME devices. The article by Khosravi et al. [40]
compared four studies that examined rapid maxillary expansion between bone-borne and
tooth-borne appliance following surgical assisted maxillary expansion. Similar dental
tippings were reported for both bone-borne and tooth-borne appliances with no significant
difference between the two devices.

Whether the initial BLA in the upper first molars at T0 affected the loss of CBI and CBW
was also considered. It was observed that when the BLA (100 ± 4◦ according to CWRU) at
T0 was correct, there is increased bone insertion. In cases where the buccolingual angulation
did not fall within the CWRU standard, slight bone insertion loss was observed. The gains
were slight, but there were differences. Regarding the CBW loss, CBW gain was observed. If
the T0 BLA was negative and MARPE or BAME therapies were performed, the labial cortical
bone gained some width. These differences were not statistically significant. The results
of this research coincide with those previously observed in the study by Baysal et al. [41]
regarding CBI loss, but our findings do not support the conclusions drawn in a previous
study [41] that also showed CBW loss.

The contribution of this study should be evaluated after taking into account its lim-
itations. The data presented in this research should be interpreted with caution due to
the limited sample size. The observation period of the results was also short, and a mea-
surement after the removal of the device may prove useful to corroborate the stability of
the results. As for the periodontal measurements, an investigation in which they will be
performed using a periodontal probe instead of measurements taken from CBCTs would
also be beneficial.

Other variables, such as root resorption of the first molars, were not taken into account.
These variables have been assessed in the literature [42], demonstrating root resorption
even in teeth not anchored to the appliance; however, this resorption was lower in cases
treated with skeletal-supported appliances [43].
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The results of this study have a number of important implications for the future
practice of orthodontists. On the one hand, the microimplant-assisted expander will bring
about a series of dentoalveolar changes in the upper molars. The choice between MARPE
and BAME will play an important role in the amount of torque increase as well as the CBI
and CBW loss in the upper molars.

5. Conclusions

• Patients treated with MARPE show torque increases in the teeth selected to support
the expansion appliance compared to cases treated with BAME.

• In cases where the upper molar torque was correct at the beginning of the treatment, a
slight bone insertion gain was observed.

• In cases where the upper molar torque was negative or positive, a slight bone insertion
loss was observed.

• Regarding the labial cortical bone loss, a slight gain of CBW was observed in all cases.
This increase in labial cortical is higher in cases where posterior molar torque was
negative before treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11092380/s1, Figure S1: Example of measure-
ments taken.
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Abstract: Caries/carious lesions are a growing concern among the general population across the
world, and different strategies are evolving to combat the bacterial invasion that resultantly leads
to caries. In this systematic review, we are looking to analyse the role of silver diamine fluoride
(SDF) on the growth of bacterial biofilms. The search strategy for the studies to be selected for the
review was initiated by a search across multiple databases, which ultimately yielded 15 studies
that were in accordance with our objectives. The reviewed articles indicate a very clear correlation
between the usage of SDF and the decrease in bacterial biofilms, which are limited not just to one or
two but multiple bacterial species. As shown by the events favoring SDF’s odds ratio of 3.59 (with
a 95% confidence interval of 2.13 to 6.05), a risk ratio of 1.63 (1.32 to 2.00), and a risk difference of
0.28 (0.16 to 0.40), there was strong evidence that SDF is a successful treatment for reducing bacterial
biofilms in dental practice. This study offers substantial proof that SDF works well to reduce bacterial
biofilms in dentistry practices. We advise further investigation to examine the potential of SDF as
a standard therapy choice for dental caries and related conditions given the obvious relationship
between the use of SDF and the reduction in bacterial biofilms.

Keywords: bacteria; biofilms; caries; SDF; Streptococcus

1. Introduction

Oral biofilms, also known as dental plaque, are complex microbial communities that
form on the surfaces of teeth and other structures in the mouth [1–4]. These biofilms are
composed of a variety of microorganisms, including bacteria, fungi, and viruses, and can
vary in composition depending on factors such as diet, hygiene habits, and genetics [5].
The formation of oral biofilms begins with the attachment of bacteria to the surface of the
tooth, known as the pellicle layer [6]. Over time, the biofilm can become thicker and more
complex, with different layers of microorganisms forming different niches based on their
specific needs and environmental preferences. For example, some bacteria may prefer to
live in areas with more oxygen, while others may thrive in areas with less oxygen [7]. While
they are a natural part of the mouth’s ecology, they can also pose a threat to oral health if
left unchecked [8,9]. For example, certain types of bacteria in the biofilm can produce acids
that damage tooth enamel and lead to cavities. Additionally, the build-up of plaque can
lead to gum disease, which can cause tooth loss and other oral health problems [10,11].

The primary pathogens responsible for tooth decay come in various numbers and
ratios and generate bacteria that make acids and bases [12–14]. Mutans streptococci (MS),
one of the speculated acid-producing bacteria, was discovered to be crucial in the early
stages of dental caries on both enamel and root surfaces after a comprehensive literature
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analysis [15–17]. This is true for several reasons, including the fact that MS is the species
that is frequently isolated from a caries lesion, that it is highly acidogenic and aciduric, and
that it can produce surface antigens and water-insoluble glucan, which promote bacterial
adhesion to other bacteria and to the tooth’s surface. To break the closed loop of the process,
a measure that can prevent the microorganisms that produce acid must be taken [18,19].

SDF is a unique and versatile liquid treatment that has garnered a great deal of attention
in recent years [20]. SDF is a highly effective and cost-effective treatment for a wide range of
dental issues, including tooth decay, gum disease, and oral infections [21,22]. In this article,
we will explore the properties of SDF and the role it plays in modern dentistry [23,24]. SDF is
a clear, odorless liquid that contains two main ingredients: silver and fluoride [25]. Silver is a
powerful antimicrobial agent that has been used for centuries to treat various infections, while
fluoride is a mineral that is known to strengthen tooth enamel and prevent cavities. When
these two ingredients are combined, they create a powerful solution that is highly effective at
killing bacteria and preventing the spread of infection [26].

One of the key advantages of SDF is its ability to penetrate deep into the tooth structure,
where it can kill bacteria and prevent further decay [27]. This makes it an excellent choice
for treating cavities and other dental issues that are difficult to reach with traditional dental
tools. SDF is also highly effective at killing the bacteria that cause gum disease, which is a
major contributor to tooth loss in adults [28].

In addition to its antimicrobial properties, SDF is also highly effective at preventing
the spread of infection [29]. When applied to an infected tooth or gum tissue, it quickly
kills the bacteria and prevents it from spreading to other parts of the mouth. This can be
particularly important for patients who are at risk of developing oral infections due to
weakened immune systems or other medical conditions [30].

Another important property of SDF is its ability to strengthen tooth enamel and
prevent cavities [31]. Fluoride is a mineral that is known to bond with tooth enamel,
making it stronger and more resistant to decay [31]. When applied to the teeth, SDF
releases fluoride ions that bond with the enamel and help to prevent the development of
cavities. This makes it an excellent choice for patients who are at risk of developing tooth
decay due to poor oral hygiene or other factors [32]. Moreover, unlike traditional dental
treatments, which can be painful and time-consuming, SDF can be applied quickly and
easily in a single visit. This makes it an excellent choice for patients who are anxious about
dental procedures or who have difficulty sitting still for long periods of time [33–35].

The creation of in vitro biofilm models has simplified the investigation of mouth
biofilm today [36,37]. But this approach isn’t without several drawbacks [38]. An option
is to use an in-situ biofilm model to study natural oral biofilms and various therapeutic
approaches. Several gaps in the literature need to be addressed when examining the
effect of SDF on bacterial biofilms. Firstly, there is a need for standardized protocols and
methodologies to study the effect of SDF on biofilms. Varying experimental conditions,
biofilm models, SDF concentrations, and application methods make it difficult to compare
and synthesize findings across studies. Developing standardized protocols would enhance
the reliability and reproducibility of research outcomes. Additionally, there is a lack
of evidence regarding the long-term effects and durability of SDF on biofilms. Most
studies focus on short-term effects, but understanding the persistence and long-term
effectiveness of SDF in controlling biofilms is crucial. Furthermore, there is a need for
more clinical research assessing the clinical outcomes and patient-centered effects of SDF
on biofilms. Comparative studies that assess the effectiveness of SDF compared to other
treatments for bacterial biofilms are also lacking. Comparative research would shed light
on the relative efficacy, safety, and cost-effectiveness of SDF as a treatment option. Finally,
further mechanistic understanding is needed to elucidate the underlying mechanisms of
SDF’s action on bacterial biofilms. Investigating the interaction between SDF and biofilm
components, as well as its impact on biofilm formation, maturation, and eradication, would
enhance our understanding of its mode of action. Addressing these gaps in the literature
might provide a comprehensive understanding of the effect of SDF on bacterial biofilms
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and guide its optimal clinical use. Therefore, this investigation aimed to systematically
review and meta-analyse the available literature on the effect of SDF on bacterial biofilms.
Secondarily, we also wanted to provide an overview of the existing evidence regarding the
efficacy of SDF in reducing bacterial biofilms in dental practice. Additionally, the study
aimed to evaluate the effectiveness of SDF compared to other biomarkers used in dental
practice and to identify potential limitations or biases in the available literature.

2. Materials and Methods
2.1. Eligibility Criteria

All studies were assessed for eligibility according to the following participants, inter-
vention, comparison, and outcomes (PICO) model:

(P) Participants in this systematic review are patients with bacterial biofilms. To include all
relevant studies, the Boolean operator “OR” was used to combine different keywords
related to bacterial biofilms, such as “biofilm”, “plaque” and “microbial colonies”.

(I) The intervention consisted of Silver Diamine Fluoride (SDF). To ensure that all relevant
studies on SDF were included in the review, the Boolean operator “OR” was used to
combine different variations of the keyword, such as “silver diamine fluoride” or “AgF”.

(C) The comparison consisted of control groups that compared SDF to other chemical
compounds. To identify studies that compare SDF to other biomarkers/control groups,
the Boolean operator “AND” was used to combine the intervention and comparison
groups that were considered as interventions.

(O) The outcome measures the effect of SDF on bacterial biofilms. To identify studies that
measure the effect of SDF on bacterial biofilms, the Boolean operator “AND” was
used to combine the intervention and outcome keywords.

Only studies providing data at the end of the intervention were included. Exclusion
criteria were as follows: (1) studies that did not investigate the effect of SDF on bacterial
biofilms or microbial colonies; (2) studies that did not compare SDF to other biomarkers
or control groups; (3) studies that did not report a statistical analysis of the evaluation of
SDF; (4) studies that considered the effect of SDF but abstained from revealing the findings;
(5) cross-over study design; (6) studies written in a language different from English; and
(7) full-text unavailability (i.e., posters and conference abstracts).

2.2. Search Strategy

PubMed, Scopus, and Web of Science databases were systematically searched for
articles published from the year 2013 until 2022, following the strategy described in Table 1.
Furthermore, a manual search of the references of previous systematic reviews on a similar
topic was conducted as well.

Table 1. Search strategy.

PubMed: (“silver diamine fluoride” OR “SDF”) AND (“bacterial biofilms” OR “anti-bacterial
agents”[MeSH Terms] OR “fluorides”[MeSH Terms] OR “dental caries”[MeSH Terms] OR
“Streptococcus mutans”[MeSH Terms] OR “dental plaque”[MeSH Terms] OR “biofilms”[MeSH
Terms]) AND English[lang]

Web of Sciences: (“silver diamine fluoride” OR “SDF”) AND (“bacterial biofilms” OR
“anti-bacterial agents” OR “fluorides” OR “dental caries” OR “Streptococcus mutans” OR “dental
plaque” OR “biofilms”) AND Language: (English)

Scopus: (“silver diamine fluoride” OR “SDF”) AND (“bacterial biofilms” OR “anti-bacterial
agents” OR “fluorides” OR “dental caries” OR “Streptococcus mutans” OR “dental plaque” OR
“biofilms”) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”)) AND (LIMIT-TO
(LANGUAGE, “English”))

This systematic review with meta-analysis was conducted according to the guidance
of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [39], Figure 1 and the Cochrane Handbook for Systematic Reviews of Interventions [40]. The
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systematic review protocol has been registered on the International Prospective Register of
Systematic Reviews (PROSPERO) with acknowledgement of the receipt number 405877.

Biomedicines 2023, 11, x FOR PEER REVIEW 4 of 13 
 

 

Table 1. Search strategy. 

PubMed: (“silver diamine fluoride” OR “SDF”) AND (“bacterial biofilms” OR “anti-bacterial 

agents”[MeSH Terms] OR “fluorides”[MeSH Terms] OR “dental caries”[MeSH Terms] OR “Strep-

tococcus mutans”[MeSH Terms] OR “dental plaque”[MeSH Terms] OR “biofilms”[MeSH Terms]) 

AND English[lang] 

Web of Sciences: (“silver diamine fluoride” OR “SDF”) AND (“bacterial biofilms” OR “anti-bacterial 

agents” OR “fluorides” OR “dental caries” OR “Streptococcus mutans” OR “dental plaque” OR 

“biofilms”) AND Language: (English) 

Scopus: (“silver diamine fluoride” OR “SDF”) AND (“bacterial biofilms” OR “anti-bacterial 

agents” OR “fluorides” OR “dental caries” OR “Streptococcus mutans” OR “dental plaque” OR 

“biofilms”) AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE, “re”)) AND (LIMIT-TO 

(LANGUAGE, “English”)) 

 

Figure 1. Representation of selection of articles through the PRISMA framework. 

2.3. Data Extraction 

Two reviewers (S.O. and S.C.) independently extracted data from the included stud-

ies using a customized data extraction on a Microsoft Excel sheet. In case of disagreement, 

the consensus was achieved through a third reviewer. 

The following data were extracted: (1) first author; (2) publication year; (3) national-

ity; (4) type of study design; (5) type of compounds as intervention; (6) type of control 

(placebo or other); (7) population and the number of patients/biofilms included; (8) SDF’s 

efficacy as an outcome; and (9) main findings. 

2.4. Quality Assessment 

The ROBINS-E tool was used for the assessment of bias in the selected papers for our 

review (Figure 2). The tool is used to evaluate the risk of bias in cohort studies, case-con-

trol studies, and before–after studies, among others [41]. 

Figure 1. Representation of selection of articles through the PRISMA framework.

2.3. Data Extraction

Two reviewers (S.O. and S.C.) independently extracted data from the included studies
using a customized data extraction on a Microsoft Excel sheet. In case of disagreement, the
consensus was achieved through a third reviewer.

The following data were extracted: (1) first author; (2) publication year; (3) nationality;
(4) type of study design; (5) type of compounds as intervention; (6) type of control (placebo
or other); (7) population and the number of patients/biofilms included; (8) SDF’s efficacy
as an outcome; and (9) main findings.

2.4. Quality Assessment

The ROBINS-E tool was used for the assessment of bias in the selected papers for our
review (Figure 2). The tool is used to evaluate the risk of bias in cohort studies, case-control
studies, and before–after studies, among others [41].

2.5. Statistical Analysis

Using the data extraction form that the reviewers had compiled in a single dataset,
the statistical protocol for this study was initiated by entering the data into RevMan 5,
choosing the random effects statistical model for the meta-analysis, calculating the odds
ratio, risk ratio, or risk difference for each study and entering the data into the RevMan 5
software (IBM, version 5.4.1, New York, NY, USA), thereby generating a forest plot to
graphically display the results of the meta-analysis, assessing the heterogeneity of the
studies using the I2 statistic, interpreting the results of the meta-analysis and drawing
conclusions about the effect of SDF on bacterial biofilms, conducting sensitivity analyses to
examine the robustness of the meta-analysis results, interpreting and reporting the results
of the sensitivity analyses (which included the forest plot, summary of the effect estimates,
and interpretation of the heterogeneity and sensitivity analyses).
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3. Results

After conducting an extensive search of online journals, a total of 207 documents were
identified, out of which 103 papers were initially selected. After eliminating 47 similar or
duplicate articles, 56 separate papers were available for further review. Subsequently, after
reviewing the abstracts and titles of the submissions, a further 41 papers were excluded.
Finally, 15 studies that met the inclusion and exclusion criteria were included in the
systematic review and meta-analysis. These studies comprised eight in vitro studies,
four case-control studies, and one in situ, ex situ, and ex vivo study each.

The results of the systematic review have been presented in Table 2, providing details
of the 15 studies included in the review. The meta-analysis was performed using RevMan 5
software, and the results were presented in the form of forest plots depicting the odds ratio,
risk ratio, and risk difference, as shown in Figures 3–5, respectively.

Our investigation revealed a very positive impact of SDF compared to other biomark-
ers mentioned in the 15 studies. The events favoring SDF demonstrated an odds ratio of
3.59 (2.13, 6.05), a risk ratio of 1.63 (1.32, 2.00), and a risk difference of 0.28 (0.16, 0.40). These
findings provide strong evidence that SDF is an effective treatment for reducing bacterial
biofilms in dental practice.

The implications of these findings are significant for improving oral health outcomes,
particularly for individuals who may not have access to traditional dental treatments or
who may have difficulty receiving such treatments. The clear correlation between the usage
of SDF and the decrease in bacterial biofilms makes it a potential standard treatment option
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for dental caries and related conditions. Therefore, further research is recommended to
explore the potential of SDF in dental practice.

The statistical analysis displayed an odds ratio of 3.59 (2.13, 6.05) for events favoring
SDF compared to other biomarkers/control groups in the selected studies as represented
in Figure 3. The forest plot visualized the risk difference for each study included in the
meta-analysis, which represented the difference in the proportion of events favoring SDF
between the SDF and control groups. The analysis found heterogeneity between studies,
with a Tau2 of 0.49 and a Chi2 of 31.64 with 14 degrees of freedom (p = 0.005) and an I2 of
56%. The significant p-value for Chi2 indicates that this heterogeneity was unlikely to have
occurred by chance. The Z-statistic for the overall effect was 4.81 (p < 0.00001), indicating
that the odds of events favoring SDF were significantly higher in the SDF group compared
to the control group. In summary, the statistical analysis suggests that SDF is associated
with a higher odd of events favoring SDF compared to other biomarkers/control groups,
with some degree of heterogeneity between studies. Further research may be needed to
better understand this variation.

The risk ratio of 1.63 (1.32, 2.00) is displayed in Figure 4 for events favoring SDF
compared to other biomarkers/control groups in the selected studies. The forest plot
displayed the risk difference for each study included in the meta-analysis, representing the
difference in the proportion of events favoring SDF between the SDF and control groups.
The analysis found heterogeneity between studies, with a Tau2 of 0.08 and a Chi2 of 36.46
with 14 degrees of freedom (p = 0.0009) and an I2 of 62%. The Z-statistic for the overall effect
was 4.60 (p < 0.00001), indicating that the odds of events favoring SDF were significantly
higher in the SDF group compared to the control group.

The representation of the risk difference in the form of a forest plot in Figure 5 displayed
the individual studies included in the meta-analysis, the value of which was found to be
0.28 (0.16, 0.40). The results showed some heterogeneity, with a tau-squared value of 0.03 and
a Chi2 value of 48.79 with 14 degrees of freedom, resulting in a p-value of less than 0.00001.
This indicated significant heterogeneity in the results. The overall effect was statistically
significant, with a Z-score of 4.72 and a p-value of less than 0.00001. The analysis indicated
that SDF had a significant risk difference compared to other biomarkers/control groups,
and while some heterogeneity was observed, the overall effect was statistically significant.

Table 2. Variables selected and analysed for the review at the end of the data extraction protocol.

ID and Year Study Sample (n) Objectives Design Assessment Drawn

Bao Ying et al.
(2020) [38] Five children

To evaluate the antibacterial
performance of SDF in

dentine biofilms
In vitro Microbial diversity fell after

SDF application.

Ebtissam et al.
(2019) [39]

Seventy dentin discs
(made from extracted

human teeth)

To evaluate the antibacterial
performance of CHX and

NaOCl as compared to SDF
Case control SDF exhibited higher antibacterial

efficacy as compared to the controls.

Gerd et al.
(2017) [40]

100 samples of
bovine dentin.

To evaluate the antibacterial
performance of NaF and CHX

as compared to SDF
In vitro

When compared to control, SDF
dramatically reduced

bacterial numbers.

Jaivrat et al.
(2019) [41]

32 extracted human
molars and 32 extracted

human premolars

To evaluate the antibacterial
performance of CHX, distilled
water and PAA as compared

to SDF

Case control SDF-KI was deemed to be effective in
eliminating S. mutans.

Kausar et al.
(2020) [42] 35 Candida isolates

To evaluate the antifungal
performance of SDF

in isolation
In vitro

SDF appeared to successfully stop
fungal filamentation even at extremely

low doses, complementing its
antibacterial activity

Klanliang et al.
(2022) [43]

10 healthy individuals
(aged between

26–31 years)

To evaluate the
microbiological performance

of SDF in dentine biofilms
In situ

Dental biofilm development was
inhibited and the percentage of killed
bacteria was enhanced when SDF was
applied to demineralized dentin but

only up to 4 days
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Table 2. Cont.

ID and Year Study Sample (n) Objectives Design Assessment Drawn

Maribasappa
et al. (2019) [44]

5 patients with
carious lesions

To evaluate the antibacterial
performance of SDF +
potassium iodide (KI).

In vivo In four of the five patients, SDF + KI
totally stopped the growth of S. mutans

May L. Mei et al.
(2014) [45]

12 primary upper-central
carious incisors

To evaluate the
physicochemical performance

of SDF in carious teeth
Ex vivo Clinical SDF application enhanced the

levels of dentine remineralization

May Lei et al.
(2016) [46] 6 premolars

To evaluate the antibacterial
performance of SDF in

two different types
of restorations

In vitro
SDF application made both the types

of restorations more resistant to
subsequent caries.

Mitwalli et al.
(2019) [47]

20 participants (who had
at least one cervical

carious lesion or soft
cavitated root)

To evaluate the
microbiological performance

of SDF in carious lesions
In vitro

Several bacterium species showed a
substantial decrease in relative

abundance following SDF treatment.

Najmeh et al.
(2018) [48]

45 extracted
deciduous canines

To evaluate the antibacterial
performance of fluorinated
varnish as compared to SDF

In vitro
No significant differences between the
antibacterial performance of both the

compounds were observed
Parand

Sorkhdini et al.
(2020) [49]

90 human enamel samples
To evaluate the antibacterial
performance of AgNO3, KF

and water as compared to SDF
Case control

SDF performed on a similar parlance
as DW and KF that SDF was

compared with.

Rima et al.
(2020) [50]

Samples of bovine dentin
divided into 3 groups

To evaluate the antifungal
performance of SDF

in isolation
In vitro

SDF appeared to successfully stop
fungal filamentation even at extremely

low doses, complementing its
antibacterial activity

Sunny et al.
(2019) [51]

159 active dentinal carious
lesions from

primary molars

To evaluate the antibacterial
performance of AgF as

compared to SDF
RCT SDF performed on a similar parlance

as NaF that SDF was compared to

Vinson et al.
(2018) [52]

S. mutans biofilm in
six-well tissue
culture plates

To evaluate the antibacterial
performance of KI as

compared to SDF
In vitro

SDF + KI performed with the highest
efficacy, followerd by KI and

SDF alone.
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4. Discussion

The findings observed through the meta-analysis reveal important information about
the effectiveness of SDF as a therapy for bacterial biofilms. The results of the review show
that SDF, both alone and in contrast to other conventional antibacterial and antifungal
substances frequently used in dentistry, has a very favorable effect on reducing bacterial
biofilms. This is a significant finding because it implies that SDF may be a more effective
treatment option for dental caries and related conditions, especially for people who might
not have access to or struggle with conventional dental treatments. This study also empha-
sizes SDF’s promise as a standard treatment for dental caries and associated conditions.
SDF may be a useful and efficient way to improve oral health outcomes, especially in places
where access to conventional dental treatments is restricted. This is supported by the clear
correlation between the use of SDF and the decline in bacterial biofilms across a variety of
bacterial species. This comprehensive review and meta-analysis, in addition, offer crucial
direction for further study in this field. The review’s conclusions suggest that additional
study is required to fully investigate SDF’s potential as a remedy for bacterial biofilms and
associated conditions. Studies examining the long-term benefits of SDF therapy and the
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possibility of combining SDF with other therapies to further enhance oral health outcomes
may fall under this category.

In a clinical trial [53], a single SDF application reduced the burden of care for weak,
dependent patients. An annual application of SDF varnish halted the active root carious
lesions in nearly 90% of cases in one of the studies [44]. Therefore, it seems that SDF
applied by an expert is effective in delaying the onset and development of root caries [54].
Nevertheless, there have also been claims that SDF treatment has disadvantages, including
staining/discoloration [55–57], an inflammatory impact on the dentin–pulp complex, and a
decrease in bond strength [58].

When a serious caries lesion has already developed, root caries cannot be successfully
treated by simply controlling plaque and using fluoride treatments [59,60]. Because dentin’s
decay and flaws have progressed, restorative materials must be used as a management
strategy. The progression of tooth decay can be halted with SDF therapy, but it is possible that
cavities will need to be filled with dental fillings. The restorative approach is regarded as a
non-traumatic method that could provide patients with a sense of aesthetic gratification [61].
In order to effectively treat advanced root caries lesions, the focus has been placed on the
use of restorative materials in combination with SDF administration [60].

Discoloration, one of the main problems that plagues SDF, has been the subject of
numerous efforts. A study suggested following SDF usage with KI application to address
the issue [62]. Another clinical study revealed that the use of KI did not, however, have
a long-term impact on resolving the staining problem, and the discoloration eventually
returned [44]. There have been other suggested remedies for staining, such as adding glu-
tathione to SDF, which significantly lessened the coloring but left some pigmentation [63].
Other efforts have used different compounds with somewhat promising results [64,65], but
more studies are needed in that regard.

AgNPs have garnered considerable scientific interest and significance owing to their
distinct characteristics and broad-ranging applications in diverse scientific domains [66].
Their small size and large surface area-to-volume ratio contribute to heightened reactivity
and unique physicochemical properties, rendering them highly versatile nanomaterials.
A primary facet of the importance of silver nanoparticles lies in their remarkable antimi-
crobial efficacy [67]. They exhibit potent antimicrobial activity against a wide spectrum of
microorganisms, encompassing bacteria, fungi, and viruses. This renders them prospective
candidates for the development of antimicrobial agents, disinfectants, and coatings that im-
pede the growth and dissemination of pathogens [66,67]. Their integration into healthcare
settings, including wound dressings, medical devices, and antibacterial coatings, holds
promise for mitigating the risk of infections and enhancing patient outcomes.

A couple of studies provide important insights into the synthesis and potential appli-
cations of AgNPs. In the first study [66], silver nanoparticles were synthesized using olive
leaf extract as a reducing agent. The results demonstrate the feasibility of using natural
extracts for the synthesis of AgNPs. This study highlights the green synthesis approach and
the potential of synthesized AgNPs using olive leaf extract. In the second study [67], an
aqueous extract obtained from chickpea leaves was used for the synthesis of AgNPs. The
results reveal the successful synthesis of AgNPs with specific properties, including a maxi-
mum surface plasmon resonance wavelength, crystallite dimension, and size range. The
inhibitory effect of AgNPs on food pathogen strains and yeast was evaluated, demonstrat-
ing high effectiveness at low concentrations against certain strains. The cytotoxic effects of
AgNPs on cancerous and healthy cell lines were also investigated, showing no significant
decrease in cell viability with increased AgNPs concentration. Overall, these studies [66,67]
emphasize the importance of silver nanoparticles as versatile and potentially valuable
nanomaterials. The green synthesis approach using natural extracts offers an eco-friendly
and cost-effective method for their production. The synthesized AgNPs exhibit desirable
characteristics such as specific size, shape, and inhibitory effects against pathogens. The
findings support the exploration of AgNPs for various applications, including antimicro-
bial agents in food preservation and potential biomedical applications. However, further
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research is necessary to elucidate the mechanisms of action, optimize synthesis methods,
and assess the long-term effects and safety of AgNPs in different contexts.

While our study provides valuable insights into the efficacy of Silver Diamine Fluoride
(SDF) on bacterial biofilms, there are some limitations to consider. The studies included in
the analysis were limited to those published in English, which may introduce bias into the
results. It is possible that studies conducted in other languages may have different findings,
which were not included in the review. Moreover, the studies included in the analysis
varied in their methodology, which may have influenced the results. Some studies had
smaller sample sizes or shorter follow-up periods than others, which may have affected
the overall conclusions drawn from the analysis. In addition, the review only included
studies published up to a certain point in time, and new research may have been published
since then that could affect the conclusions drawn from the analysis. It is also important to
note that the review focused specifically on the effects of SDF on bacterial biofilms and did
not examine other potential benefits or drawbacks of SDF treatment. Therefore, while the
findings of the review are important for understanding the potential of SDF as a treatment
for dental caries and related conditions, they do not provide a comprehensive analysis of
the potential benefits and drawbacks of SDF treatment.

5. Conclusions

In conclusion, our systematic review and meta-analysis has revealed a very positive
impact of SDF in comparison to other biomarkers mentioned in the 15 studies that were
included in this review. The events favoring SDF exhibited statistical values which indicate
that, on an overall basis, our systematic review and meta-analysis provide strong evidence
that SDF is an effective treatment for reducing bacterial biofilms. This finding has important
implications for improving oral health outcomes, particularly for individuals who may
not have access to traditional dental treatments or who may have difficulty receiving
such treatments. Given the clear correlation between the usage of SDF and the decrease
in bacterial biofilms, we recommend that further research be conducted to explore the
potential of SDF as a standard treatment option for dental caries and related conditions.
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Abstract: This study aimed to provide a complex analysis of the modifications in craniofacial
skeleton development that may arise following the diagnosis of pediatric benign jaw tumors. A
prospective study was undertaken involving 53 patients younger than 18 years of age, who presented
for treatment at the Department of Maxillo-Facial Surgery, University of Medicine and Pharmacy,
Cluj-Napoca, with a primary benign jaw lesion between 2012 and 2022. A total of 28 odontogenic
cysts (OCs), 14 odontogenic tumors (OTs), and 11 non-OTs were identified. At follow-up, dental
anomalies were identified in 26 patients, and overjet changes were found in 33 children; lateral
crossbite, midline shift, and edge-to-edge bite were found in 49 cases; deep or open bite were found
in 23 patients. Temporomandibular disorders (TMDs) were found in 51 children, with unilateral TMJ
changes identified in 7 cases and bilateral modifications found in 44 patients. Degenerative changes
in the TMJ were also diagnosed in 22 pediatric patients. Although benign lesions could be associated
with dental malocclusions, a direct etiological factor could be not identified. The presence of jaw
tumors or their surgical treatment could, however, be linked to a change of the occlusal relationships
or the onset of a TMD.

Keywords: tumor; benign; odontogenic cyst; occlusion; temporomandibular joint

1. Introduction

The jaw region is the site of numerous types of bone tumors [1]. Although pediatric
patients are less affected by these lesions compared to adults, the impact of jaw tumors
on children’s life is significant, since they cause alterations in facial growth and develop-
ment [2].

The prevalence of pediatric jawbone tumors varies in most previous studies [2,3].
The majority of jaw tumors in children are benign [4], and according to the latest WHO
classification, they are recognized [5] as odontogenic (OTs) and non-odontogenic (non-OTs),
depending on their origin. Several studies have highlighted that odontoma is the most
frequent OT [6]. Of all odontogenic cysts (OCs), developmental cysts, such as dentigerous
cysts, are more common in children [7]. Additionally, certain non-OTs such as central giant
cell tumors and aneurysmal bone cysts commonly occur within the first 20 years of life [8].

Pediatric benign jawbone tumors are often asymptomatic and are typically identi-
fied incidentally during routine dental radiographs [5]. Optimal management of these
patients requires interdisciplinary work-up, complex treatment planning strategies, and
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post-treatment follow-up into adulthood. Treatment consists of a range of surgical proce-
dures, including curettage, surgical excision, cryosurgery, or “en bloc” resection [9]. Of all
OTs, ameloblastoma remains particularly controversial in terms of treatment, primarily due
to its distinct biological behavior, characterized by slow-growth, local invasiveness, and a
high recurrence rate. Compared to adult counterparts, surgeries carried out in pediatric
patients are generally more conservative, as both facial growth and dental development [10]
need to be evaluated.

However, the influence of these tumors on the development of the craniofacial skeleton
is still poorly understood. Ameloblastomas, cemento-osseous dysplasia, fibrous dysplasia,
and ossifying fibroma are examples of tumors that can enlarge the jaw and have numerous
or widespread sites on the maxillary bones. Because these tumors are adjacent to important
anatomical structures and developing teeth, they may result in facial abnormalities or
functional limitations [11]. Other extraosseous lesions, such as tori, that develop on the
lingual aspect of the jaws do not affect facial growth [12].

The growth of the craniofacial skeleton influences occlusal and jaw relationships,
as well as orofacial functions [13]. Cartilaginous tissues, such as the spheno-occipital
synchondrosis, nasal septal cartilage, and condylar cartilage play an important role as
major growth sites for the respective anatomical structures. Among these, the condylar
cartilage of the mandible is the center of greatest growth in the craniofacial complex, and it
is associated with the morphogenesis of the maxillofacial complex and temporomandibular
joint function [14].

In contrast to the lower jaw, the upper jaw undergoes a different growth pattern.
Epiphyseal proliferation and remodeling are the two ways by which the mandible develops.
Epiphyseal proliferation is the primary mechanism for bone length growth throughout the
first 18 years of life. Under the condyle, the mandibular epiphysis serves as a growth site
that permits the intercondylar distance to increase as the skull base widens. Mandibular
remodeling occurs after growth is completed to widen the mandible [15,16].

The treatment for tumors may potentially impact a child’s mandibular growth centers.
For both benign and malignant neoplasms, mandibular reconstruction with osteocutaneous
free tissue transfer and titanium plate fixation has been shown to be beneficial [17].

Unlike the mandible, the maxilla does not have any endochondral growth sites, and
its growth pattern is defined by an increase in vertical height and width. During maxillary
growth, the maxilla is shifted inferiorly, causing remodeling along the suture lines, which
promotes the development of vertical height [18].

The cranial base angle does not exert a significant influence on the emergence of dental
malocclusions [19]. Numerous studies have investigated the connection between the cranial
base, dental malocclusion, and jaw alignment. The findings indicate that jaw position is
determined by the inclination and length of the cranial base. Abnormalities of the anterior
cranial base are associated with a retrusive maxilla, while mandibular prognathism is
related to various abnormalities of the posterior cranial base [20].

The development of the craniofacial skeleton is also influenced by intermaxillary
occlusion. Without proper occlusion, midface and mandibular growth cessation could
occur, resulting in facial asymmetry and functional alteration [21].

The presence of dental malocclusion can produce temporomandibular disorders
(TMDs) [22]. TMDs commonly refer to a category of musculoskeletal conditions that
affect the health of the temporomandibular joint (TMJ), masticatory muscles, and other
tissues [23,24]. TMD prevalence in pediatric patients varies significantly, with estimates
ranging between 4.2% and 68%, depending on the population under investigation and the
assessment method employed [25–27]. Moreover, this prevalence appears to increase with
age from childhood to adolescence [28,29]. The diagnostic criteria for TMD (DC/TMD)
are based on a diagnostic protocol formulated by a group of interdisciplinary experts,
including clinicians and researchers, with the goal of providing a better understanding
of the diagnostics and treatment of TMD. DC/TMD protocol includes a patient’s medical
history and clinical examination, imaging studies (X-rays and magnetic resonance imaging),
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psychological testing and blood tests. During the evaluation process, particular attention
is given to symptoms associated with TMD, such as myofascial pain, difficulty eating or
speaking, restricted mouth opening or closing, joint noise, or headaches [30].

To the best of our knowledge, this is the first prospective study to assess the changes
in craniofacial skeleton development induced by benign jaw tumors. This research aims
to provide a complex analysis of the modifications in craniofacial skeleton development,
including dental malposition, dysfunctional occlusal relationships, and temporomandibular
changes, that may occur following the diagnosis of pediatric benign jaw tumor.

2. Materials and Methods

A follow-up longitudinal cohort study was conducted at the Department of Maxillo-
Facial Surgery, University of Medicine and Pharmacy, Cluj-Napoca, Romania, on pediatric
patients who underwent treatment for benign tumoral lesions, over a ten-year timeframe,
between January 2012 and January 2022. The study enrolled pediatric patients under
the age of 18 with a histologically confirmed diagnosis of a jawbone tumor, affecting the
mandible and/or the maxilla and maxillary sinus. Accessible follow-up cone beam com-
puted tomography (CBCT) imaging (T1) was performed at least six months postoperatively.
Patients with uncertain histopathological diagnoses, infections, soft tissue or vascular
lesions, malignant jaw tumors, and salivary gland tumors and lesions were excluded from
the study. Patients without CBCT images or with missing parental consent for clinical
examinations or additional investigations, including follow-up, were excluded from this
study. Additionally, patients with limited CBCT field of view images were excluded due to
limitations in establishing a diagnosis.

The preoperative and postoperative CBCT scans were obtained using the same equip-
ment and imaging protocol (Promax 3D Max, Planmeca, Finland). The following CBCT
scan parameters were analyzed by two experienced radiologists (M.H. and R.R.): dental
anomalies (tooth malposition or impaction), malocclusion (jaw relationship in the sagit-
tal, transversal and vertical planes, inter-canine, inter-first premolar, and inter-first molar
distances), temporomandibular joint condyle position, and bone morphology changes.

Inter-canine, inter-first premolar, and inter-first molar widths were measured on the
preoperative and postoperative CBCT coronal images in both maxillary and mandibular
jaws. Inter-canine width was measured from the cusp tips of the right and left canine. The
inter-first molar width was determined as the distance between the mesiobuccal cusp tips
of the right and left first permanent molars. The inter-first premolar width was measured
as the distance between the tips of the buccal cusps.

The condylar position (anterior, posterior, or centric) was assessed using oblique
sagittal and coronal reformatted CBCT images, according to the Pullinger et al. method [31].

Inter-rater reliability for all measurements was evaluated by two experienced in-
dependent examiners. Intra-rater reliability was assessed by conducting two separate
measurements performed by the primary investigator (for the first 15 participants) at a
two-week interval.

The study was approved by the Ethical Committee of the University of Medicine and
Pharmacy ‘Iuliu Hat, ieganu’, Cluj-Napoca, Romania, DEP 227 (5 July 2022).

Statistical Methods

The statistical analysis was performed using the R Commander software (R Foundation
for Statistical Computing, Vienna, Austria) version 4.0.5. Quantitative data distribution
was assessed using the Shapiro–Wilk test, skewness, and kurtosis values. For normally
distributed data, results were presented as mean and standard deviation, whereas for
non-normal distribution, the median and interquartile range (IQR) were used. Comparison
of quantitative data was obtained using the Wilcoxon test for pre-postoperative evaluation.
For normally distributed data, the Student t-test was employed. For qualitative data, the
results were presented as absolute and relative frequencies. Frequencies were compared
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through the Stuart–Maxwell Marginal Homogeneity Test with Monte Carlo resampling
approximation.

Results were considered statistically significant if the p-value was lower than 0.05. The
intra-and inter-rater reliability data were analyzed using the two-way random effect model
and were expressed using the intra-class correlation coefficient (ICC) and its corresponding
95% confidence interval (CI).

3. Results
3.1. General Follow-Up Data

The total sample included 53 pediatric patients (29 males and 24 females) who un-
derwent CBCT imagistic follow-up. Imaging follow-up was carried out between 6 and
118 months postoperatively (radical excision, marsupialization, biopsy, or reconstruction).
Twenty-five patients underwent a preoperative CBCT examination (T0). Other cases (28 pa-
tients) underwent different radiological investigations assessing their preoperative status.

The mean age of the follow-up pediatric patients was 15.1 ± 4.1 (with an age range
from 4 years to 22 years). A total of 28 odontogenic cysts (OCs), 14 odontogenic tumors
(OTs), and 11 non-OTs were identified at follow-up imaging (Table 1).

Table 1. Distribution and prevalence of follow-up pediatric jaw lesions (N = 53).

Jaw Lesion N (%) *

Benign odontogenic tumors (OTs) 14 (26.4)
Epithelial

Ameloblastoma 2 (3.7)
Mesenchymal

Odontogenic fibroma 1 (1.8)
Odontogenic myxoma 5 (9.4)

Mixed
Ameloblastic fibroma 1 (1.8)

Odontoma 5 (9.4)
Benign nonodontogenic tumors (non-OTs) 11 (20.7)

Maxillofacial bone tumors
Osteoma 1 (1.8)

Osteoid osteoma 1 (1.8)
Desmoplastic fibroma 1 (1.8)
Fibro-osseous tumors

Fibrous dysplasia 3 (5.6)
Giant cell lesions and bone cysts

Giant cell granuloma 3 (5.6)
Simple bone cyst 1 (1.8)

Cherubism 1 (1.8)
Odontogenic cysts (OCs) 28 (52.8)

Inflammatory
Radicular cyst 13 (24.5)
Developmental

Dentigerous cyst 6 (11.3)
Odontogenic keratocysts 9 (16.9)

N—number of jaw lesions; * absolute values and percentages.

The mandible was the most common location for the tumors (64.1%). The most
frequent surgical procedure performed was tumor enucleation (84.9%), followed by jaw
reconstruction in 0.9% of cases. Simple biopsy was performed in 0.7 % of the patients, while
marsupialization was performed only in 4 cases (0.7%).

The median time for the CBCT follow-up examination was 49.8 ± 29.2 months post-
operatively. During the follow-up period, recurrence was observed only in one case of
odontogenic keratocysts (1.8% of all pediatric jaw tumors) (Table 2).
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Table 2. General follow-up data findings for pediatric patients with jaw tumors and lesions (N = 53).

Total
N (%)

Odontogenic Tumors
(OTs)
N (%)

Non-Odontogenic Tumors
(Non-OTs)

N (%)

Odontogenic Cysts
(OCs)
N (%)

Gender
Male 29 (54.7) 7 (50) 6 (54.5) 16 (57.1)

Female 24 (45.2) 7 (50) 5 (45.4) 12 (42.8)
Size (cm) 2.9 ± 1.4 2.8 ± 0.9 3.9 ± 2 2.6 ± 1.3

Age 15.1 ± 4.1 11.7 ± 4.7 15.2 ± 2.2 16.8 ± 3.2
Tumor location

Mandible 34 (64.1) 8 (57.1) 6 (54.5) 20 (71.4)
Maxillary 19 (35.8) 6 (42.8) 5 (45.4) 8 (28.5)
Treatment

Simple biopsy 4 (0.7) 0 (0) 4 (36.3) 0 (0)
Excision 45 (84.9) 13 (92.8) 7 (63.6.5) 25 (89.2)

Reconstruction 5 (0.9) 3 (21.4) 1 (0.9) 1 (0.3)
Marsupialization 4 (0.7) 1 (0.7) 0 (0) 3 (10.7)

Follow-up
Median 49.8 ± 29.2 41.7 ± 28.7 70.2 ± 29.8 45.8 ± 26.3
Range 6–118 7–100 33–118 6–118

Recurrence 1 (1.8) 0 (0) 0 (0) 1 (1.8)

Data presented as N (%) and median ± standard deviation for follow-up (months), respectively, for the follow-up
age of the children.

3.2. Dental Anomalies and Jaw Relationship

At follow-up, from a total number of 53 patients, 27 patients did not exhibit any dental
anomalies (50.1%). Dental relationships were found to be normal in the sagittal plane (20%),
in the transversal plane (28.3%), and in the vertical plane (56.6%).

Overall, the results showed that a total of 26 pediatric patients had at least one
dentoalveolar development anomaly. Dental anomalies were identified in 26 cases (49%,
tooth malposition in 21 cases, impacted teeth in 5 cases); overjet changes were found in
33 patients; a total of 49 cases exhibited lateral crossbite, midline shift, and edge-to-edge
bite; deep or open bite was found in 23 patients (Table 3).

3.3. Temporomandibular Joint

The centric position of the condyle was found in 65 temporomandibular joints (61.3%).
Temporomandibular disorders were noted in 51 (96.2%) patients; unilateral TMJ changes
were identified in 7 cases; and bilateral modification was found in 44 patients. The most
frequent TMJ pathology was condyle flattening (57.5%). Degenerative changes in the
temporomandibular joint were also diagnosed in 22 (20.7%) pediatric patients (Table 4).

3.4. CBCT Comparison in the Preoperative and Postoperative Status

From a total number of 53 patients, only 25 children and adolescents were assessed
using preoperative and postoperative CBCT. A comparison between preoperative and
postoperative dentoalveolar anomalies and TMJ is summarized in Table 5.

3.5. CBCT Dental Measurements

Comparison of CBCT dental measurements between T0 and T1 revealed no statistical
significance (Table 6).

We also found that all intra- and inter-rater reliabilities for measurements were greater
than 0.8, which is considered excellent according to Cicchetti’s classification [32].
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Table 3. Dental anomalies and jaw relationship in imagistic follow-up for pediatric patients with jaw
tumor (N = 53).

Total
N (%) *

Odontogenic Tumors
(OTs)

N (%) *

Odontogenic Cysts
(OCs)

N (%) *

Non-Odontogenic Tumors
(Non-OTs)

N (%) *

Dental anomalies
Malposition 21 (39.6) 10 (71.4) 8 (28.5) 3 (27.2)

Impacted teeth 5 (9.4) 1 (7.1) 2 (7.1) 2 (18.1)
Malocclusion
Sagittal plane

Normal sagittal 20 (37.7) 7(13.2) 12 (42.8) 1 (9)
Increased Overjet 31 (58.4) 7 (50) 16 (57.1) 8 (72.7)
Negative Overjet 2 (3.7) 0 (0) 2 (7.1) 0 (0)
Transverse plane

Normal transverse 15 (28.3) 4 (28.5) 9 (32.1) 2 (18.1)
Cross bite, scissor bite 8 (15) 2 (14.2) 4 (14.2) 2 (18.1)

Midline shift 30 (56.6) 7 (50) 15 (53.5) 8 (72.7)
Edge-to-Edge bite 11 (20.7) 3 (21.4) 7 (25) 1 (9)

Vertical plane
Normal vertical 30 (56.6) 10 (71.4) 15 (53.5) 5 (45.4)

Deep bite 7 (13.2) 3 (21.4) 3 (10.7) 1 (9)
Open bite 16 (30.1) 3 (21.4) 5 (17.8) 8 (72.7)

N = number of patients; * absolute values and percentages; OTs—odontogenic tumors; non-OTs—nonodontogenic
tumors; OCs—odontogenic cysts.

Table 4. Temporomandibular joint changes in follow-up imaging found in pediatric patients with jaw
tumors (N = 106).

TMJ Changes Total
N (%) *

Odontogenic Tumors
(OTs)

N (%) *

Odontogenic Cysts
(OCs)

N (%) *

Non-Odontogenic Tumors
(Non-OTS)

N (%) *

Normal condyle position 65 (61.3) 18 (64.2) 35 (62.5) 12 (54.5)
Anterior condyle position 21 (19.8) 6 (21.4) 10 (17.8) 5 (22.7)
Posterior condyle position 15 (14.1) 4 (14.2) 9 (16) 2 (9)
Superior condyle position 5 (4.7) 0 (0) 2 (3.5) 3 (13.6)

Medial position 36 (33.9) 13 (46.4) 14 (25) 9 (40.1)
Lateral position 24 (22.6) 5 (17.8) 14 (25) 5 (22.7)

Condyle flattening 61 (57.5) 18 (64.2) 28 (50) 15 (68.1)
Degenerative bone changes 22 (20.7) 5 (17.8) 14 (25) 3 (13.6)

N = total number of TMJ; * absolute values and percentages; OTs—odontogenic tumors; non-OTs—nonodontogenic
tumors; OCs—odontogenic cysts.

Table 5. Comparison of the preoperative and postoperative dentoalveolar anomalies and TMJ changes
on CBCT examination associated with pediatric bone tumors (N = 25).

Preoperative
T0

N(%) *

Postoperative
T1

N(%) *

p-Value
(T0, T1)

Dental anomalies
Malposition 16 (64) 10 (40) 0.06

Impacted teeth 7 (28) 0 (0) 0.16
Malocclusion
Sagittal plane

Normal Overjet 5 (20) 7 (28) 0.62
Increased Overjet 18 (72) 16 (64) 0.62
Negative Overjet 2 (8) 2(8) 0.99
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Table 5. Cont.

Preoperative
T0

N(%) *

Postoperative
T1

N(%) *

p-Value
(T0, T1)

Transversal plane
Normal transversal 3 (12) 0 (0) 0.25

Cross bite, scissor bite 0 (0) 3 (12) 0.25
Edge-to-edge bite 9 (36) 7 (28) 0.67

Midline shift 13 (52) 15 (60) 0.50
Vertical plane

Normal Vertical 6 (24) 14 (56) 0.07
Deep bite 6 (24) 5 (20) 0.99
Open bite 13 (52) 6 (24) 0.11

TMJ changes **
Sagittal plane

Normal condyle position 29 (58) 32 (64) 0.58
Anterior condyle position 13 (26) 12 (24) 0.99
Posterior condyle position 7 (14) 6 (12) 0.99
Superior condyle position 1 (2) 0 (0) 0.99

Coronal plane
Central position 21(42) 18(36) 0.59
Medial position 20 (40) 18 (36) 0.72
Lateral position 9 (18) 14 (28) 0.12

Condyle flattening 42 (84) 43 (86) 0.67
Degenerative bone changes 14 (28) 16 (32) 0.99

N—number of patients; * absolute values and percentages; **—50 TMJs from 25 patients.

Table 6. Inter-canine, inter-first premolar, and inter-first molar CBCT measurements in preoperative
and postoperative assessments (N = 25).

Preoperative
(T0) *

Postoperative
(T1) * p-Value

Upper jaw
Inter-canine distance 35.5 ± 3.9 36.3 ± 3 0.07
Inter-first premolar 44.1 [39.2–44.9] 43.8 [40.6–44.4] 0.38

Inter-first molar 52.3 ± 4.1 53.2 ± 3.3 0.06
Lower jaw

Inter-canine distance 28.9 [27.6–30.3] 29.2 [20.1–30.1] 0.36
Inter-first premolar 38.5 ± 3.1 38.8 ± 2.3 0.89

Inter-first molar 50.6 ± 3.1 50.9 ± 3 0.39
* Distance measured in millimeters (mm). For data with normal distribution, results were presented as average
and standard deviation; for asymmetric distribution, results were presented as median and interquartile range.

4. Discussion

The overall prevalence of the reported pediatric bone tumors varies widely depending on
the type of tumoral classification applied. Our findings suggest overall male dominance and a
higher incidence of mandibular cases, which is consistent with previous studies [2,33,34]. The
current investigation also revealed that a majority of inflammatory pediatric jaw cysts were
odontogenic tumors (OT) (52.8%), contrasting with the results identified by other studies [35].

Occurrence of lesions and tumors was most frequently observed among patients in
their second decade of life. Jaw tumor development is also considered to occur predomi-
nantly within the second decade of a child’s life [36–38]. The findings of this study confirm
this hypothesis. This may be explained by the transitions from mixed to permanent den-
tition, and it is worth highlighting that the greatest proportion of the follow-up patients
included in our study were adolescents (15.1 ± 4.1 years old) (Table 2).

Cancer diagnosis in children and adolescents can result in dental anomalies and disor-
ders ranging from mild to severe [39]. Hypodontia, microdontia, enamel defect, and root
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malformation are the most common dental anomalies found in cancer survivors [40]. Our
study highlighted the prevalence of dental malposition and impacted teeth (49%) (Table 3).
These results indicate that different types of anomalies can be observed, contingent on
whether the jaw tumor is malignant or benign.

In our research, it was noted that more than half of the patients (64%) presented
changes in tooth position during the preoperative period, while 28% suffered from impacted
teeth due to the presence of the tumor. Following surgical intervention, most of the
patients received orthodontic treatment that corrected most of the dental malposition. Our
research shows that dental malposition could arise in pediatric patients who did not receive
orthodontic treatment following the surgical procedure (40% of patients), emphasizing the
importance of an interdisciplinary approach to pediatric jawbone tumors and lesions. The
predominant surgical option employed for children with impacted teeth was radical tumor
excision with tooth extraction. Overall, careful consideration must be given to the surgical
treatment for impacted teeth in pediatric patients to avoid potential disturbances in dental
eruption and the dental alignment of permanent dentition.

Malocclusion is one of the most important dental modifications, with prevalence esti-
mates ranging from 20% to 100%, according to various studies [41–43]. Midline deviation,
deep overbite, increased overjet, and crossbite are frequently found in children and adoles-
cents (36), and the present research reveals a comparable pattern of results. The majority of
patients (72%) presented with an increased overjet during the preoperative period. Midline
shift (13 patients) and edge-to-edge bite (9 patients) were the most common modifications
found in the transversal plane. However, open bite was the most consistent change in
the vertical plane (52%). These findings suggest that the majority of patients exhibited
malocclusion in the preoperative period. Furthermore, these results demonstrate that
jawbone lesions or tumors have the potential to induce or maintain dental malocclusion.

Conversely, various other factors may be associated with occlusal disorders during the
preoperative period. Ectopic eruption or dental malposition could be regarded as important
factors in the development of malocclusions prior to surgical treatment. Dental caries or
dental pain could produce unilateral mastication, altering the distribution of occlusal forces.
In addition, trauma of the primary teeth, periapical lesions of the deciduous teeth, abnormal
tooth development, or different oral habits could also be key factors that contribute to dental
malocclusion [44]. Our study revealed that the majority of dental occlusion modifications
were corrected or improved after surgical treatment via orthodontic therapy.

On the other hand, in some cases, the emergence of new malocclusion was noted.
In preoperative status, none of the patients had crossbite or scissor-bite modification.
Following surgical treatment, changes in the transverse plane were identified in three
patients (12%). This could be attributed to either the absence of orthodontic treatment or
to a particular type of surgical treatment. Posterior crossbite is considered to be the most
frequent dental malocclusion in primary and mixed dentition, occurring in 8% to 22% of the
cases [45]. The main cause of postoperative crossbite could be the reduction in the width of
the maxillary arch after surgical treatment. Additionally, it is worth noting that 13 patients
presented with midline shifts at the preoperative evaluation, while 2 additional patients
showed mandibular deviation at follow-up. This postoperative occlusal modification
(mandibular deviation and crossbite) is reported to produce changes in the size of the
jaws and occlusal interference according to some studies [46]. At the same time, midline
shift and/or posterior crossbite have been found to cause temporomandibular dysfunction,
potentially leading to disturbance of facial growth in children.

Our results cast new light on the importance of dental occlusal analysis following surgi-
cal treatment in identifying and preventing future complications. Drawing on our expertise,
we contend that surgical procedures may induce dental malocclusion, especially in young
patients who have not received orthodontic treatment. However, the main limitation of our
research is the relatively small sample size of patients (n = 25) who underwent preoperative
and postoperative imaging. To overcome this limitation and extend the generalizability of
our findings, a multicenter collaboration study would be recommended.
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Tumor size in our pediatric cohort ranged from 1 cm to 8 cm. This large variation may
suggest that most occlusal alterations were not directly attributable to the presence of the
tumor, but rather they aggravated an already existing malocclusion.

Serving as one of the growth centers of the jaw, the TMJ condylar cartilage has the
capacity to adapt to the physiological changes of the occlusion. Hence, occlusal stress,
trauma, the presence of tumors, and malocclusions can induce abnormal mechanical
stress to the TMJ, ultimately contributing to degenerative changes and remodeling of the
joint. TMJ osseous degenerative changes include sclerosis, erosion, condyle flattening,
osteophyte, subchondral cysts, and narrowing of the joint space [47,48]. In our study,
patients with malocclusions presented TMJ degenerative changes (Table 5). However,
new cases of TMD (86%) were also identified postoperatively. Occlusal instability with
posterior crossbite has been observed in 12% of our patients, although different results were
obtained by Krasteva et al. [46]. Postoperatively, condyle flattening (86%) and degenerative
changes (32%) were found in patients who did not have TMJ alterations before the surgical
intervention. Several studies suggested that distally positioned condyles could predict the
development of TMD [49]. However, in our study, only seven children exhibited posterior
condyle position in preoperative status, and only one case was corrected after surgical
treatment. Therefore, our results show that distal condyle positioning does not significantly
impact the occurrence of TMD.

Our findings also suggest that surgical treatment of benign jaw tumors and lesions
does not produce skeletal changes or transverse bimaxillary deficiency. Additionally, no
statistically significant difference between maxillary and mandibular dental measurements
were found at different follow-up periods (T0–T1) (Table 6). The treatment of small benign
tumors usually involves a minimally invasive approach and does not require complex bone
reconstruction [50]. However, in cases where surgical resection is required, it is mandatory
to preserve the condylar and the subcondylar growth center [51], as several studies have
shown that extensive or radical surgical treatment can result in developmental disorders
of the jaws [21,52]. In our study, the mean size of the tumoral lesions was 2.9 ± 1.4 cm.
Nevertheless, a higher number of patients with large jawbone tumors is needed to establish
the possibility of transversal jaw deficiency. Therefore, a multicenter collaboration would
be desirable to corroborate our results.

The use of radiotherapy and chemotherapy as adjuvant therapies in pediatric ma-
lignancies and benign tumors is rarely required. However, in certain histopathological
forms such as ameloblastoma, adjuvant radiotherapy/chemotherapy may be necessary [53].
Radiotherapy can induce alterations in dental eruption, and it has been demonstrated that
a dose of 10 Gy could generate irreversible changes in ameloblasts, while a dose of 30 Gy
could stop dental development [54]. Animal studies have shown that chemotherapy can
also produce severe dental developmental disorders [55,56]. While this type of alterations
were not observed in our study, it is extremely important to identify the possible dental
alterations resulting from these therapies.

When dealing with this variety of tumors and lesions in the pediatric population,
it is crucial to promptly identify the signs and symptoms of a tumor, perform pre- and
post-surgical imaging evaluations, and assess the dental occlusion and TMJ status both
preoperatively and postoperatively. A multidisciplinary approach, including orthodontic
therapy and surgical treatment, may contribute to a favorable follow-up of the occlusal
changes and of the TMJ status.

5. Conclusions

Pediatric jaw tumors and lesions are rare, and the epidemiology, clinical characteristics,
radiographic findings, and treatment principles of pediatric jaw tumors differ from those
of adults. Our study revealed a significant prevalence of dental malposition and impacted
teeth among pediatric patients with jawbone tumors and lesions. It was observed that
the majority of children exhibited malocclusion at the preoperative stage. Our study has
revealed that jawbone lesions or tumors could induce or aggravate dental malocclusion. We

141



Biomedicines 2023, 11, 1210

also concluded that surgical procedures might result in dental malocclusion, particularly in
young patients who have not received orthodontic treatment. The occurrence of a jaw tumor
or its surgical treatment may be associated to alterations of the occlusal relationships or the
onset of a temporomandibular disorder. Our research demonstrated a significant correlation
between malocclusions and TMJ degenerative changes in our patient cohort. Further
investigations involving a larger sample size are required to establish the relationship
between bimaxillary transversal deficiency and benign pediatric jawbone lesions or tumors.
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Abstract: Achieving local anaesthesia for various clinical dental applications is a challenge that we en-
counter in our daily practice. Pre-emptive pulpal laser analgesia (PPLA) treatment strategy could be a
promising non-pharmacological modality. Hence, our ex vivo laboratory study is aimed at evaluating
the changes in enamel surface morphology when irradiated with various published PPLA protocols
using scanning electron microscopy (SEM). To do so, 24 extracted healthy human permanent premolar
teeth were collected, and each tooth was divided into equal halves randomised into six groups. The
following laser parameter protocols based on published protocols of clinical Er:YAG laser-induced
PPLA were randomly assigned for each group: 0.2 W/10 Hz/3 J/cm2 (Group A—100% water spray;
Group B—no water); 0.6 W/15 Hz/10 J/cm2 (Group C—100% water spray; Group D—no water);
0.75 W/15 Hz/12 J/cm2 (Group E—100% water spray; Group F—no water); 1 W/20 Hz/17 J/cm2

(Group G—100% water spray; Group H—no water). Each sample was irradiated at an angle of 90◦ to
the dental pulp, with a sweeping speed of 2 mm/s for a 30 s exposure time. Our results have shown,
for the first time, no alteration to the mineralised tooth structure when irradiated with the following
protocols: 0.2 W/10 Hz/3 J/cm2 with 100% water spray or without water spray with an irradiated
area fixed at a 10 mm tip-to-tissue distance, sweeping motion with 2 mm/s speed of movement;
average power output of 0.6 W/15 Hz/10 J/cm2, maximum water cooling of 100%, tip-to-tooth
distance fixed at 10 mm, 30 s exposure time, sweeping motion with 2 mm/s speed of movement.
The authors concluded that the current available proposed PPLA protocols in the literature might
cause an alteration to the enamel surface. Hence, future clinical studies are warranted to validate our
study’s PPLA protocols.

Keywords: light-induced therapy; scanning electron microscopy; light-responsive molecule; anaesthesia;
photodiagnostics; enamel ablation; photobiology; Er:YAG; enamel–light interaction; pulp anaesthesia;
restorative dentistry

1. Introduction

Achieving local anaesthesia for various clinical applications is a challenge that we
encounter in our daily practice. In this context, pre-emptive pulpal laser analgesia (PPLA)
treatment strategy could be a promising non-pharmacological modality, considering its
non-thermogenic biomodulation of the dental pulp responsiveness by reducing the pul-
pal nociceptive nerve impulse formation; it is obtainable in a low-energy-level irradiation
form [1,2]. Hence, PPLA can be utilised in various clinical applications, especially in restora-
tive dentistry, where Er:YAG (2940-nm) is one of the most commonly utilised wavelengths.
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Fluence plays a crucial role in achieving an optimal outcome of Er:YAG laser-induced
PPLA [3,4], as well the photo-acoustic effect of pulsed lasers [3].

Nevertheless, currently, there is no established consensus for a standardised PPLA
protocol due to either a lack of reliable laser parameters or unreported essential laser
parameters. Many concepts have been hypothesised, with one related to the utilisation
of low fluences of laser pulses altering the cell membrane behaviour of the pulpal nerve
fibres by coinciding with their natural resonance frequency (15–20 Hz) [5]. This leads to
hyperpolarisation and loss of the nociceptive impulse conduction.

Walsh [1] suggested that in order to achieve an effective analgesia, the use of sub-
ablative pulse energies at an appropriate frequency is essential, and the following protocols
for the erbium lasers and Nd:YAG, respectively, were proposed: 60–120 mJ/pulse (defo-
cused, with water spray), at a frequency between 10 and 30 Hz (preferably 20 Hz), applied
for at least 30 s; 50–100 mJ/pulse (defocused, without water spray), at a frequency of 20 Hz,
once again applied for 30 s at each of the line angles of the tooth.

Many studies have agreed that in order to achieve a good PPLA, it is necessary to take
advantage of low energy and fluences with a circular irradiation motion of the tooth’s neck
area at a distance of 3–10 mm [6–10]. Nevertheless, the current literature shows conflicting
findings. A study by Bjordal et al. [11] utilised 7.5 J/cm2, whereas another study, conducted
by Angelieri et al. [12], proposed greater levels of fluence within the range 5–20 J/cm2

for severe pain. A fluence of 35 J/cm2 was suggested by another group of investigators
to reduce orthodontic pain, since a level of only 5 J/cm2 was not found to be effective;
however, in the currently available literature, conflicting results are reported for similar
protocols [13].

Moreover, the morphology and nature of the tooth structure in terms of enamel and
dentine need to be taken into consideration during the formulation of PPLA protocol. An
evaluation of laser irradiation’s effect on surface enamel must be based on the knowledge of
its natural morphology. In humans, the outermost layer of the enamel surface is composed
of columns of hydroxyapatite crystals arranged parallel to each other and perpendicular to
the enamel periphery, designated prismless enamel [13].

The prismless enamel was initially identified as an area that has no prism boundaries
due to the parallel arrangement of the crystals and has a thickness of about 5–25 µm [13].
However, this definition is not functional due to the frequent sporadic presence of unclear
and/or incorrect prism structures in areas otherwise considered aprismatic [14–17]. Given
the variety in frequency, structure and thickness of the prismless enamel in human teeth [18],
the development of an index evaluating laser-induced effect on the enamel surface appears
to be obsolete. On the basis of this theoretical rationale, we have identified object-based
analysis as the most appropriate for the means of our investigation.

PPLA settings are fundamental to induce laser analgesic effects. However, there is a
lack of research determining the optimal mid-infrared (IR) energy and parametry to produce
more predictable protocol and reliable laser analgesic-based treatment protocol. Hence, we
conducted our ex vivo study aiming to examine and evaluate the effects of the currently
available protocols for Er:YAG laser-induced PPLA on enamel surface morphology via
scanning electron microscopy (SEM). The null hypothesis of our study was to validate that
the currently available protocols for Er:YAG laser-induced PPLA initiate morphological
changes on the enamel surface. In this context, the study’s objectives are as follows: (1). To
establish the most suitable Er:YAG-induced PPLA protocol with effective fluence without
enamel morphology changes for future clinical studies; (2). To determine whether low or
high fluence has an influence on enamel surface morphology.

2. Materials and Methods
2.1. Study Design

This was a randomised ex vivo laboratory study, where 24 sound human premolar
teeth free of racks, erosion, caries or any structural defect were collected. Then, each tooth
was divided into equal halves and the 48 enamel surfaces were randomly assigned into
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eight groups (Groups A–I) according to the laser protocols illustrated in Table 1. The
randomisation process was achieved via a computer-generated permuted block sequence
in matched pairs design. All the collected teeth were extracted for orthodontic purposes.
Informed written consent was obtained from all the patients and patients’ legal guardians
for the purposes of utilising their teeth in research and publications.

Table 1. The distribution of the pre-emptive pulp laser analgesia (PPLA) parameters according to the
experimental group of the study treatment protocol.

Laser Parameters Group A Group B Group C Group D Group E Group F Group G Group I

Average power (W) 0.2 0.2 0.6 0.6 0.75 0.75 1 1

Pulse frequency (Hz) 10 10 15 15 15 15 20 20

Energy per pulse (mJ) 20 20 40 40 50 50 50 50

Fluence (J/cm2) 3 3 10 10 12 12 17 17

Water spray (%) 100 0 100 0 100 0 100 0

Tip-to-tissue distance 10 mm

Speed of movement 2 mm/s

Tip type and diameter 1.3 × 6.3 mm sapphire tip

Irradiation time 30 s/sample

2.2. Preparation of the Enamel Samples

All the 24 extracted teeth were stored in 0.1% thymol solution prior to commencing
the experiments. Then, the teeth were sectioned mesio-distally into two equal halves
(48 surfaces), using a diamond-tipped sectorial blade of an “Minosekar-2, Imer” sawing
machine. The device is located at the Bulgarian Academy of Sciences, Institute of Physical
Chemistry “Rostislaw Kaischew”, Sofia, Bulgaria.

2.3. Experimental Design

The enamel surfaces of each tooth that was divided into two halves were irradiated
with the same power output, and one half was subjected to 100% water spray cooling,
whereas the other half was not. This approach provided a sample from each tooth in two
groups of the same power settings while differing in their water-cooling status. This was
an equivalent and within-subject control design.

Table 1 summarises the settings of the laser parameters for each group, which were
adjusted and modified to adapt properly to each device given its limitations. Pulsed Er:YAG
(2940-nm) (LiteTouch™, Light Instruments LTD CAM building, 2nd floor, 4 HaTnufa St.
Industrial Zone Yokneam, 2066717, P.O. Box 223, Yokneam 2069203, Israel) was utilised in
this study.

The rationale behind choosing different parameter settings recommended for clinical
Er:YAG laser-induced PPLA was equivalent to and supported by the literature clinical
parameters for Er:YAG laser induction pulpal analgesia of Walsh et al. [3], which were
as follows: “subablative pulse energies between 60–120 mJ/pulse (defocused, with water
spray), at a frequency ranged between 1–30 Hz (preferably 20 Hz), applied for at least 30 s”.

A study by Walsh et al. [3] highlighted that the optimal effect can be achieved at a
pulse frequency of 20 Hz, which appears to align with the resonance frequency needed to
temporarily disrupt the action of the Na/K pump, whereas the sweeping motion was at
approximately 2–3 mm/second (s), during which 20–30 s exposure time at each line angle
can distribute the effect evenly across the dental pulp [3].

2.4. Laser Irradiation Process

A non-contact hand-piece with a sapphire tip 1.3 × 6.3 mm in diameter was held
fixed at a 10 mm distance from the tooth neck by using a spacer designed specifically
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for the purpose of the present study (Figure 1). The photonic energy of 2940 nm was
utilised to irradiate the cervical enamel surface above the cemento-enamel junction (CEJ)
perpendicularly towards the dental pulp of each half at a sweeping speed of 2 mm/s for
30 s, in order to evaluate the optimal sub-ablative effect of various literature-recommended
PPLA parameters and irradiation areas such as the neck and occlusal surfaces of the
teeth [10,19]. Our study PPLA protocol was formulated based on this.
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Figure 1. Adjustable rotating spacer, providing tip-to-tissue distance of 10 mm from 1.3 × 6.3 mm
sapphire tip, used in this study.

2.5. Scanning Electron Microscopy (SEM)
2.5.1. SEM Description

SEM device that was utilised in our study was a JEOL JSM 6390 with an attach-
ment (INCA Oxford) for elemental analysis, allowing the determination of the surface
structure, morphology and elemental composition of any materials. The JSM-6390 is a
high-performance SEM with a high resolution of 3.0 nm [20]. The customizable GUI inter-
face allows the instrument to be intuitively operated, and the software ensures optimum
operation settings. The JSM-6390 specimen chamber can accommodate a specimen of up to
6 inches in diameter. Standard automated features include auto focus/auto stigmator, auto
gun (saturation, bias and alignment) and automatic contrast and brightness. The JSM-6390
is used in many varied applications with several options that increase its versatility. SEM
has SE (secondary electron), BSE (backscattered electron) and CL (cathodoluminescence)
imaging capabilities, and can provide standard-based analyses of major and some minor
elements through EDS (energy dispersive spectrometry) [21]. The manufacturer of the
SEM-JEOL JSM 6390 is JEOL Ltd. The company’s main office is located in 3-1-2 Musashino,
Akishima, Tokyo 196-8558, Japan.

2.5.2. SEM Preparation

After completion of the samples’ irradiation, the prepared samples of each group,
as described in Section 2.1, were examined using SEM. Subsequently, the samples were
fixed in 2.5% glutaraldehyde solution for 12 h (4 ◦C), dehydrated (25–100% ethanol in
increasing concentrations), dried and then spatter-coated with gold [18]. Finally, all the
enamel surfaces were analysed with SEM at ×50, ×100, ×500 and ×1000 magnifications.
The SEM preparation, examination and analysis were performed by two independent
experienced chemists (SA and IS) at the Department of Physics and Chemistry, Bulgarian
Academy of Science, Sofia, Bulgaria. The examined samples were rated on the basis of the
absence or presence of surface impact cratering, scaly surfaces or exposed enamel prisms.
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3. Results

All the SEM analyses were performed after the Er:YAG laser-induced analgesic treat-
ments were completed. Under ×50 magnification, the micrographs of all the samples
showed striae of Retzius, where few of them were either masked focally with debris or
showed fine cracks and lamella on their surfaces. The debris was found only in the samples
that was irradiated without water cooling.

The laser-irradiated samples in the following groups were examined using SEM, and
showed no alteration to the mineralised tooth structure: Group A, Group B (Figure 2a,b),
Group C (Figure 3a,b), Group E (Figure 5a,b) and Group G (Figure 7a,b). Nevertheless,
samples that were irradiated without water at the lowest used energy of 0.2 W at a frequency
of 10 Hz with a fluence of 3 J/cm2 were observed to be sub-ablative in Group B, when a
10 mm laser tip-to-tissue distance was employed. Equally, the samples of Groups A and B
were irradiated with the protocol 0.2 W/10 Hz/3 J/cm2, but those in Group A exposed to
100% water spray showed an absence of surface cratering or melting, whereas the samples
in Group B exposed to no water cooling had striae of Retzius clearly visible, which is well
illustrated in Figure 2a,b.
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Figure 2. SEM images of enamel surfaces irradiated with 0.2 W/10 Hz/20 mJ/3 J/cm2 under
×50 magnification. Group A (a) was irradiated without water spray cooling and Group B (b) had
maximum water spray applied, with both showing an intact enamel surface morphology with striae
of Retzius.

Biomedicines 2023, 11, x FOR PEER REVIEW 6 of 11 
 

  
(a) (b) 

Figure 3. SEM images of tooth surface irradiated with 0.6 W/15 Hz/40 mJ/10 J/cm2 with 100% water 

spray—Group C—under ×500 magnification (a) and ×1000 magnification (b). Observation of intact 

enamel surface morphology, showing striae of Retzius. 

  
(a) (b) 

Figure 4. SEM images of enamel surface morphology following irradiation with 0.6 W/15 Hz/40 mJ/ 

10 J/cm2 without water spray cooling—Group D—under ×50 magnification (a) and ×1000 magnifi-

cation (b), showing presence of impact craters and scaly surface. 

Laser-induced impact craters and scaly ablated morphology on the enamel surface 

were observed as well in Group E (Figure 5a,b) and Group F (Figure 6a,b) samples irradi-

ated with the following laser settings: 0.75 W/15 Hz/12 J/cm2 with or without maximum 

water cooling, at a distance of 10 mm from target area. Hence, it can be considered as an 

ablative protocol. 

The presence of wide scaly surfaces with impact craters and exposed prisms was ob-

served in the samples of Group G (Figure 7a,b) and Group H (Figure 8a,b). Additionally, 

the impact craters appeared to be of a wider diameter and at a greater depth compared to 

the Group G samples irradiated with water when the samples in Group H were irradiated 

with the following laser protocol without water spray: 1 W/20 Hz/17 J/cm2,. 

Figure 3. SEM images of tooth surface irradiated with 0.6 W/15 Hz/40 mJ/10 J/cm2 with 100%
water spray—Group C—under ×500 magnification (a) and ×1000 magnification (b). Observation of
intact enamel surface morphology, showing striae of Retzius.
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Interestingly, when samples of Group C were irradiated with the protocol
0.6 W/15 Hz/10 J/cm2 with a maximum water spray level of 100%, this resulted in a
lack of alteration in the enamel surface morphology—no impact craters or melting surfaces
were observed (Figure 3a,b). However, when the same energy settings were applied with-
out water cooling in Group D (Figure 4a,b), the SEM investigation showed the presence of
impact craters and scaly surfaces. In this context, it is noteworthy that in order to achieve a
sub-ablative laser action at a distance of 10 mm from the target tissue, a maximum water of
100% should be applied with the following protocol: 0.6 W/15 Hz/10 J/cm2.
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Figure 4. SEM images of enamel surface morphology following irradiation with
0.6 W/15 Hz/40 mJ/10 J/cm2 without water spray cooling—Group D—under ×50 magni-
fication (a) and ×1000 magnification (b), showing presence of impact craters and scaly surface.

Laser-induced impact craters and scaly ablated morphology on the enamel surface were
observed as well in Group E (Figure 5a,b) and Group F (Figure 6a,b) samples irradiated with
the following laser settings: 0.75 W/15 Hz/12 J/cm2 with or without maximum water cooling,
at a distance of 10 mm from target area. Hence, it can be considered as an ablative protocol.
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Figure 5. SEM images of enamel surface morphology following irradiation with
0.75 W/15 Hz/50 mJ/12 J/cm2 with maximum water spray cooling—Group E—under ×50 magnifica-
tion (a) and ×500 magnification (b), showing presence of scattered impact craters.
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Figure 6. SEM images of enamel surface morphology following irradiation with
0.75 W/15 Hz/50 mJ/12 J/cm2 without water spray—Group F—under ×50 magnification
(a) and ×500 magnification (b), showing scaly surface and wide-diameter impact craters.

The presence of wide scaly surfaces with impact craters and exposed prisms was
observed in the samples of Group G (Figure 7a,b) and Group H (Figure 8a,b). Additionally,
the impact craters appeared to be of a wider diameter and at a greater depth compared to
the Group G samples irradiated with water when the samples in Group H were irradiated
with the following laser protocol without water spray: 1 W/20 Hz/17 J/cm2.
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Figure 7. SEM images of enamel surface morphology following irradiation with
1 W/20 Hz/50 mJ/17 J/cm2 with maximum water spray cooling—Group G—under ×50 magnification
(a) and ×500 magnification, (b) showing scaly surface and impact craters with exposed prisms.
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Figure 8. SEM images of enamel surface morphology following irradiation with
1 W/20 Hz/50 mJ/17 J/cm2 with no water spray cooling—Group H—under ×100 magnifi-
cation (a) and under ×500 magnification (b), showing scaly surface and wide-diameter impact craters
with exposed prisms.
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4. Discussion

The data of our ex vivo study demonstrated for the first time that the current published
clinical PPLA protocols can cause enamel morphological changes.

The concept of laser-induced analgesia, “photobiomodulation (PBM) of pulpal reactiv-
ity”, is developed, contributing to a minimal-to-none use of local anaesthesia, resulting in a
reduction in the discomfort experienced by patients during dental restorative intervention,
especially cavity preparation.

Many studies have documented that PBM is effective within the optical window of
(600–1100 nm) [9,22]. Hence, the mechanism of PBM pulpal reactivity of pulsed mid-IR
lasers (Nd:YAG, Er:YAG and Er, Cr:YSGG) is different and employed for a low-level effect
in PPLA [10,19,23].

The present study utilised an Er:YAG laser (2940 nm), which coincides with the peak
absorption of water. The hydroxyl groups in the hydroxyapatite crystals can absorb some
of the generated irradiation, but to a lesser extent.

Walsh [1] developed the first hypothesis about laser analgesia protocol by irradiat-
ing the cervical part of the tooth. They proposed the following Er:YAG PPLA protocol:
pulse frequency 15–20 Hz; pulse energy 80–120 mJ; water spray setup “on”; focused or
slightly defocused beam; contact or non-contact handpiece. This work was followed by a
publication in 2008 [3] highlighting that energy should be directed at the CEJ towards the
dental pulp through the enamel or dentine by moving the laser hand-piece in a sweeping
motion approximately 2–3 mm/s for 20–30 s (exposure time). However, the tip-to-tissue
distance was not reported. The authors claimed that the optimal effect was gained at a
pulse frequency of 20 Hz, which appeared to align with the resonance frequency needed to
temporarily disrupt Na/K pump action. The scientific literature led us to conclude that to
the best of our knowledge, there is a lack of scientific evidence of the real bio-resonance
frequency of the nerve fibres in the pulp.

Interestingly, a clinical trial conducted by Genovese et al. [10] utilised Er:YAG to
evaluate the pain self-reported by paediatric patients on a visual analogue scale (VAS)
during cavity preparation, in which the following laser protocol was utilised: power
output: 0.5 W and then increased to 2 W, pulse frequency: 20 Hz, pulse energy: 75 mJ,
laser tip-to-tissue distance: 3 mm, defocused mode on the gingival margin (1–3 mm) and
then slowly moved for 2 min. The usage of water cooling during the procedure was not
reported. Additionally, there was a lack of substantial information on the duration and
the steps in which the energy was applied, how it was increased and whether any water
was used as a cooling agent during the manipulation. Due to the lack of reported laser
parameters and protocol, it is difficult to reproduce this protocol for future studies.

Many studies investigated the clinical efficacy of various modifications of the laser
analgesia technique with the help of an electrical pulp tester (EPT), using a 904 nm GaAs
diode laser [9] or 1064 nm Nd: YAG [6] without previous verification of the proposed
protocols’ safety.

To the best of our knowledge, a study conducted by Chan et al. [7] showed the first
SEM investigation on teeth irradiated with the following modified laser analgesia protocol
of Nd:YAG: average power: 1.1 ± 0.2 W, power density: 3.9 ± 0.7 W/cm2, spot area:
0.28 cm2, pulse frequency: 15 Hz, fluence: 0.260 ± 0.047 J/cm2. They concluded that no
alteration to the mineralised tooth structure was induced [8]. However, in a previous
clinical study conducted by Chan et al., using the same laser settings reported, the tip was
placed approximately 1 mm from the tooth surface. Nevertheless, the tip-to-tissue distance
was not reported in this investigation.

A clinical study conducted by Poli et al. [19] developed the following modified laser
analgesic protocol using Er,Cr:YSGG (2780 nm): power output increased from 0.1 W to
1 W (15% water, 20% air), fluence: between 6 and 59 J/cm2, tip-to-tissue distance: 10 mm,
buccal and lingual cervical areas irradiated for 3 min and 30 s. They evaluated self-reported
pain during cavity preparation and EPT threshold. However, their study did not provide
any information about the morphological alterations on the enamel surface, despite the fact
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that the laser energy was applied on the neck of the tooth and on the occlusal surface using
a Rabbit technique, which is based on utilising high-energy laser-induced analgesia [4].
However, our results have demonstrated that the structural changes were consistent with
the applied fluence and water level. Our laser protocol of 0.6 W at a fluence of 10 J/cm2 with
maximum water cooling demonstrated a sub-ablative laser action achieved at a distance of
10 mm. However, higher power settings and lower water-cooling levels corresponded to
an increase in the enamel roughness and impact surface cratering. Hence, laser parameters
equal to or greater than the average power of 0.75 W, fluence 12 J/cm2 (without or with
maximum water cooling) provide an ablation, leading to morphological changes in the
enamel surface, which is in disagreement with Poli et al.’s protocol [19].

Our results have shown through SEM that the structural changes in the enamel surfaces
were consistent with the applied energy densities and with 100% of water or without water
spray. Higher power settings with no water cooling corresponded to an increase in the
enamel roughness and impact surface cratering. Laser parameters equal to or greater
than an average power of 0.75 W and fluence of 12 J/cm2 (without or with maximum
water cooling) provided an ablation, which led to morphological changes in the enamel
surface. On the other hand, there was no alteration to the mineralised tooth structure
with the experimental parameters with 100% water spray or without water spray when
the following protocol was applied on the irradiated area fixed at a 10 mm tip-to-tissue
distance: 0.2 W/10 Hz/3 J/cm2. Our data have shown that a fluence between 10 and
12 J/cm2 was considered optimal without any enamel morphological changes.

Our study aimed to find the highest possible sub-ablative energy and water settings,
given the limitations of our laser device, without damaging the enamel surface. Our
results have shown that the following PPLA protocol was non-ablative to the cervical
enamel surface with or without water: 0.2 W/10 Hz/3 J/cm2, laser tip-to-tissue distance of
10 mm. Additionally, a sub-ablative laser action at a distance of 10 mm can be achieved
when the following protocol is utilised: 0.6 W/15 Hz/10 J/cm2 with maximum water
cooling. However, the higher energy levels of the protocols 0.75 W/15 Hz/12 J/cm2 and
1 W/20 Hz/17 J/cm2 have proven to be ablative even when the maximum water spray
was used, showing a scaly surface and impact craters with exposed enamel prisms in the
SEM investigation.

In light of the above-mentioned statements and our present study, our null hypothesis
was not rejected.

5. Conclusions

The data of our ex vivo study confirm for the first time that the following Er:YAG sub-
ablative PPLA protocol causes no morphological changes in the enamel surface: average
power output: 0.6 W, fluence: 10 J/cm2, maximum water cooling of 100%, tip-to-tooth
tissue: 10 mm, 30 s exposure time, 1.3 × 6.3 mm sapphire tip, sweeping motion with 2 mm/s
speed of movement. Additional clinical studies utilising our protocols are warranted to
validate Er:YAG laser analgesic effects for painless laser-assisted restorative treatments.
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Abstract: For the first time, the clinical application of the first CE registered magnesium membrane
is reported. Due to the material characteristics of magnesium metal, new treatment methodologies
become possible. This has led to the development of a new technique: the magnesium membrane
shield technique, used to rebuild the buccal or palatal walls of compromised extraction sockets. Four
clinical cases are reported, demonstrating the handling options of this new technique for providing
a successful regenerative outcome. Using the technique, immediate implant placement is possible
with a provisional implant in the aesthetic zone. It can also be used for rebuilding both the buccal
and palatal walls simultaneously. For instances where additional mechanical support is required, the
membrane can be bent into a double layer, which additionally provides a rounder edge for interfacing
with the soft tissue. In all reported clinical cases, there was a good bone tissue regeneration and soft
tissue healing. In some instances, the new bone had formed a thick cortical bone visible in cone beam
computed tomography (CBCT) radiographs of the regenerated sites, which is known to be remodeled
in the post treatment period. Overall, the magnesium membrane shield technique is presented as an
alternative treatment option for compromised extraction sockets.

Keywords: socket preservation; ridge preservation; NOVAMag membrane; resorbable metal

1. Introduction

Alveolar ridge atrophy is the unavoidable consequence of tooth loss after extraction [1].
This progressive and irreversible phenomenon can give rise to esthetic, functional, and
prosthodontic challenges as well as interfere with an ideal implant placement for tooth
replacement. Hence, proactive surgical intervention at the time of extraction may help
providing desired surgical and prosthetic outcomes. Several techniques that allow dental
extraction, implantation, and even if desired provisionalization, have been described in
the literature.

Immediate dentoalveolar restoration (IDR) [2] suggests using cortico-cancellous bone
graft harvested from the maxillary tuberosity, which is shaped to the defect size and is
inserted between the implant and the soft tissue in a flapless approach. However, this
requires a secondary surgical site to harvest donor hard tissue for rebuilding the buccal
cortical wall, which increases patient pain and morbidity. Additionally, manipulation of
the graft must be performed quickly to maintain its vitality.

The socket shield technique (SST) suggests partial root retention on the buccal aspect
during tooth extraction with subsequent immediate implant placement [3]. This technique
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is technically demanding and time intensive, and the feasibility of SST had yet to established
as the potential clinical benefits of SST lack strong scientific evidence [4].

An alternative treatment procedure could be designed around the characteristics and
biological effects of a new material. Instead of using an autologous bone or tooth that can
be challenging and time consuming to be shaped to fit the defect, a bioresorbable synthetic
material could enable shorter surgery time due to easier handling.

Magnesium metal has only recently been introduced as a regenerative dental material,
with the first two magnesium medical devices receiving CE approval in 2021 [5,6]. As a
material choice, magnesium is already well established for orthopedic and cardiovascular
applications [7], but has yet to be reported on for its clinical application in regenerative
dentistry. Magnesium has a combination of properties that make it unique as a regenerative
dental material: synthetic, mechanically strong but malleable, and completely resorbable [8].
Additionally, magnesium metal degrades into magnesium ions that are naturally occurring
in the body and are used in many important functions, such as the maintenance, growth,
and regeneration of bone [9]. Mg ions are known to promote cortical bone growth via
periosteal stem cells through the release of calcitonin gene-related peptide (CGRP) from
sensory nerve endings in the periosteum [10].

The magnesium membrane has previously been demonstrated to have increased soft
tissue adhesion. In vitro studies have shown that gingival human fibroblast cells (Primary
HGF-1 cells) will adhere and form confluent layers on the magnesium membrane surface,
as well as migrate over the surface following a scratch test [11]. These results were further
proven in an in vivo beagle dog model, using membranes implanted into palatal defects,
which demonstrated 90% wound closure after 72 h. This can be expected, as previous
studies have reported on the role of Mg ions in promoting the adhesion of oral soft tissue
cells to titanium substratum, and has even been demonstrated to be more beneficial than
Ca ions, a known mediator of cell to substratum adhesion [12–14].

Once implanted, the magnesium metal begins to degrade until it is completely re-
sorbed by the body. Therefore, there is no need to extract it during a second surgical
procedure. During the degradation of the magnesium metal, the metallic structure is
transformed into magnesium salts and a small volume of hydrogen gas is released [15].
The composition of the magnesium salts contain elements that are naturally present within
the bone matrix, have a good biocompatibility, and can become enveloped in new bone [16].
The magnesium salts keep the original shape and position of the membrane until they are
resorbed by the body, whereas the small volume of hydrogen gas initially provides a slight
tenting of the soft tissue. Both of these degradation by-products continue to maintain a
separation of the soft and hard tissues [5,17]. As reported for other magnesium implants,
once the magnesium metal has degraded, no more hydrogen gas is released and the space
created by the gas spontaneously resolves [18,19]. Magnesium implants have already been
proven to provide an excellent biocompatibility in applications such as cardiovascular
stents [20,21] and orthopedic screws [22,23].

Magnesium ions that are resorbed by the body during the degradation process, are
already prevalent within the body and are found within almost every single cell [24].
As magnesium ions are already well established within the body, there are pathological
pathways for the excretion of excessive levels of magnesium ions [24].

An in vivo performance study in Beagle dogs, demonstrated that the magnesium
membrane was able to provide a similar result to that of a collagen membrane when used
to augment four-wall defects in combination with bovine bone graft [17]. A similar ratio
of new bone volume to soft tissue volume was found at all timepoints when comparing
the magnesium membrane and collagen membrane treatment groups, demonstrating that
the magnesium membrane was just as effective as the collagen membrane at maintaining a
barrier and enabling the bone within the defect to regenerate. In the veterinarian report,
neither the magnesium membrane nor the collagen membrane group presented signs
of a chronic inflammation reaction such as prolonged redness, swelling, pain, and loss
of function.
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In the performance study, one week post implantation, the magnesium membrane
had a slightly higher inflammatory reaction; however, this quickly subsided, and by
week 8, the subsequent timepoint in the study, the inflammatory reaction was similar to
that of the collagen membrane. Both membranes followed a comparable inflammatory
process, involving the same type and number of immune cells [5]. A similar inflammatory
response of the magnesium membrane and collagen membrane has also been reported in
another in vivo study, comparing a physical vapor deposition (PVD) coated magnesium
membrane, a non-coated magnesium membrane and a collagen membrane implanted
subcutaneously in BALB/C mice [25]. The coated magnesium membrane induced the
highest level of inflammation; however, the uncoated magnesium membrane and the
collagen membrane were associated with similar levels of inflammation. Both the collagen
and un-coated magnesium membrane had balanced levels of M1 and M2 macrophages, in
a ratio promoting the integration of the material.

Due to the magnesium membrane’s mechanical strength [5], it also has the possibility
to be used as a cortical plate. Despite being mechanically strong, the magnesium membrane
can be cut and bent to shape to perfectly match the contours of the defect, potentially
making it more clinically manageable than using an autogenic or allogenic bone cortical
plate. Once in position, the membrane provides a barrier between soft and hard tissues and
fully resorbs after the critical healing period [17]. As the degradation process is gradual,
defect stability is maintained during the critical healing phase whilst new bony tissue
infiltrates the defect site [5,17].

The aim of this paper is to report on the first clinical application of the magnesium
metal membrane and demonstrate the application of a completely new technique. The
magnesium membrane shield technique is used to rebuild the buccal wall and offers a novel
clinical option due to the material properties of magnesium. The magnesium membrane is
presented as an alternative material choice to the current gold-standard use of a cortico-
cancellous bone plate or tooth root, with an aim to reduce invasiveness and the surgical
limitations of the alternative techniques.

2. Materials and Methods

For each case, a minimally invasive buccal and palatal flap elevation was performed,
followed by a thorough debridement of the extraction site. A periosteal releasing inci-
sion was performed on the buccal flap, 1 mm apical to the lower border of the defect.
An immediate implant was placed with a high insertion torque. A sterile magnesium
membrane (NOVAMag® membrane, botiss biomaterials GmbH, Berlin, Germany) with an
initial thickness of 140 µm and dimensions 30 × 40 mm was prepared. The membrane was
trimmed to size using the NOVAMag® scissors (Carl Martin GmbH, Solingen, Germany)
(Figure 1A), ensuring smooth rounded edges to avoid sharp points that could perforate
the soft tissue. The rim of the membrane is flattened using the NOVAMag® sculptor (Carl
Martin GmbH, Solingen, Germany) (Figure 1B). The membrane was then either placed
as a singular layer, or bent in half into a double layer of the membrane to improve its
mechanical stability. The shape of the membrane was then bent according to contours of
the defect using the NOVAMag® sculptor (Figure 1C). The membrane was then inserted
into the socket as an extension of the buccal plate. The defect was filled with allogenic
granular bone substitute (maxgraft®, botiss biomaterials GmbH, Berlin, Germany) and
a collagen membrane (Jason® membrane, botiss biomaterials GmbH, Berlin, Germany)
placed over the top of the augmentation and the flaps were sutured (Figure 1D,E). Closed
wound healing is recommended with the magnesium membrane, as exposure can cause an
accelerated resorption time. Suturing was performed with Nylon 5-0 sutures, using single
interrupted and vertical mattress suturing techniques. Then, implants were immediately
loaded (Figure 1F).
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Figure 1. For the magnesium shield technique, the magnesium membrane is first cut to shape using
the NOVAMag® scissors (A). The rim of the membrane is then flattened using the NOVAMag®

sculpture (B) and bent into shape (C). In a compromised extraction socket (D), the membrane is either
place as a single layer or bent into a double layer, before being positioned to rebuild either the buccal
or palatal wall. The membrane is held in position by the periosteum and the defect space is filled with
the graft material. A collagen membrane is placed on the top of the ridge (E). Using the technique, it
is also possible to immediately place implants with a provisional restoration (F). Once implanted,
the magnesium membrane will begin to degrade, transforming into magnesium salts that maintain
the soft tissue barrier, and hydrogen gas will be released that provides a tenting of the soft tissue,
which also extends the barrier effect, since cells cannot cross the gas cavity (G). After the magnesium
metal has transformed into magnesium salts, no more gas is released, and the soft tissue returns into
position over the newly formed bone and magnesium salts (H). After the critical healing period, the
magnesium membrane is completely resorbed (I).

Post-operatively, the patients were instructed to rinse with chlorhexidine solution
twice a day for 2 weeks.
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3. Results
3.1. Case 1

The patient was a 65-year-old female in good general health condition. The patient
presented with tooth 24, root canal treatment, post, core build up, and an old porcelain-
fused-to-metal (PFM) crown. A vertical root fracture was present with an associated severe
bone loss, including loss of both buccal and palatal plates.

The non-traumatic extraction of tooth 24. was performed, (Figure 2). The magnesium
membrane shield technique was performed as described in Section 2, aiming to rebuild
both buccal and palatal plates. In this instance, the magnesium membrane was used as a
single layer on both the buccal and palatal sides.
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Figure 2. (A) Alveolar socket following atraumatic extraction and curettage. Severe bone loss of
both buccal and palatal plates. (B) Buccal and palatial plates were created using the magnesium
membrane shield technique. (C) Application of allograft. (D) Four months post operatively there
was an excellent regeneration of bone defect, including fully regenerated cortical and palatal plates.
The implant was stable and there was a good healing of the soft tissues. Black arrows are used to
indicate the position of the magnesium membrane.

Four months post operatively, regenerated bone was present, including fully regener-
ated cortical and palatal plates (Figure 3). The implant was stable and there was a good
healing of the soft tissues.
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Figure 3. (A) Lateral volumetric cone beam computed tomography (CBCT) shows significant loss of
buccal and palatal bone mass around tooth 24. (B) Coronal CBCT slice of the same area of tooth 24
revealing missed buccal and palatal bone and associated apical radiolucency. (C) The coronal CBCT
section shows the implant in the area of tooth 24 and the obtained completely regenerated cortical
and palatal plates.

3.2. Case 2

The patient was a 68-year-old male in good general health condition. The patient
presented with tooth 25, root canal treatment, crown destroyed at the tissue level and a
vertical root fracture with associated severe bone loss including loss of buccal plate. The
palatal plate remained intact.

A non-traumatic extraction of tooth 25 was performed (Figure 4), followed by bone
augmentation using the magnesium membrane shield technique to rebuild the buccal wall
as described in Section 2. In this instance, the magnesium membrane was bent into a
double layer.
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Figure 4. (A) Alveolar socket following atraumatic extraction and curettage. Severe bone loss
of buccal plate. (B) Buccal plate was created using the magnesium membrane shield technique.
(C) Application of allograft together with magnesium membrane. The black arrow indicates the
position of the magnesium membrane.
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Four months post operatively, there was a good regeneration of bone within the defect
including a fully regenerated cortical buccal plate (Figure 5). The implant was stable and
the was a good healing of the soft tissues.
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Figure 5. (A) Coronal CBCT section shows tooth 25 with vertical root fracture and destroyed buccal
bony wall and intact palatine. (B) The coronal CBCT section shows the placed implant in the region
of tooth 25 and the complete regeneration of the cortical wall.

3.3. Case 3

A 62-year-old male patient in good general health condition. Patient presented with
tooth 21, vital tooth, horizontal oblique root fracture with associated severe bone loss
including loss of buccal cortical plate. Palatal cortical plate remained intact.

Nontraumatic extraction of tooth 21 (Figure 6), followed by bone augmentation using
the magnesium membrane shield technique to rebuild the buccal wall as described in
Section 2. The implant was immediately covered with a provisional crown due to its
location in the aesthetic zone.
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Figure 6. (A,B) Alveolar socket following atraumatic extraction. Severe bone loss of buccal plate.
(C) Buccal plate was created using the magnesium membrane double layer technique. (D) Application
of allograft. (E) closing sutures and immediate provision. (F) four months postoperatively there was
an excellent regeneration of bone defect, including fully regenerated cortical and palatal plates. The
implant was stable and there was a good healing of the soft tissues. Black arrows are used to indicate
the position of the magnesium membrane.

Four months post operatively, there was an excellent regeneration of bone defect
including a fully regenerated cortical buccal plate (Figure 7). The implant was stable, and a
good healing of the soft tissues was observed in the postoperative phase.
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Figure 7. (A) Panoramic CBCT section shows bone loss around tooth 21. (B) Sagittal CBCT section of
the area around tooth 21 shows extensive buccal bone loss. (C) A sagittal CBCT section shows the
implant placed at site 21 with a restored cortical buccal plate. (D) Panoramic CBCT section shows
bone formation around the implant in area 21.

3.4. Case 4

A 60-year-old female patient in good general health condition. Patient presented with
tooth 15, root canal treatment, post core and PFM crown and vertical root fracture with
associated severe bone loss including loss of buccal cortical plate. Palatal cortical plate
was intact.

Nontraumatic extraction of tooth 15 (Figure 8), followed by bone augmentation using
the magnesium membrane shield technique to rebuild the buccal wall as described in
Section 2.
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Figure 8. (A,B) Alveolar socket following atraumatic extraction and curettage. Severe bone loss
on buccal wall. (C) Buccal wall was created using the magnesium membrane shield technique.
(D) Application of allograft. (E) Closing sutures and immediate provision. (F) Four months post
operatively there was a regeneration of bone defect, including fully regenerated cortical bone. The
implant was stable and there was a good healing of the soft tissues. The black arrow indicates the
position of the magnesium membrane.
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Four months post operatively, there was an excellent regeneration of bone defect
including a fully regenerated cortical buccal plate (Figure 9). The implant was stable and
there was a good healing of the soft tissues.
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Figure 9. (A) Panoramic CBCT section shows associated apical radiolucency of tooth 15. (B) Coronal
CBCT section shows tooth 15 with vertical root fracture and destroyed buccal bony wall and intact
palatine. (C) Panoramic CBCT section shows bone formation around the implant in area 15. The
coronal CBCT section shows the implant placed in the region of tooth 15.

4. Discussion

In regenerative dentistry, there is a wide choice of available materials that can be
applied for hard tissue augmentation [26]. In order to overcome the negative consequences
of tooth extraction, different techniques of alveolar ridge preservation have been proposed
to retain the original ridge dimension, including immediate or delayed implant placement,
and buccal overbuilding with bone grafting materials. The loss of buccal and palatal bone
in periodontally compromised teeth or during extraction are a common clinical scenario
that surgeons are faced with [27]. Each patient needs to be diagnosed separately and
an appropriate choice of material must be chosen. Especially in the case of buccal and/
or palatal bone loss, the clinician needs to make a choice of the most suitable material,
sometimes having to prioritize mechanically strong materials over resorbable or more
clinically manageable materials [28].

Large size bone defects that have lost both vertical and horizontal dimensions usually
require a choice of membrane or plate that will provide mechanical stability during bone
regeneration of the extraction socket space. This is to counteract the external forces on the
defect space created by the overlying soft tissue. The choice of materials include titanium or
titanium reinforced membranes [29], collagen membranes [30], or autologous grafts [2,3].

Titanium based materials provide high mechanical stability to enable bone regenera-
tion, which is beneficial for vertical bone gain [28]. However, as titanium is non-resorbable,
it is required to be removed in a second surgery, or potentially needs a more invasive
surgery upon re-entry by requiring a larger flap to be opened to access the membrane.

Collagen membranes are the most frequently used membranes in regenerative den-
tistry and have an excellent biocompatibility [31], but are often unstable and can deform or
even collapse under loading with the soft tissue entering the bone defect [32,33].
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Autologous cortical plates are mechanical strong and have an excellent biocompatibil-
ity, but require a second surgical site, increasing patient pain and morbidity. Whilst the use
of a tooth root, as in SST, is technically demanding and labor intensive [34].

The development of a magnesium membrane provides a material option that is re-
sorbable yet offers mechanical stability during the critical healing phase [5,17]. Magnesium
metal releases magnesium ions during degradation that are naturally present in the body
and play an essential role in many important processes within the body [35]. This includes
aspects of bone regeneration such as bone cell proliferation, migration, and alkaline phos-
phatase activity [9]. As the magnesium metal is malleable, it potentially provides an easier
adaption to the contours of the defect than is possible with a cortical bone graft. Even
though the membrane is malleable, the handling of the membrane must be taken into con-
sideration. The membrane needs to be shaped and cut during surgery in a procedure that
is more technically demanding than the application of a collagen membrane and is more
comparable to that of a titanium mesh. To aid with the procedure, specialized tools (e.g.,
NOVAMag® scissor, NOVAMag® sculptor) have been developed for cutting and bending
the membrane to shape, reducing the risk of sharp edges that could rupture the mucosa.

Titanium meshes provide mechanical stiffness to support the defect, but do not provide
a barrier function for bone regeneration [28]. From a biophysiological perspective, it is
suggested that for larger sized defects, maintaining regenerative space and having good
osteogenic properties is more beneficial than maintaining a cell occlusivity between the
soft and hard tissues [28]. In contrast, the magnesium membrane maintains its mechanical
strength during the initial critical healing period [5], but has also been demonstrated
in in vivo studies to provide a stable barrier between the soft and the hard tissue [17].
Additionally, as the magnesium metal degrades and is transformed into magnesium salts
that are resorbed, nutrient flow into the defect space is possible. Therefore, there is no
need to perforate the membrane with holes, which could otherwise negatively affect the
degradation rate of the membrane and compromise the soft tissue barrier.

In addition, it has been shown in a previous study by Rider et al. that during the
degradation of the magnesium metal, hydrogen gas is released, which has been shown to
provide a tenting of the soft tissue [17]. This provides an additional barrier to separate the
soft from the hard tissues during the critical healing period.

Alternatively, autogenic or allogenic cortical plate grafts can be used to provide a stable
mechanical support [2]; however, these too have their disadvantages. Autogenic grafts
require a second surgical site and are associated with donor site morbidity. Additionally,
surgical times are prolonged, which can increase the risk of infection. Both autogenic and
allogenic cortical plate grafts must be shaped during surgery, which can be technically
demanding. In SST [3], partial root retention is used to support the buccal plate and avoid
negative tissue alteration post extraction, in a procedure that is technically demanding and
time consuming. Magnesium membranes offer a synthetic alternative, as shown by the
cases provided in this study, to restore the buccal and the palatal plate during extraction
healing with immediate implant placement and even placing provisional restauration
if indicated.

The four clinical cases demonstrate the use of a magnesium membrane to provide the
necessary stability for bone regeneration and integration of the dental implant.

In each instance, the magnesium membrane was handled slightly differently, but the
principle of the magnesium shield technique remained the same. In the first case, the
specific requirements of the defect meant that both the buccal and palatal walls had to be
built using the magnesium membrane shield technique. Used as a single layer and placed
inside the periosteum with the addition of a collagen membrane over the top of the ridge,
enough mechanical support was provided on the two opposing sides of the defect to enable
regeneration of the bone and support the implant. Potentially this method could be used to
treat a much larger sized defect and improve the vertical bone gain.

In the second and fourth case, the membrane was bent into a double layer to provide
additional mechanical strength to support the defect space. By bending the membrane into
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a double layer, a rounded edge is produced that is better for interacting with the soft tissue.
If needed, the membrane could also be secured in place using fixation screws in a similar
application to the Khoury technique, replacing the need to harvest an autologous cortical
bone plate.

In the third case, the membrane was placed in a single layer on the buccal side and
the implant was immediately treated with provisional restauration due to its location in
the aesthetic zone. A major benefit of using the magnesium membrane shield technique in
the aesthetic zone is that there is no need for a large flap created during the augmentation
surgery. At 4 months, there was a good implant stability and soft tissue healing.

Due to the handling properties of the membrane, it was easily adapted to the contours
of the defect during surgery. All patients had a good recovery, and the healing of the sites
was uneventful. In the CBCT images taken 4 months post implantation, cortical bone is
visible on the newly formed trabecular bone, indicating a high quality of bone.

In each of the described cases, the magnesium membrane was held in position by
being placed under the periosteum. However, depending on the indication, it might be
necessary to secure the membrane in place using a fixation system. The membrane has
reportedly been secured using titanium fixation screws [5,17], and can also be secured with
magnesium alloy fixation screws [6,36], thereby creating a regenerative approach using
only fully resorbable materials.

The use of the magnesium membrane shield technique to treat compromised ex-
traction sockets has demonstrated the potential implantation possibilities that have been
created by the development of the magnesium membrane. It provides a new material
choice that is synthetic, mechanically strong, promoting cortical bone formation, malleable
and completely resorbable, a unique combination of properties for regenerative dentistry.
These properties are especially beneficial for supporting the defect space and the final
regenerative result.

5. Conclusions

For the first time, a magnesium membrane has been reported on for its clinical appli-
cation in regenerative dentistry. Due to its unique material properties, a new technique is
possible: the magnesium membrane shield technique, whereby a magnesium membrane
is used to rebuild the buccal or oral walls in compromised sockets. There are already
several techniques available for rebuilding or preserving the alveolar ridge post-tooth ex-
traction, but in comparison to the current material choices, magnesium has many beneficial
properties: it is completely resorbable and does not need to be extracted; it is synthetic
and therefore does not need to be sourced from an additional surgical site, as is the case
for autologous cortical bone; it promotes cortical bone growth; it is mechanically strong
and able to stabilize the defect space; it is malleable and can be shaped to the contours
of the defect in a less technically demanding process than IDS or SST. Four clinical cases
demonstrating the use of the magnesium membrane shield technique have shown excellent
bone tissue regeneration and, in some instances, the new bone has formed a thick cortical
bone layer.

Author Contributions: A.E. conceived, designed, and performed the patient treatment; P.R., Ž.P.K.,
S.R., D.T., F.W., L.S. and A.E. analyzed the data and wrote the article; A.E., P.R., S.R., D.T., F.W., Ž.P.K.
and L.S. proofread the manuscript and helped with the final editing. All authors have read and
agreed to the published version of the manuscript.

Funding: The author(s) received no financial support for the research, authorship and/or publication
of this article.

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

Data Availability Statement: Data sharing is not applicable to this article.

165



Biomedicines 2023, 11, 744

Acknowledgments: In the Acknowledgement section, authors must include individuals and organi-
zations that have made substantive contributions to the research or the manuscript. An exception is
where funding was provided, which should be included in Funding Sources.

Conflicts of Interest: The authors P.R., Ž.P.K., S.R. and D.T. are employees of botiss biomaterials GmbH.

References
1. 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] [PubMed]
2. Da Rosa, J.C.; Rosa, A.C.; da Rosa, D.M.; Zardo, C.M. Immediate Dentoalveolar Restoration of compromised sockets: A novel

technique. Eur. J. Esthet. Dent. 2013, 8, 432–443.
3. Hürzeler, M.B.; Zuhr, O.; Schupbach, P.; Rebele, S.F.; Emmanouilidis, N.; Fickl, S. The socket-shield technique: A proof-of-principle

report. J. Clin. Periodontol. 2010, 37, 855–862. [CrossRef] [PubMed]
4. Lin, X.; Gao, Y.; Ding, X.; Zheng, X. Socket shield technique: A systemic review and meta-analysis. J. Prosthodont. Res. Jpn.

Prosthodont. Soc. 2022, 66, 226–235. [CrossRef] [PubMed]
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Abstract: This study aimed to determine whether the positional relationship between the underside
of the screw head and the surface of the alveolar bone could alter the stress on the two surfaces
and affect the stability of implanted anchor screws. First, in order to confirm the extent of the gap
between the mini-screw and the bone surface, a mini-screw was placed in the palate of rabbits and
examined histologically. As a result, in the conventional screw implantation procedure, oral mucosa
between the base of the screw head and the bone creates a spatial gap. Removal of the oral mucosa
eliminates this gap. Then, we compared the positional difference of the screw in a contact and gap
group by analyzing stress distribution on the bone and screw. Analysis using the finite element
method showed that more stress was loaded on both the bone and screw in the gap group than in the
contact group. Cortical bone thickness did not affect stress in either group. The effects of different
load strengths were similar between groups. A surgical procedure in which mucosal coverings are
removed so that implanted anchor mini-screws are in contact with the bone surface was found to
reduce the stress load on both the bone and screw. This procedure can be used to prevent undesirable
dislodgement of implanted mini-screws.

Keywords: FEM analysis; implantation method; mini-screw; orthodontic anchor screws; von
Mises stress

1. Introduction

Orthodontic anchor screws are an efficient and robust means of fixation in orthodontic
treatment [1–4]. Since the mini-screw anchor system became widely used in clinical practice,
it has been noted that there is occasional incidence of these screws falling out. To address
this and develop means of prevention, several studies have investigated the biomechanics
of mini-screw fixation. This has led to various improvements in the form of modifications
to the shape [5–7] and length [8] of screws, consideration of bone condition at the fixa-
tion site [9–13], and optimization of screw angle and torque [14–18] during implantation.
Nonetheless, mini-screws still fail in some cases, usually as a result of inflammation, infec-
tion, and shedding [19–25]. In this study, we investigated whether the position in which
the screw is embedded affected its likelihood of falling out. Advantages of the mini-screw
include its ability to penetrate the oral mucosa and its easy implantation into the bone,
with no drilling required, making it a safe and convenient option [26–28]. However, when
a mini-screw is implanted in the alveolar bone using this procedure, the oral mucosa lies
between the underside of the screw head and the alveolar bone, causing a small separation
between the screw and bone. When a load is applied in this situation, the alveolar bone
is likely to be placed under more stress than it would if there were no gap between the
screw and bone. Therefore, in this study, we used a rabbit mini-screw implantation model
to compare the distance between the underside of the screw head and the alveolar bone
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surface, with and without intervening oral mucosa. The determined distances between the
mini-screw and the bone surface were reproduced, and the distribution of stress on the
alveolar bone and the mini-screw when clinically realistic orthodontic force was applied to
the mini-screw was analyzed using the finite element method (FEM).

2. Materials and Methods
2.1. Animal Selection and Handling

Our animal care procedures and experimental protocols were approved by the Com-
mittee on the Ethics of Animal Experiments of Tsurumi University (permit number: 19A005).
Surgical procedures were performed under sodium pentobarbital anesthesia, and all efforts
were made to minimize the suffering of our laboratory animals. Ten male Japanese white
rabbits (2.5–3.0 kg) were obtained from Tokyo Laboratory Animals Science Co., Ltd. (Tokyo,
Japan). They were fed a normal diet and maintained under a 12 h light–dark cycle at 22 ◦C.

2.2. Implantation of Orthodontic Anchor Screws: Histological Examination to Confirm the
Distance between the Bone Surface and the Mini-Screw

Mini-screws were implanted in the palatal bones of two groups of Japanese white
rabbits to compare implantation preceded by removal of the oral mucosa with the conven-
tional procedure without removal of the mucosa. In the removal group, the rabbits were
given local anesthetic of 2% lidocaine. A 3 mm-diameter biopsy punch (Kai Industries, Gifu,
Japan) was then used to remove a circular piece of the left palatal mucosa corresponding
to the size of the screw head from each rabbit. A mini-screw was implanted in the same
place without drilling, and it was confirmed that the initial fixation was good (n = 10). In
members of the group that underwent the conventional procedure (the penetration group),
2% lidocaine local anesthetic was administered, and the mini-screw was then implanted in
the right palate by penetrating the oral mucosa without drilling. It was confirmed that the
initial fixation was good (n = 10). The mini-screw used with both groups had a diameter
of 1.6 mm and a length of 5 mm (Jeil, Republic of Korea, Code 16-JK-005). The next day,
maxillary tissue from around the mini-screw was obtained from each rabbit for histological
analysis. The excised tissue was fixed with 10% neutral buffered formalin and embedded
in methyl methacrylate (MMA) resin (Exakt, Germany). Polished 40–50 µm-thick sections
were made and stained with hematoxylin and eosin (H&E).

2.3. Histometric Analysis

A histometric analysis was performed using the 10 tissue sections obtained from each
group. The distances between the underside of the screw head and the bone surface were
measured, and the average value for each group was calculated. The results were then
analyzed using the FEM.

2.4. FEM Analysis Modeling

A three-dimensional bone block model with an integrated mini-screw was constructed
using Optistruct v2020 (Altair Engineering, Troy, MI, USA), a computer-aided design
support program. The cortical bone was simplified and simulated to a thickness of 1.0 mm
or 2.0 mm, factoring in the buccal alveolar bone and palatal slope in which the mini-screw
had been clinically placed. The shape of the mini-screw was set based on Jeil’s 16-JK-006
(Figure 1).

The interface between the cortex and the cancellous bone was assumed to be fully
bonded, that is, to have continuous elements sharing the same nodes along the interface.
A node-to-node contact condition was modeled on the interface between the mini-screw
and the bone block to imitate a stage without osseointegration. All materials in the model
were homogeneous, isotropic, and linearly elastic. The mini-screw was assumed to be
pure titanium, with Young’s modulus of 110 gigapascals (GPa) and Poisson’s ratio of
0.33 [29]. For healthy bone quality, Young’s moduli of the cortical and cancellous bones
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were 18 GPa [29] and 1.37 GPa [8], respectively, and Poisson’s ratios were 0.3 for both
(Table 1).
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Figure 1. Setting the shape of an anchor screw shape and the conditions for finite element method
analysis for a comparison of anchor screws with and without mucosa between the screw and bone.
(a) Setting of the anchor screw shape. The shape of the mini-screw was set based on Jeil’s 16-JK-006.
(b) Setting of the conditions for analysis using finite element method. Assuming the presence of the
cortical and cancellous bone, the cortical bone was set to thicknesses of either 1.0 mm or 2.0 mm. The
load was set to either 2.0 or 10.0 Newtons. The gap between the underside of the screw head and the
bone surface was 0 µm in the removal group and 765.6 µm in the penetration group.

Table 1. Material property values.

Component Material Young’s
Modulus [MPa] Poisson’s Ratio Density

[ton/mm3]

Mini-screw Titanium alloy 110,000 0.33 4.5 × 10−9

Cortical bone — 18,000 0.3 0.9 × 10−9

Cancellous bone — 13,700 0.3 0.9 × 10−9

A static load was applied to the head of the mini-screw along the x-axis perpendicular
to its long axis to simulate orthodontic force. The nodal solution of the von Mises stress
in the bone and the mini-screw were calculated for each model with the FEM program.
To determine the loading effects, two force magnitudes were applied to mimic various
clinical conditions. A loading force of 2.0 Newtons (N) was used to mimic the load in
space closure using a NiTi coil spring or elastomeric chains. A load of 10.0 N was used
to mimic orthopedic force, such as mini-screw-assisted rapid palatal expansion. The
load direction was set perpendicular to the long axis of the mini-screw. The distance
between the underside of the screw head and the bone surface was set to 0 µm for the
removal group and 765.6 µm for the penetration group based on the results obtained earlier
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(Table 2). FEM analysis was performed under the above conditions to examine the effects
on the surrounding bone and on the mini-screw itself when the same force was applied to
each group.

Table 2. Analysis case list.

Case Load [N] Cortical Bone
Thickness [mm]

Screw-Bone
Distance [µm]

Element Count

Screw Cortical Bone Cancellous Bone

1–1 2.0 1.0 0.0 6601 17,957 124,262
1–2 2.0 1.0 765.6 6601 19,365 111,551
1–3 2.0 2.0 0.0 6601 38,807 88,182
1–4 2.0 2.0 765.6 6601 32,821 98,220
2–1 10.0 1.0 0.0 6601 17,957 124,262
2–2 10.0 1.0 765.6 6601 19,365 111,551
2–3 10.0 2.0 0.0 6601 38,807 88,182
2–4 10.0 2.0 765.6 6601 32,821 98,220

Note. Element type: Tetra-quadratic element.

2.5. Statistical Analysis

All data were expressed as the mean ± standard deviation (SD). Statistical analyses
were performed using the Kruskal–Wallis H test and Scheffe’s test. p values of <0.05 were
considered statistically significant by using StatMate V.

3. Results
3.1. Distance between the Underside of the Screw Head and the Bone Surface Obtained from
Histological Examination in Animal Experiments

The distances between the underside of the screw head and the bone surface in the
removal and penetration group were compared. In the penetration group, there was an
average gap of 765.6 µm. In the removal group, the underside of the screw head was in
contact with the bone surface (0 µm) (Figure 2).
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Figure 2. The distances between the underside of the screw head and the surface of the bone resulting
from different methods of mini-screw implantation. (a) Removal group. (b) Penetration group.
(c) The gap was an average of 0 µm in the removal group (n = 10) and 765.6 µm in the penetration
group (n = 10).

3.2. FEM Analysis

Figure 3 shows the peak von Mises stress on the bone at a load of 2.0 N. FEM analysis
showed that the peak von Mises stress on the surrounding bone at 1.0 mm of the cortical
bone was 3.3 MPa and 11.3 MPa in the removal and penetration group, respectively. Even
with a cortical bone thickness of 2.0 mm, there was no significant difference in the peak
von Mises stress value.
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Figure 3. The peak von Mises stress on mini-screw-implanted bone with a load of 2.0 Newtons
(3D view). (a,c) Removal group. (b,d) Penetration group. (a,b) Cortical bone thickness of 1.0 mm.
(c,d) Cortical bone thickness of 2.0 mm. The peak von Mises stress on the surrounding bone with
1.0 mm of the cortical bone was 3.3 megapascals (MPa) in the removal group and 11.3 MPa in the
penetration group. The peak von Mises stress on the surrounding bone with 2.0 mm of the cortical
bone was 3.2 MPa in the removal group and 11.1 MPa in the penetration group.

Figure 4 shows an aerial view of the screw head for this condition. It was found that
the von Mises stress on the surrounding bone was lower in the removal group than in the
penetration group.
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Figure 4. The peak von Mises stress on mini-screw-implanted bone with a load of 2.0 Newtons (2D
view from above). (a,c) Removal group. (b,d) Penetration group. (a,b) Cortical bone thickness of
1.0 mm. (c,d) Cortical bone thickness of 2.0 mm. The peak von Mises stress on the surrounding bone
with 1.0 mm of the cortical bone was 3.3 megapascals (MPa) in the removal group and 11.3 MPa in
the penetration group. With 2.0 mm of the cortical bone, it was 3.2 MPa in the removal group and
11.1 MPa in the penetration group.
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Figure 5 shows the result of separating the von Mises stress into tension and compres-
sion. The compression was 3.9 MPa and 9.3 MPa in the removal and penetration group,
respectively, indicating that, even with the same load of 2.0 N, the effect on the surrounding
bone was much greater in the penetration group.

Biomedicines 2023, 11, x FOR PEER REVIEW  6  of  13 
 

Figure 4. The peak von Mises stress on mini‐screw‐implanted bone with a load of 2.0 Newtons (2D 

view from above). (a,c) Removal group. (b,d) Penetration group. (a,b) Cortical bone thickness of 1.0 

mm. (c,d) Cortical bone thickness of 2.0 mm. The peak von Mises stress on the surrounding bone 

with 1.0 mm of the cortical bone was 3.3 megapascals (MPa) in the removal group and 11.3 MPa in 

the penetration group. With 2.0 mm of the cortical bone, it was 3.2 MPa in the removal group and 

11.1 MPa in the penetration group. 

Figure 5 shows the result of separating the von Mises stress into tension and com‐

pression. The  compression was  3.9 MPa  and  9.3 MPa  in  the  removal  and penetration 

group, respectively, indicating that, even with the same load of 2.0 N, the effect on the 

surrounding bone was much greater in the penetration group. 

 

Figure 5. Deconstructing von Mises  stress  into  the  tension  and  compression on mini‐screw  im‐

planted bone with a load of 2.0 Newtons (2D view from above). (a,c) Removal group. (b,d) Penetra‐

tion group. (a,b) Cortical bone thickness of 1.0 mm. (c,d) Cortical bone thickness of 2.0 mm. With 

1.0 mm of the cortical bone, the peak compression was 3.9 megapascals (MPa) and tension was 1.1 

MPa in the removal group; compression was 9.3 MPa and tension was 2.4 MPa in the penetration 

group. With 2.0 mm of the cortical bone, the peak compression was 3.9 MPa and tension was 1.1 

MPa in the removal group; compression was 9.0 MPa and tension was 2.2 MPa in the penetration 

group. 

Figure 6 shows the peak von Mises stress on the mini‐screw at a load of 2.0 N. The 

von Mises stress on the mini‐screw itself was also lower in the removal group than in the 

penetration group. 

Figure 5. Deconstructing von Mises stress into the tension and compression on mini-screw implanted
bone with a load of 2.0 Newtons (2D view from above). (a,c) Removal group. (b,d) Penetration group.
(a,b) Cortical bone thickness of 1.0 mm. (c,d) Cortical bone thickness of 2.0 mm. With 1.0 mm of
the cortical bone, the peak compression was 3.9 megapascals (MPa) and tension was 1.1 MPa in
the removal group; compression was 9.3 MPa and tension was 2.4 MPa in the penetration group.
With 2.0 mm of the cortical bone, the peak compression was 3.9 MPa and tension was 1.1 MPa in the
removal group; compression was 9.0 MPa and tension was 2.2 MPa in the penetration group.

Figure 6 shows the peak von Mises stress on the mini-screw at a load of 2.0 N. The
von Mises stress on the mini-screw itself was also lower in the removal group than in the
penetration group.

The peak von Mises stress on the bone with a load of 10.0 N is shown in Figure 7.
The peak von Mises stress on the surrounding bone at 1.0 mm of the cortical bone was
14.6 MPa and 54.8 MPa in the removal and penetration group, respectively. Even with a
cortical bone thickness of 2.0 mm, there was no significant difference in the peak value of
von Mises stress.

Figure 8 shows an aerial view of the screw head for this condition. As with the load
of 2.0 N, it was found that the von Mises stress on the surrounding bone was lower in the
removal group than in the penetration group.
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Figure 6. The peak von Mises stress for a mini-screw implanted in the bone with a load of 2.0 Newtons
(3D view). (a,c) Removal group. (b,d) Penetration group. (a,b) Cortical bone thickness of 1.0 mm.
(c,d) Cortical bone thickness of 2.0 mm. The peak von Mises stress on the mini-screw with 1.0 mm of
the cortical bone was 8.1 megapascals (MPa) in the removal group and 21.1 MPa in the penetration
group. The peak von Mises stress on the mini-screw with 2.0 mm of the cortical bone was 8.1 MPa in
the removal group and 21.1 MPa in the penetration group.
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Figure 7. The peak von Mises stress on a mini-screw-implanted bone with a load of 10.0 Newtons
(3D view). (a,c) Removal group. (b,d) Penetration group. (a,b) Cortical bone thickness of 1.0 mm.
(c,d) Cortical bone thickness of 2.0 mm. The peak von Mises stress on the surrounding bone with
1.0 mm of the cortical bone was 14.6 megapascals (MPa) in the removal group and 54.8 MPa in the
penetration group. The peak von Mises stress on the surrounding bone with 2.0 mm of the cortical
bone was 14.6 MPa in the removal group and 53.9 MPa in the penetration group.
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Figure 8. The peak von Mises stress on a mini-screw-implanted bone with a load of 10.0 Newtons
(2D view from above). (a,c) Removal group. (b,d) Penetration group. (a,b) Cortical bone thickness of
1.0 mm. (c,d) Cortical bone thickness of 2.0 mm. The peak von Mises stress on the surrounding bone
with 1.0 mm of the cortical bone was 14.6 megapascals (MPa) in the removal group and 54.8 MPa
in the penetration group. The peak von Mises stress on the surrounding bone with 2.0 mm of the
cortical bone was 14.6 MPa in the removal group and 53.9 MPa in the penetration group.

Figure 9 shows the result of separating the von Mises stress into tension and com-
pression. The compression was 17.7 MPa and 47.0 MPa in the removal and penetration
group, respectively, indicating that, even with the same load of 10.0 N, the effect on the
surrounding bone was greater in the penetration group.
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Figure 9. Deconstructing von Mises stress into the tension and compression on mini-screw implanted
bone with a load of 10.0 Newtons (2D view from above). (a,c) Removal group. (b,d) Penetration
group. (a,b) Cortical bone thickness is 1.0 mm. (c,d) Cortical bone thickness is 2.0 mm. With 1.0 mm
of the cortical bone, the peak compression was 17.7 megapascals (MPa) and tension was 5.9 MPa in
the removal group; compression was 47.0 MPa and tension was 11.7 MPa in the penetration group.
With 2.0 mm of the cortical bone, the peak compression was 17.9 MPa and tension was 5.9 MPa in the
removal group; compression was 45.8 MPa and tension was 10.9 MPa in the penetration group.
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Figure 10 shows the peak von Mises stress on the mini-screw at a load of 10.0 N.
Again, the von Mises stress on the mini-screw was lower in the removal group than in the
penetration group. These results are summarized in Figure 11.
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Figure 10. The peak von Mises stress on the mini-screw at a load of 10.0 N (3D view). (a,c) Removal
group. (b,d) Penetration group. (a,b) Cortical bone thickness of 1.0 mm. (c,d) Cortical bone thickness
of 2.0 mm. The peak von Mises stress on the mini-screw with 1.0 mm of the cortical bone was
39.5 megapascals (MPa) in the removal group and 104.3 MPa in the penetration group. The peak von
Mises stress on the mini-screw with 2.0 mm of the cortical bone was 39.4 MPa in the removal group
and 104.2 MPa in the penetration group.
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Figure 11. Summary of results of a comparison of mini-screw implantation into the bone with and
without removal of the oral mucosa. (a) A load of 2.0 Newtons. (b) A load of 10.0 Newtons.

4. Discussion

Since the mini-screw first came to be used as a fixation anchor in orthodontic treatment,
various studies on the optimization of its implantation have been reported [5–17]. However,
clinically undesirable cases in which screws drop out or break still occur, and the cause of
this is unclear. In this study, we have focused on the gap between the underside of the screw
head and the bone surface in the conventional implantation procedure and hypothesized
that this gap may be a critical factor in the dropping out of screws. Using the FEM, we
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investigated the possibility that excessive stress results from the gap between the underside
of the screw head and the bone surface, causing screws to fall out.

First, to confirm the existence of such a gap, mini-screws were implanted in the palatal
bones of rabbits, with and without the removal of the oral mucosa at the site of screw
placement before implantation. We found that, with the mucosa left in place, there was an
average gap of 765 µm between the underside of the screw head and the bone surface. In
the rabbits with the excised mucosa, no gap was present. By removing the local mucous
membrane, the screw can be implanted so that the underside of the screw head comes into
full contact with the bone surface.

The results of the FEM analysis are summarized in Figure 11. FEM analysis confirmed
that there was greater von Mises stress in the penetration group than in the removal group
with both a 2.0 N and 10.0 N load. The results were similar regardless of whether the
cortical bone thickness was 1.0 mm or 2.0 mm. Concentration of stress was observed in the
bone around the screw on the side to which the load was applied, and a stress peak was
observed on the bone surface. When this stress was divided into tension and compression,
greater compression was observed in the load direction and greater tension at 90◦ to the
site. The tendency of these stresses was the same regardless of whether the load was 2.0 N
or 10.0 N. However, the peak von Mises stress exceeded 50 MPa in the penetration group,
especially at 10.0 N, suggesting that the extent of the stress is sufficient for bone resorption
to occur. In comparison, the peak von Mises stress was suppressed to about 15 MPa in the
removal group, in which the new implantation method proposed in this study was used.
Even when the load was 2.0 N, the stress peak in the removal group was suppressed to
about 1/4 of that seen in the penetration group. These results suggest that for screws with
mucosal intervention, the greater the load, the greater the stress on the surrounding bone
and the possibility of bone resorption. Thus, if the mucous membrane is removed and
the screw is placed in contact with the bone surface, the stress on the surrounding bone is
reduced and bone resorption is suppressed, preventing the screw from falling out.

The stress on the screw itself in the removal group was suppressed to about 1/2–1/3
of that seen in the penetration group at both 2.0 N and 10.0 N. In the penetration group, the
stress to the screw itself was as large as 100 MPa at 10.0 N. Considering these results, in
treatments where a large load is expected, such as mini-screw-assisted rapid expansion,
it may be possible to help prevent screws from falling out by using screws with thicker
diameters or embedding deeper.

The FEM analysis of the gap between the underside of the screw head and the
bone surface was based on the results of an animal study, and the soft tissue thickness
of human oral mucosa varies depending on the anatomical insertion site of the mini-
screw [19,23,25,30–32], as well as the patient’s age and general condition [31,33]. Moreover,
some changes in the surrounding mucosa and bone may occur due to the mechanical
load. In light of these facts, the results in this study may not precisely reflect clinical
conditions. Nonetheless, it is clear that soft tissue does intervene between the base of the
anchor mini-screw head and the bone surface when it is implanted using the conventional
procedure. It is also apparent that this can cause excessive stress to the surrounding bone
tissue, leading to bone resorption and, eventually, to the screw falling out. Therefore,
we strongly recommend the new procedure for implanting orthodontic anchor screws.
The underside of the anchor screw should contact the bone surface directly, without oral
mucosal intervention.

Indeed, the cause of the orthodontic anchor screw falling out is not limited to bone
resorption. Screws sometimes fall out immediately after they are placed. The cause of these
instances remains unclear. As previously reported, the cause may sometimes be infection
or inflammation [19–25]. In this study, we proposed a new implantation method that can
prevent mini-screws used as anchors in orthodontic treatment from falling out. Although
further investigation is needed, this implantation method without mucosal intervention
may be able to suppress excessive inflammation around the screw immediately after
implantation. It is also possible that compression of the mucous membrane between the
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bottom of the screw head and the bone may cause the inflammation and infection of
surrounding tissue. These issues should be investigated in future studies.

We compared the conventional mini-screw implantation method with the new im-
plantation method, in which the mucosa was removed. We have shown that the new
method can reduce various forces on bones. However, these studies were conducted using
animal experiments and are only stress analyses by FEM. We believe that more research is
needed before this new technique can be applied to clinical practice as a better alternative to
traditional methods. Specifically, we believe that prospective studies should be conducted
in two groups of patients: traditional and new. We are preparing to conduct a trial in the
near future.

5. Conclusions

This study proposes a new procedure for implanting orthodontic anchor screws, in
which the underside of the screw head is in direct contact with the bone surface, without
mucosa between the two. This procedure helps to prevent excess stress on the surrounding
bone and the loosening or falling out of screws.
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Abstract: This meta-analysis intended to assess evidence on the efficacy of locally delivered cur-
cumin/turmeric as an adjunctive to scaling and root planing (SRP), on clinical attachment level
(CAL) and probing pocket depth (PPD), compared to SRP alone or in combination with chlorhexidine
(CHX). RCTs were identified from PubMed, Cochrane Library, BASE, LIVIVO, Dentistry Oral Sciences
Source, MEDLINE Complete, Scopus, ClinicalTrials.gov, and eLibrary, until August 2022. The risk
of bias (RoB) was assessed with the Cochrane Risk of Bias tool 2.0. A random-effects meta-analysis
was performed by pooling mean differences with 95% confidence intervals. Out of 827 references
yielded by the search, 23 trials meeting the eligibility criteria were included. The meta-analysis
revealed that SRP and curcumin/turmeric application were statistically significantly different com-
pared to SRP alone for CAL (−0.33 mm; p = 0.03; 95% CI −0.54 to −0.11; I2 = 62.3%), and for PPD
(−0.47 mm; p = 0.024; 95% CI −0.88 to −0.06; I2 = 95.5%); however, this difference was consid-
ered clinically meaningless. No significant differences were obtained between patients treated with
SRP and CHX, compared to SRP and curcumin/turmeric. The RoB assessment revealed numerous
inaccuracies, thus raising concerns about previous overestimates of potential treatment effects.

Keywords: chlorhexidine; clinical attachment level; curcumin/turmeric; mechanical debridement;
periodontitis; periodontal treatment; probing pocket depth

1. Introduction

Severe periodontal disease affected about 1.1 billion people globally in 2019 [1],
with an overall prevalence of 67.4% (probing pocket depths between 4 and 5 mm),
with 9.1% accounting for adolescents, 27.7% for adults, and 30.6% for elderly people [2].
Consequently, periodontitis can be considered a cross-generational, global public health
problem with widely ranging effects such as bleeding gums, periodontal pockets, bone
loss, and functional as well as aesthetic issues [3]. Furthermore, it is considered a risk factor
for several systematic diseases, including cardiovascular disorders, rheumatoid arthritis,
and chronic obstructive pulmonary diseases, as well as non-alcoholic liver diseases [3,4].

The primary goal of periodontal treatment is the removal of highly organized mi-
croorganisms embedded in an extracellular, polysaccharide matrix attached to the tooth’s
surface [5]. Biofilm management is usually achieved by sustainable biofilm disintegration
consisting of instructions on effective oral hygiene, mechanical debridement of tooth sur-
faces, and removal of co-factors favoring re-accumulation, together with a regular recall
system in which the current periodontal situation is evaluated [6]. Local therapeutical
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substances such as rinsing solutions, gels, and chips are administered to increase the success
of the treatment and enable long-term clinical management of periodontitis [7].

One such therapeutical substance is chlorhexidine, which is bacteriostatic and bacte-
ricidal to gram-positive and gram-negative bacteria; additionally, chlorhexidine inhibits
plaque formation by having a high affinity for binding spots of bacteria [8]. Application of
chlorhexidine as a standard chemotherapeutic agent can, however, be associated with
several undesirable side effects. Being exposed over a longer period of time, chlorhexidine
can cause brown staining of the teeth, decreased taste sensation, oral mucosal lesions,
and/or increased calculus formation [8].

Another common therapeutic substance is hydrogen peroxide, which operates as
a disinfecting agent by releasing oxygen, thus creating an environment that is able to
inhibit anerobic bacteria growth [9]. Notwithstanding, several adverse reactions to highly
concentrated hydrogen peroxide may be observed; short durations can cause erythema
or mucosal sloughing, whereas application for longer periods can lead to inflammation
and/or hyperplasia [10].

Investigations have been initiated to examine the use of cytostatics, photodynamic ther-
apy, metal ions, and natural compounds/oils in inflammatory-mediated conditions [11–16].
One of these alternatives is curcumin, which is a natural constituent found in the turmeric
plant [17]. In contrast to conventional therapeutic substances, curcumin intervenes in
the pathophysiological process of inflammation rather than working solely as an anti-
bacterial [17]. It is extracted from the turmeric plant Curcuma longa L. (http://www.
theplantlist.org; accessed on 29 July 2022) [17], and is thought to act anti-inflammatory
by inhibiting the mRNA and protein expression of Cyclo-oxygenase-2 (COX-2) [18,19],
through down-regulation of NF-kB activation [20]. Further proposed anti-inflammatory
methods of action are that curcumin declines the activity of phospholipase A2, C and
D [21,22] and inhibits lipoxygenase [23–25]. Additionally, an anti-bacterial mode of ac-
tion is observed by curcumin; by inserting itself into the hydrophobic cellular membrane,
thus disrupting membrane integrity, curcumin results in a leakage of cytoplasm [17].
A similar mode of action is executed by human beta-defensins (hBDs) [26] and artificially
produced peptides, such as artilysine (an amphipathic structure that destabilizes bacte-
ria’s cell walls by hydrolysis) [27]. Furthermore, it has been demonstrated that curcumin
is responsible for the down-regulation of 31 quorum-sensing genes required for biofilm
production [28]. Additionally, a number of studies have postulated a correlation between
curcumin and reduced adherence of Streptococus mutans to the tooth surfaces, thereby sup-
pressing biofilm formation [29,30]. In the light of those respective results, these later trials
have supported curcumin’s ability to influence multiple signaling pathways and have
paved the way for ongoing clinical trials. The respective literature search has proven that
there are a remarkable number of clinical investigations focusing on the local application of
curcumin administered either as an aqueous solution, gel, chip, or strip [31–53].

Although some meta-analyses have already addressed the issue of curcumin appli-
cation during periodontal treatment, the present work is not a repetition of previously
published results, since most published papers have not dealt with the evaluation of pe-
riodontal parameters such as CAL [54–56]. Therefore, the overall aim of this systematic
review and meta-analysis was to compare the efficacy of scaling and root planing (SRP)
alone or in combination with chlorhexidine (CHX) to SRP in combination with local cur-
cumin with respect to key periodontal outcome indicators such as clinical attachment levels
and probing pocket depths.

2. Materials and Methods

The authors focused on a researchable and answerable study question to the es-
tablished PICO(ST) format [57]: For adult patients suffering from chronic generalized
periodontitis (probing pocket depth of ≥4 mm) (P), will scaling and root planing (SRP),
local Curcuma longa L. application (I) as compared to SRP or SRP, and local chlorhexi-
dine (CHX) application (C) result in a change of clinical attachment levels (CAL: primary
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outcome) and probing pocket depths, (PPD: secondary outcome)(O) in a randomized split-
mouth design and/or parallel group design studies (S) in a defined period of time (T)?
The protocol of the present review was registered at the Prospero Register of Systematic
Reviews (registration number: CRD42022290324,10/01/2022; registration name: Effect of
locally delivered adjunctive Curcumin in the Treatment of Periodontitis—a Systematic
Review and Meta-analysis). The current review was conducted in accordance with the
“Preferred Reporting Items for Systematic Reviews and Meta-analyses” (PRISMA) state-
ment checklist [58].

The following databases were searched until August 2022: PubMed, Cochrane Li-
brary (Wiley), BASE (base-search.net), LIVIVO, Dentistry Oral Sciences Source (Ebsco),
MEDLINE Complete (Ebsco), Scopus, ClinicalTrials.gov, and eLibrary (https://www.
elibrary.ru/defaultx.asp; accessed on 3 August 2022.). This combination of information
sources retrieved both published journal articles and gray literature (e.g., dissertations,
or study register entries). The search strategies were designed by an experienced infor-
mation specialist (IK). In addition to the search in electronic databases, reference lists of
included studies were checked manually. Search results were imported and deduplicated in
Endnote 20 (Version 2013; The Endnote Team; Clarivate Analytics, Philadelphia, PA, USA).
Additional data for individual search strategies are presented in the Supplementary Materi-
als. The study selection process was performed stepwise. First, two reviewers (LWT and
MW) independently screened the titles and abstracts of references found with the literature
search. Second, the full texts of the studies included during the previous step were assessed
for eligibility. Randomized controlled trials (RCTs) were included that compared SRP
alone or in combination with chlorhexidine to SRP and local curcumin/turmeric regarding
clinical attachment level and probing pocket depth. Table 1 presents details of the study
eligibility criteria.

The quality of the included trials was methodically assessed by two authors (LWT
and MW) using the revised Cochrane risk of bias tool 2.0 for randomized trials (RoB2).
Any possible dissensions were resolved by discussion and mutual agreement. RoB2 is
arranged into five different disciplines (randomization process, deviations from intended
interventions, missing outcome data, measurement of the outcome, and selection of the
reported results) that aim to evaluate all aspects of the study that are related to the risk of
bias [59]. The five different disciplines were judged as having either low risk, some concerns,
or high risk, and according to this judgment, an overall assessment of the risk of bias level
in each individual study was made.

One author (LWT) collected the relevant data from the included articles. This was cross-
checked for accuracy and completeness by another author (MW). The data of interest were
methodology, number of participants, participants baseline characteristics, concentration of
curcumin/turmeric and chlorhexidine, evaluation period, and results for primary and
secondary outcomes. The authors of the Dave et al. (2018) study were contacted to gather
missing information concerning initial PPD and curcumin concentration.

A random-effects meta-analysis was performed using an inverse-variance model with
the DerSimonian–Laird estimate of squared tau (τ2) by pooling mean differences with 95%
confidence intervals, if the number of identified investigations that were similar in popula-
tion and outcome was sufficient. The statistical heterogeneity was assessed across trials by
visually inspecting the forest plots and calculating the I2 statistics. STATA release 17.0 was
used for all analyses (StataCorp LLC; College Station, TX, USA). Additional calculations
had to be performed for the data published by Raghava et al. (2019) and Farhood et al. (2020);
CAL was presented in variance (PPD in standard error), and CAL and PPD were presented in
standard error, respectively. Conversions were made to the standard deviation.

3. Results
3.1. Literature Search and Screening

A total of 827 records were identified through the literature search. After deduplication,
222 studies were screened by title and abstract. Consecutively, 33 full-text articles were

182



Biomedicines 2023, 11, 481

assessed for eligibility, and, finally, 23 investigations were included [31–53]. Details of the
study selection process are presented in Figure 1.
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of studies identified, screened, assessed for eligibility, excluded, and included in the systematic
research [31–53].

3.2. Study and Patient Characteristics

Sixteen studies compared SRP with SRP and local curcumin/turmeric application [31–46],
three investigations compared SRP and chlorhexidine application with SRP and local
curcumin/turmeric application [47–49], while another four studies evaluated SRP and
SRP in combination with CHX compared to SRP and local curcumin/turmeric [50–53].
While a split-mouth design was applied in 18 investigations [31–35,38,40,41,43–51,53],
five investigations employed a parallel group design [36,37,39,42,52]. The number of
participants in the included studies ranged from 10 to 90. The age of participants ranged
from 20 to 65 years; the mean age or gender ratio could not be calculated due to missing
uniform data concerning these variables among certain studies.

Included were studies carried out at university hospitals in India, Iraq, Egypt,
and Brazil, where participants were recruited from the departments of periodontology.
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Study duration ranged from 21 days to 3 months. Thirteen studies used an acrylic stent to
measure probing pocket depth and/or clinical attachment level [31–34,39,41,43,45–47,51–53].
Fourteen investigations used a COE pack to ensure the duration of the applied medica-
ment [31–33,35,38,39,41–43,45,48–50,52]. The periodontal condition requiring treatment
was defined as a probing pocket depth of ≥5 mm in ten studies [34,38–40,43,45–47,49,53],
between 5 and 7 mm in seven [31,33,35,36,41,50,52], and between 4 and 6 mm in two inves-
tigations [37,48]. The following initial PPDs were observed once: between 5 and 8 mm [51],
between 5 and 6 mm [44], >5 mm [32], and ≥4 mm [42]. Three studies were included
that solely reported PPD [36,44,53]. Details of study characteristics are summarized and
presented according to their controls and interventions in Table 1.
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3.3. Quality Assessment

The possibility of bias in design and analysis was evaluated by the Cochrane Risk
of Bias tool 2.0 [59] (this tool was designed for randomized parallel group design inves-
tigations, and, consequently, this should be carefully considered when interpreting the
following results). In total, 23 studies were rated with a moderate risk of bias. The most
common source of potential bias was domain four (“measurement of the outcome”). In all
included studies, investigators probed manually, which was judged to have a poor va-
lidity. The second most common source of bias was domain three (“missing outcome
data”); many investigations [31–35,38,41–51,53] failed to comment on the loss of follow-
up, which led to the present judgment. The third most common source of bias was the
“randomization process”, which certain investigations could have described it in greater de-
tail [31,32,35,36,41–44,50,53]. The remaining domains, “effect of assigning to intervention”,
as well as “selection to reported results”, performed acceptably throughout the included
investigations. Details of the RoB Assessment are provided in Figure 2.
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3.4. Clinical Attachment Level Loss
3.4.1. SRP Alone Compared to SRP and Local Curcumin

Seventeen investigations [31–35,37–43,45,46,50–52] evaluated the effects of SRP and
curcumin/turmeric on the loss of CAL. In random effects meta-analysis, a statistically
significant mean difference of −0.33 mm (95% CI −0.54 to −0.11; p = 0.03, I2 = 62.3%;
453 sites; see Figure 3) was favoring SRP and curcumin/turmeric was observed.
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3.4.2. SRP and Chlorhexidine Compared to SRP and Local Curcumin

The effect of SRP and chlorhexidine application, in comparison to SRP and local cur-
cumin/turmeric application, on the loss of CAL was evaluated by six investigations [47–52].
Random effects meta-analysis showed a statistically non-significant mean difference of
−0.42 mm (95% CI −1.15 to 0.31; p = 0.258, I2 = 93.6%; 185 sites; see Figure 4) in favor of
SRP and curcumin/turmeric.
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3.5. Probing Pocket Depth Reduction
3.5.1. SRP Alone Compared to SRP and Local Curcumin

Twenty studies with a moderate risk of bias [31–46,50–53] reported on the difference in
probing pocket depth reduction between SRP alone and SRP with local curcumin/turmeric
application. Random effects meta-analysis showed a statistically significant difference of
−0.47 mm (95% CI −0.88 to −0.06; p = 0.024; I2 = 95.5%; 501 sites; see Figure 5).
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3.5.2. SRP and Chlorhexidine Compared to SRP and Local Curcumin

Figure 6 presents the effects of seven investigations [47–53] comparing SRP and
chlorhexidine application, in contrast to SRP and curcumin/turmeric application on prob-
ing pocket depth reduction. Random effects meta-analysis exhibited a pooled mean dif-
ference of −0.54 mm (95% CI −1.19 to 0.12; p = 0.108, I2 = 93.4%, 208 sites; see Figure 6),
which was statistically non-significant.
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4. Discussion

This systematic review and meta-analysis revealed a statistically significant difference
between SRP alone, compared to SRP and curcumin/turmeric application for CAL and PPD.
However, these significant decreases (CAL −0.33 mm; PPD −0.47 mm) are not considered
clinically relevant. Included studies showed a notable degree of heterogeneity, which is
probably due to different application methods, varying concentrations of curcumin/CHX,
and the unreliability of outcome measurements.

All periodontal pockets were probed manually by all investigators, even though one
investigation used a pressure-sensitive manual probe [53] and two investigations measured
six sites around each tooth [40,43]. It is well accepted that probing manually might be
unreliable, and can result in certain inaccuracies [61,62], at least to some extent. A stan-
dardized measuring method using electronic periodontal probes, thus controlling probing
force and measuring to the closest tenth of a millimeter and, therefore, generating repro-
ducible results, even with different examiners, would seem generally preferable [63,64].
Furthermore, factors like the design of the probe, probing position, visual observational
error, and tissue inflammation could influence the reproducibility of readings, thus leading
to detection bias [65,66]. Nevertheless, the assessors of the present investigation decided to
override the suggested overall judgment for the risk of bias assessment. This is justified
by the fact that all treatment groups measured the outcomes manually, in most cases uni-
formly using a UNC 15 periodontal probe [33,37,39,40,45,50–53]. Additionally, studies have
shown that there is a tendency to have similar reliability between manual and electronic
probes [67,68]. Furthermore, many investigations [31–35,38,41–51,53] failed to comment on
the loss of follow-up, and this sort of attrition bias led to the present judgment.

A further plausible explanation for the observed heterogeneity might be the vary-
ing application methods. To a certain extent, gels have several advantages over other
application methods. They are biocompatible and bioadhesive, allowing them to attach to
periodontal pockets and, furthermore, enabling a controlled drug release and minimum
dose frequency [69]. While most studies applied a conventional gel [32–37,39–45,48,50,51],
two used a nanoparticle gel system, which is expected to have several advantages. Due to
their nanoparticle size, these gel systems are able to penetrate into the most apical regions of
periodontal pockets, thus ensuring a homogenous disposal of the drug over a long interval,
along with a reduction in drug quantity and high bioavailability [69]. Matrix delivery
systems such as chips and strips, as used in four trials [46,47,49,52], have the benefit of
sustained drug release patterns. In contrast, solutions, as used in one investigation [54],
provide high concentrations initially and will be diluted promptly by liquids, for example,
by gingival crevicular fluid [69].

There are numerous issues to be discussed about the stated concentrations in the
included investigations. Certain studies used different degrees of purity as starting prod-
ucts. The majority of selected studies, nine in total, used the product “Curenext oral gel”
(Abbott Healthcare Limited, Mumbai, India), which contains 10 mg of Curcuma longa
extract/g [34–37,39,42–45]. The company (Abbott Healthcare) was contacted, and they
stated that “Curcuma longa extract” contains 72.77% curcumin. Turmeric contains, apart from
curcumin and curcumin’s analogs, several other substances and phytochemicals, such as
zingiberene, eugenol, turmerin, turmerones, and turmeronols [70]. Additionally, different
manufacturing processes were used to yield curcumin products. One study used a 95%
pure curcumin powder to create a 2% curcumin gel [36], while another investigation puri-
fied curcumin by the method of evaporation, thus generating 99% curcumin powder [49].
A further investigation used a >65% curcumin powder to create curcumin nanoparti-
cles [40,71], whereas another investigation estimated the curcumin content by measuring
the absorbance of curcumin spectrophotometrically [32]. The starting product of one study
(using >10% curcumin) might have contained a range of other substances [52,72]. The re-
maining investigations did not describe the initial product used in sufficient detail, and the
amount of curcumin was not specified [31,37,44,45,48,50,51,53]. Additionally, varying CHX
concentrations were noted: 0.1% [48], 0.2% [49,53], 1% [50,52], and 2.5 mg [47,51].
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Although the studies under investigation all revealed varying curcumin concentra-
tions, it can be assumed that the latter was effective, since an inhibitory effect on 61.01% of
the MMP-9 activity has been determined at a curcumin concentration of 1500 µg/mL [73].
Additionally, a few investigations repeated the curcumin application. Patients were ei-
ther instructed to apply the gel daily [37], or the application was repeated once weekly
(over a three-week period) [36], with a second application of gel after one week [41],
repeated application at day 15 [48], or repeated applications after 7, 14, and 21 days [53].
Furthermore, the use of a COE pack after drug application, aiming to ensure the persistence of
the applied drug and prevent site contamination, could be a positive influencing factor for the
concentration of the drug applied; however, this has not been proven clinically up to now.

Previous trials have commented on curcumin’s poor bioavailability, and this was
probably due to low absorption, rapid metabolism, and quick systemic elimination [74,75].
To date, a number of investigations have begun to examine the use of synthetic, structural
analogues and various nanoforms of curcumin, as they have improved plasma and tissue
levels [74–76]. The effect of oral application of curcumin and modified curcumin on bone
resorption, inflammation, and apoptosis in rats, was compared by a previous study. It was
concluded that administration of chemically modified curcumin significantly reduced the
inflammatory infiltrate in comparison to natural curcumin [77]. This should encourage interest
in planning and conducting trials to explore the qualities of chemically modified curcumin.

Limitations of this work are that the risk of bias assessment used was based on a study
design used in general medicine. There seems to be a lack of risk of bias in assessments
designed for split-mouth trials, which is a common design in oral health. It is worth
noting that, even though a split-mouth design can be considered powerful, this latter
methodology may result in considerable variability, which is a result of characteristic
differences between examiners. No doubt, and this cannot be ruled out, there was a
potential risk of contamination of the control site, as it could be possible for the drugs to
diffuse to the other site (carry-across effects) [78]. In comparison to the protocol registration,
a few amendments would seem worth mentioning. No subgroup analysis was conducted;
more data bases were searched; the search was updated in April 2022, and a slight alteration
was made to the title; the STATA release 17.0 was used for all analyses (StataCorp LLC;
College Station, TX, USA).

The search for new anti-microbial and anti-inflammatory substances as potential
agents in the treatment of oral diseases, especially those that cannot develop antibiotic
resistance, has gained much importance in recent years. Curcumin appears to possess these
valuable properties and has reached the clinical testing phase. At first glance, the results of
these clinical studies appear very promising. On a closer inspection, however, it must be
stated that several issues in relation to the risk of bias, as discussed in detail, must be eluci-
dated. Uniform study designs and methods with accurate and reproducible measurements
of endpoints and homogenous concentrations would be desirable. Interestingly, a recently
published meta-analysis of the effect of adjuvant curcumin in the treatment of periodontitis,
came to the conclusion that curcumin can be successfully used in periodontal therapy [57].
Another meta-analysis concerning this topic, evaluating gingival index, sulcus bleed-
ing index, and bleeding on probing as primary outcomes, concluded that curcumin is a
“good candidate as an adjunct treatment for periodontal disease” [56]. Another meta-
analysis concludes that locally applied curcumins “were found to be equally effective com-
pared to the routinely used agents for reduction of plaque and gingival inflammation” [55].
Undoubtedly, such statements should be carefully but critically weighed; when reflecting on
several aspects, like the lack of sufficient details concerning study quality, this would seem
more than justified. Moreover, to recommend curcumin for periodontal therapy would
call for clear endpoints assessing the effectiveness of curcumin in periodontal treatment,
and any possible effects of the oral hygiene of participants must be clearly distinguished.

When pondering on the treatment of periodontal disease with adjuvant curcumin,
the data available from this present meta-analysis would suggest that there is obviously
no reason for any further investigations, and this would refer both to large-scale and
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high-quality studies. At the end of the day, the available data base could reveal that the
proven (and noteworthy, no doubt) biochemical properties of curcumin would justify the
previous research projects in the first instance, but, notwithstanding, no clinically significant
improvements could be proven with the current systematic review. Consequently, a clinical
implementation of adjuvant curcumin for periodontal treatment is not recommended.

5. Conclusions

In conclusion, with reference to clinical attachment level and probing pocket depth, the
present results cannot indicate that curcumin’s/turmeric’s anti-bacterial and anti-inflammatory
properties result in an additionally beneficial clinical outcome, when combining this adjunct to
scaling and root planing. Therefore, our findings do not support the application of curcumin-
/turmeric-based products in non-surgical periodontal treatment scenarios.
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16. Zielińska, A.; Kubasiewicz, K.; Wójcicki, K.; Silva, A.M.; Nunes, F.M.; Szalata, M.; Słomski, R.; Eder, P.; Souto, E.B. Two- and
Three-Dimensional Spectrofluorimetric Qualitative Analysis of Selected Vegetable Oils for Biomedical Applications. Molecules
2020, 25, 5608. [CrossRef]

17. Livada, R.; Shiloah, J.; Tipton, D.A.; Dabbous, M. The Potential Role of Curcumin in Periodontal Therapy: A Review of the
Literature. J. Int. Acad. Periodontol. 2017, 19, 70–79.

18. Goel, A.; Boland, C.R.; Chauhan, D.P. Specific Inhibition of Cyclooxygenase-2 (COX-2) Expression by Dietary Curcumin in HT-29
Human Colon Cancer Cells. Cancer Lett. 2001, 172, 111–118. [CrossRef]

19. Zhang, F.; Altorki, N.K.; Mestre, J.R.; Subbaramaiah, K.; Dannenberg, A.J. Curcumin Inhibits Cyclooxygenase-2 Transcription in
Bile Acid- and Phorbol Ester-Treated Human Gastrointestinal Epithelial Cells. Carcinogenesis 1999, 20, 445–451. [CrossRef]

20. Plummer, S.M.; Holloway, K.A.; Manson, M.M.; Munks, R.J.; Kaptein, A.; Farrow, S.; Howells, L. Inhibition of Cyclo-Oxygenase 2
Expression in Colon Cells by the Chemopreventive Agent Curcumin Involves Inhibition of NF-KB Activation via the NIK/IKK
Signalling Complex. Oncogene 1999, 18, 6013–6020. [CrossRef]

21. Rao, C.V.; Rivenson, A.; Simi, B. Chemoprevention of Colon Carcinogenesis by Dietary Curcumin, a Naturally Occurring Plant
Phenolic Compound. Cancer Res. 1995, 55, 259–266. [PubMed]

22. Yamamoto, H.; Hanada, K.; Kawasaki, K.; Nishijima, M. Inhibitory Effect of Curcumin on Mammalian Phospholipase D Activity.
FEBS Lett. 1997, 417, 196–198. [CrossRef] [PubMed]

23. Ammon, H.P.T.; Safayhi, H.; Mack, T.; Sabieraj, J. Mechanism of Antiinflammatory Actions of Curcumine and Boswellic Acids.
J. Ethnopharmacol. 1993, 38, 105–112. [CrossRef] [PubMed]

24. Began, G.; Sudharshan, E.; Rao, A.G.A. Inhibition of Lipoxygenase 1 by Phosphatidylcholine Micelles-Bound Curcumin. Lipids
1998, 33, 1223–1228. [CrossRef] [PubMed]

25. Skrzypczak-Jankun, E.; McCabe, N.P.; Selman, S.H.; Jankun, J. Curcumin Inhibits Lipoxygenase by Binding to Its Central Cavity:
Theoretical and X-Ray Evidence. Int. J. Mol. Med. 2000, 6, 521–527. [CrossRef]

26. Paris, S.; Wolgin, M.; Kielbassa, A.M.; Pries, A.; Zakrzewicz, A. Gene Expression of Human Beta-Defensins in Healthy and
Inflamed Human Dental Pulps. J. Endod. 2009, 35, 520–523. [CrossRef]

27. Briers, Y.; Walmagh, M.; Van Puyenbroeck, V.; Cornelissen, A.; Cenens, W.; Aertsen, A.; Oliveira, H.; Azeredo, J.; Verween, G.;
Pirnay, J.-P.; et al. Engineered Endolysin-Based “Artilysins” To Combat Multidrug-Resistant Gram-Negative Pathogens. mBio
2014, 5, e01379-14. [CrossRef]

28. Rudrappa, T.; Bais, H.P. Curcumin, a Known Phenolic from Curcuma Longa, Attenuates the Virulence of Pseudomonas Aeruginosa
PAO1 in Whole Plant and Animal Pathogenicity Models. J. Agric. Food Chem. 2008, 56, 1955–1962. [CrossRef]

29. Helalat, L.; Zarejavid, A.; Ekrami, A. The Effect of Curcumin on Growth and Adherence of Major Microorganisms Causing Tooth
Decay. Middle East J. Fam. Med. 2017, 15, 214–220. [CrossRef]

30. Song, J.; Choi, B.; Jin, E.-J.; Yoon, Y.; Choi, K.-H. Curcumin Suppresses Streptococcus Mutans Adherence to Human Tooth Surfaces
and Extracellular Matrix Proteins. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31, 1347–1352. [CrossRef]

31. Behal, R.; Gilda, S.; Paradkar, A.; Mali, A. Evaluation of Local Drug-Delivery System Containing 2% Whole Turmeric Gel Used as
an Adjunct to Scaling and Root Planing in Chronic Periodontitis: A Clinical and Microbiological Study. J. Indian Soc. Periodontol.
2011, 15, 35. [CrossRef]

32. Bhatia, M.; Urolagin, S.S.; Pentyala, K.B.; Urolagin, S.B.; Menaka, K.B.; Bhoi, S. Novel Therapeutic Approach for the Treatment of
Periodontitis by Curcumin. J. Clin. Diagn. Res. 2014, 8, ZC65–ZC69. [CrossRef]

33. Anuradha, B.R.; Bai, Y.D.; Sailaja, S.; Sudhakar, J.; Priyanka, M.; Deepika, V. Evaluation of Anti-Inflammatory Effects of Curcumin
Gel as an Adjunct to Scaling and Root Planing: A Clinical Study. J. Int. Oral Health 2015, 7, 93.

34. Nagasri, M.; Madhulatha, M.; Musalaiah, S.V.V.S.; Kumar, P.M.; Krishna, C.M. Efficacy of Curcumin as an Adjunct to Scaling
and Root Planning in Chronic Periodontitis Patients: A Clinical and Microbiological Study. J. Pharm. Bioallied Sci. 2015, 7, 554.
[CrossRef]

35. Shivanand, P.; Vandana, K.V.; Vandana, K.L.; Praksh, S. Evaluation of Curcumin 10 Mg (Curenext ®) as Local Drug Delivery
Adjunct in the Treatment of Chronic Periodontitis: A Clinical Trial. CODS J. Dent. 2016, 8, 59–63. [CrossRef]

36. Nasra, M.M.A.; Khiri, H.M.; Hazzah, H.A.; Abdallah, O.Y. Formulation, in-Vitro Characterization and Clinical Evaluation of
Curcumin in-Situ Gel for Treatment of Periodontitis. Drug Deliv. 2017, 24, 133–142. [CrossRef]

37. Dave, D.; Patel, P.; Shah, M.; Dadawala, S.; Saraiya, K.; Sant, A. Comparative Evaluation of Efficacy of Oral Curcumin Gel as an
Adjunct to Scaling and Root Planing in the Treatment of Chronic Periodontitis. Adv. Hum. Biol. 2018, 8, 79. [CrossRef]

194



Biomedicines 2023, 11, 481

38. Raghava, K.V.; Sistla, K.P.; Narayan, S.J.; Yadalam, U.; Bose, A.; Mitra, K. Efficacy of Curcumin as an Adjunct to Scaling and Root
Planing in Chronic Periodontitis Patients: A Randomized Controlled Clinical Trial. J. Contemp. Dent. Pract. 2019, 20, 842–846.
[CrossRef]

39. Kaur, H.; Malhotra, R.; Gupta, M.; Grover, D.V. Evaluation_of_Curcumin_Gel_as_Adjunct_to_Scaling_Root Planning in the
Mangement of Periodontitis- Randomized Clinical & Biochemical Investigation. Infect. Disord. Drug Targets 2019, 18, 1. [CrossRef]

40. Pérez-Pacheco, C.G.; Fernandes, N.A.R.; Primo, F.L.; Tedesco, A.C.; Bellile, E.; Retamal-Valdes, B.; Feres, M.; Guimarães-Stabili, M.R.;
Rossa, C. Local Application of Curcumin-Loaded Nanoparticles as an Adjunct to Scaling and Root Planing in Periodontitis:
Randomized, Placebo-Controlled, Double-Blind Split-Mouth Clinical Trial. Clin. Oral Investig. 2020, 25, 3217–3227. [CrossRef]

41. Farhood, H.T.; Ali, B.G. Clinical and Anti-Inflammatory Effect of Curcumin Oral Gel as Adjuncts in Treatment of Periodontal
Pocket. J. Res. Med. Dent. Sci. 2020, 8, 83–90.

42. Mohammad, C.A. Efficacy of Curcumin Gel on Zinc, Magnesium, Copper, IL-1β, and TNF-α in Chronic Periodontitis Patients.
BioMed Res. Int. 2020, 2020, 1–11. [CrossRef] [PubMed]

43. Rahalkar, A.; Kumathalli, K.; Kumar, R. Determination of Efficacy of Curcumin and Tulsi Extracts as Local Drugs in Periodontal
Pocket Reduction: A Clinical and Microbiological Study. J. Indian Soc. Periodontol. 2021, 25, 197. [CrossRef] [PubMed]

44. Elavarasu, S.; Suthanthiran, T.; Kumar, S. Evaluation of Superoxide Dismutase Levels in Local Drug Delivery System Containing
0.2% Curcumin Strip as an Adjunct to Scaling and Root Planing in Chronic Periodontitis: A Clinical and Biochemical Study.
Pharm. Bioallied Sci. 2016, 8, S48–S52. [CrossRef]

45. Saini, K.; Yadav, M.; Bhardway, A.; Chopra, P.; Saini, S. Comparative Clinical Evaluation of Two Local Drug Delivery Agents
(Neem Chip and Turmeric Chip) in Chronic Periodontitis: An Experimental Study. World J. Dent. 2021, 12, 138–143. [CrossRef]

46. Sreedhar, A.; Sarkar, I.; Rajan, P.; Pai, J.; Malagi, S.; Kamath, V.; Barmappa, R. Comparative Evaluation of the Efficacy of Curcumin
Gel with and without Photo Activation as an Adjunct to Scaling and Root Planing in the Treatment of Chronic Periodontitis:
A Split Mouth Clinical and Microbiological Study. J. Nat. Sci. Biol. Med. 2015, 6, 102. [CrossRef]

47. Gottumukkala, S.N.V.S.; Sudarshan, S.; Mantena, S.R. Comparative Evaluation of the Efficacy of Two Controlled Release Devices:
Chlorhexidine Chips and Indigenous Curcumin Based Collagen as Local Drug Delivery Systems. Contemp. Clin. Dent. 2014, 5, 175.
[CrossRef]

48. Anitha, V.; Rajesh, P.; Shanmugam, M.; Priya, B.M.; Prabhu, S.; Shivakumar, V. Comparative Evaluation of Natural Curcumin and
Synthetic Chlorhexidine in the Management of Chronic Periodontitis as a Local Drug Delivery: A Clinical and Microbiological
Study. Indian J. Dent. Res. 2015, 26, 53–56. [CrossRef]

49. Siddharth, M.; Gupta, R.; Singh, P.; Sinha, A.; Shree, S.; Sharma, K. Comparative Evaluation of Subgingivally Delivered 2%
Curcumin and 0.2% Chlorhexidine Gel Adjunctive to Scaling and Root Planing in Chronic Periodontitis. J. Contemp. Dent. Pract.
2020, 21, 494–499. [CrossRef]

50. Jaswal, R.; Dhawan, S.; Grover, V.; Malhotra, R. Comparative Evaluation of Single Application of 2% Whole Turmeric Gel versus
1% Chlorhexidine Gel in Chronic Periodontitis Patients: A Pilot Study. J. Indian Soc. Periodontol. 2014, 18, 575–580. [CrossRef]

51. Singh, A.; Sridhar, R.; Shrihatti, R.; Mandloy, A. Evaluation of Turmeric Chip Compared with Chlorhexidine Chip as a Local
Drug Delivery Agent in the Treatment of Chronic Periodontitis: A Split Mouth Randomized Controlled Clinical Trial. J. Altern.
Complement. Med. 2018, 24, 76–84. [CrossRef]

52. Guru, S.R.; Reddy, K.A.; Rao, R.J.; Padmanabhan, S.; Guru, R.; Srinivasa, T. Comparative Evaluation of 2% Turmeric Extract with
Nanocarrier and 1% Chlorhexidine Gel as an Adjunct to Scaling and Root Planing in Patients with Chronic Periodontitis: A Pilot
Randomized Controlled Clinical Trial. J. Ind. Soc Periodontol. 2020, 24, 224. [CrossRef]

53. Gottumukkala, S.; Koneru, S.; Mannem, S.; Mandalapu, N. Effectiveness of Sub Gingival Irrigation of an Indigenous 1% Curcumin
Solution on Clinical and Microbiological Parameters in Chronic Periodontitis Patients: A Pilot Randomized Clinical Trial.
Contemp. Clin. Dent. 2013, 4, 186–191. [CrossRef]

54. De Oliveira, R.C.G.; Costa, C.A.; Costa, N.L.; Silva, G.C.; de Souza, J.A.C. Effects of Curcuma as an Adjunct Therapy on
Periodontal Disease: A Systematic Review and Meta-Analysis. Complement. Ther. Clin. Pract. 2021, 45, 101493. [CrossRef]

55. Terby, S.; Shereef, M.; Ramanarayanan, V.; Balakrishnan, B. The Effect of Curcumin as an Adjunct in the Treatment of Chronic
Periodontitis: A Systematic Review and Meta-Analysis. Saudi Dent. J. 2021, 33, 375–385. [CrossRef]

56. Zhang, Y.; Huang, L.; Zhang, J.; De Souza Rastelli, A.N.; Yang, J.; Deng, D. Anti-Inflammatory Efficacy of Curcumin as an Adjunct
to Non-Surgical Periodontal Treatment: A Systematic Review and Meta-Analysis. Front. Pharmacol. 2022, 13, 808460. [CrossRef]

57. Higgins, J.; Thomas, J. Cochrane Handbook for Systematic Reviews of Interventions; Cochrane: London, UK, 2022.
58. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;

Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BMJ 2021, 372, n71.
[CrossRef]
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Abstract: To examine the influence of the distance between adjacent implant osteotomies on heat
accumulation in the inter-osteotomy area, two experimental groups with 15 pairs of osteotomies in
Type II polyurethane blocks were compared: 7 mm inter-osteotomy separations (Group A, n = 15)
and 14 mm inter-osteotomy separations (Group B, n = 15). An infrared thermographic analysis
of thermal changes in the inter-osteotomy area was completed. A one-way analysis of variance
(ANOVA) and Fisher post-test were used to determine group differences. Higher temperatures
were recorded in Group A at the coronal and middle levels compared to the apical level in both
groups. The temperature reached max temperatures at T80s and T100s. In Group A, the threshold for
thermal necrosis was exceeded. Meanwhile, Group B did not reach the threshold for thermal necrosis.
Preparing adjacent implant osteotomies in dense bone with a 7 mm separation between their centers
increases the temperature in the inter-osteotomy area, exceeding the threshold for bone thermal
necrosis; meanwhile, increasing the distance between osteotomies reduces the thermal accumulation
and the risk for thermal necrosis.

Keywords: bone drilling; implant osteotomy; implant site preparation; infrared thermographic analysis

1. Introduction

Dental implants are an excellent treatment option for partially or fully edentulous
patients, given their high survival (94.6% ± 5.97%) and success rates (89.7% ± 10.2%) after
ten years in function [1]. In general, dental implant beds are prepared through a series of
drilling steps prior to implant insertion; these procedures are also called implant bed or
implant site preparation [2–4]. The implant bed preparation traditionally requires one or
more rotating drills to complete the osteotomy, which also produces local microfractures
and temperature elevation [5]. If the levels of local trauma and temperature cannot be
controlled, the risk for bone thermomechanical damage might increase [5].

Exposure time and temperature elevation are determinants of the degree of bone
damage. If the bone temperature reaches the limit of 47 ◦C for one minute or more,
irreversible thermal necrosis occurs [4,6]. In addition, alkaline phosphatase degrades at
temperatures above 56 ◦C; necrosis of the surrounding tissues can occur when the bone
reaches temperatures over 60 ◦C; and temperatures over 70 ◦C can produce fulminant bone
necrosis [7].

The temperature elevation produced during bone drilling is related to a combina-
tion of various parameters, with bone density and the drilling technique being the most
relevant [8]. Bone density influences how heat is produced and how temperature dissi-
pates [9,10]. Higher temperatures are produced in dense (cortical) bone compared to softer
(trabecular) bone [10] because higher frictional forces are produced when drilling in dense
bone. Meanwhile, drilling in soft bone will result in lower frictional forces and less heat
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generation. Furthermore, the low dissipation rates of the temperature produced in dense
bone can explain why it is at a higher risk for osteonecrosis than is soft bone [11].

Considering the drilling technique for the implant bed preparation, parameters such
as thrust force, feed rate, irrigation, drilling speed, and operator experience have been
investigated [12–18]. Thrust force and feed rate are influenced by the operator, and it
seems that novices produce higher forces and feed rates compared to experts, resulting in
higher temperatures during bone drilling [12,13]. Irrigation is essential for controlling the
temperature during high-speed drilling. Specifically, external irrigation is more efficient for
cooling than internal irrigation; high volumes of irrigation reduce the temperature more
than low volumes of irrigation [14]; and reduced coolant temperature controls the thermal
increase better than higher coolant temperatures [15,16]. If the coolant cannot reach the
targets (drill surface and bone), the temperature elevation is not controlled. This occurs
when irrigation lines are obstructed or in guided surgery, when the surgical guide and
metallic sleeves impede the contact of the coolant with the drill and the bone [17].

Finally, when comparing conventional drilling speeds (1200 rpm–2000 rpm) with slow
drilling speeds (50 rpm, 150 rpm, or 300 rpm), it was observed that slow drilling speeds
resulted in minimal temperature elevation in soft and dense bone [18]. This was confirmed
by a recent systematic review that showed that slow-speed drilling produced minimal
temperature increases and similar osseointegration and crestal bone loss compared to what
was observed in conventional drilling with irrigation [19].

In relation to sequential osteotomies (one osteotomy adjacent to another) there are not
reports in the dental field, and there is only one study by Palmisano et al. [20] that evalu-
ated the heat accumulation phenomenon in orthopedic surgery when multiple adjacent
osteotomies are prepared. In their study, it was observed that drilling nine adjacent os-
teotomies in sequence increased the temperature in the inter-osteotomy space after the fifth
osteotomy, and the highest temperatures were measured during the ninth osteotomy [20].

In implant dentistry, the thermal effects of bone drilling are commonly evaluated at the
site of the implant osteotomy, but a significant lack of knowledge remains concerning the
cumulative thermal effect of drilling adjacent implant osteotomies in Type II bone, where
the risk of thermal damage is increased. Specifically, what is the impact of the distance
between osteotomies on the heat generated in the inter-osteotomy area of sequentially
prepared dental implant osteotomies?

This study aimed to test the null hypothesis, stating there is no difference in tempera-
ture accumulation between adjacent implant osteotomies separated by 7 or 14 mm, against
the alternative hypothesis that there are differences in temperature accumulation between
adjacent implant osteotomies separated by 7 or 14 mm.

2. Materials and Methods
2.1. Sample Size and Calibration

Sample size for this in vitro study was determined as fifteen pairs of osteotomies per
group A and B (n = 15). The sample size was estimated for a confidence level of 95% and a
confidence interval of 25% using the sample size application from StatPlus: Mac, (Analyst
Soft Inc., Walnut, CA, USA)- statistical analysis program for macOS. Version v8.

The osteotomies were prepared by two calibrated operators using an implant motor
Frios® S/I connected to a contra-angle WS-75 (Friadent, Dentsply Sirona, Bürmoos, Austria).
Tapered implant drills Ref. HIKELT-5-3810 (Bioner Sistemas Implantologicos, Barcelona,
Spain; Ref. HIKELT-5-3810) with 3.8 mm diameter and 10 mm length were used. Solid
close-cell polyurethane blocks (Sawbones, Pacific Research Labs, Vashon, WA, USA) with a
density of 0.64 g/cm3 and 40 PCF (pounds per cubic foot) were used for this experiment.
The thermal conductivity of this type of block (0.47 W/mK) is comparable to Type II dense
bone [21–23].
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2.2. Experimental Setup

Sixty simulated osteotomies, divided into fifteen pairs with 7 mm separation in Type
II blocks (Test A, n = 15), and fifteen pairs of simulated osteotomies with 14 mm separation
in Type II blocks (Test B, n = 15) were created. Polyurethane blocks were fixed in a vise
oriented with their major diameter parallel to the floor and the border of the surface for
evaluation facing upwards. The top side of the blocks that was facing the camera served as
reference for marking a line parallel to the edge of the block. The line was traced with a
pencil at a 4 mm distance from the edge of the blocks. The centers of the future osteotomies
were marked on the line, maintaining 7 mm or 14 mm inter-osteotomy distance depending
on the experimental group.

2.3. Thermal Analysis

One infrared thermographic camera FLIR A325sc (FLIR Systems Inc, Nashua, NH,
USA) equipped with macro lenses FLIR T97215 (FLIR Systems Inc, Nashua, NH, USA) was
oriented to the inter-osteotomy area of the future osteotomies (aligned with the osteotomy
marks completed previously). This allowed for the recording of the inter-osteotomy area
temperatures and produced thermal maps at the surface of the blocks. The camera orienta-
tion was adjusted to include in the recordings the top of the block and an additional 15 mm
above the block (Figure 1).
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Figure 1. (a) Laptop with thermography camera software, (b) thermographic camera, (c) polyurethane
bone block mounted in a vise, and (d) implant motor and contra angle.

The recording parameters were room temperature at 21 degrees Celsius, relative
humidity of 50%, and focal distance of 7 cm. The blocks were used in dry conditions, and
no irrigation was used during the simulated drilling. Each recording of the thermographic
camera started before initializing any implant osteotomy preparation. Before the drills
contacted the blocks, a calibration recording of the block’s temperature was documented
as a baseline. The temperature was recorded in degrees Celsius. Afterwards, using the
software FLIR Research Studio Professional Edition, a vertical line of 10 mm was placed in
the inter-osteotomy area. Then, three equidistant lines perpendicular to the first vertical
line were drawn at the coronal, middle, and apical levels. Thus, each intersection between
the vertical and the horizontal lines evaluated the inter-osteotomy area temperature at the
coronal, middle, and apical levels (Figure 2).
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Figure 2. Image demonstrating the setup of measurement recording. The vertical red line in the
middle signifies the inter-osteotomy center where the measurements were taken. Lines 1, 2, and 3
indicate the coronal, middle, and apical levels of the inter-osteotomy area, respectively.

The infrared thermographic camera was set in continuous video-capture mode to
register the temperature changes at the unit sample (each unit sample comprised a pair
of adjacent osteotomies evaluated during a period of ±120 s). The changes produced
during drilling at the first and second implant sites and temperature accumulation in the
inter-osteotomy area were analyzed in standardized measurements at 20 s, 40 s, 60 s, 80 s,
and 100 s.

2.4. Statistical Analysis

Statistical analysis was completed using the statistical software Minitab web app. The
normality of the data was evaluated using the Kolmogorov–Smirnoff test. ANOVA test
was completed. Fisher post-test was used to evaluate the temperature differences in the
coronal, middle, and apical areas at 7 mm and 14 mm and at 20 s, 40 s, 60 s, 80 s, and 100 s.
Significance was set as p < 0.05.

3. Results

The temperature increased gradually during and after the preparation of the first
and second osteotomies and reached peaks between 60 s and 100 s. The temperature
accumulation toward the centers of the inter-osteotomy areas was higher at 80 and 100 s
(Figure 3).

3.1. Coronal Temperature for 7 mm and 14 mm Inter-Osteotomy Separations

Higher temperatures were observed at the coronal level in 7 mm inter-osteotomy
separations compared to 14 mm inter-osteotomy separations. Specifically, at 7 mm, the
temperature reached peak values at 60 s (58.86 ◦C ± SD 19.32 ◦C). Meanwhile, at 14 mm,
peak values were reached at 100 s (28.307 ◦C ± SD 1.52 ◦C), as shown in Table 1. Figure 4
illustrates mean temperatures and standard deviations recorded in the coronal region at
different time points and different inter-osteotomy distances (Table 1 and Figure 4).

200



Biomedicines 2023, 11, 9

Biomedicines 2022, 10, x FOR PEER REVIEW 4 of 11 
 

 
Figure 2. Image demonstrating the setup of measurement recording. The vertical red line in the 
middle signifies the inter-osteotomy center where the measurements were taken. Lines 1, 2, and 3 
indicate the coronal, middle, and apical levels of the inter-osteotomy area, respectively. 

The infrared thermographic camera was set in continuous video-capture mode to 
register the temperature changes at the unit sample (each unit sample comprised a pair of 
adjacent osteotomies evaluated during a period of ±120 s). The changes produced during 
drilling at the first and second implant sites and temperature accumulation in the inter-
osteotomy area were analyzed in standardized measurements at 20 s, 40 s, 60 s, 80 s, and 
100 s.  

2.4. Statistical Analysis 
Statistical analysis was completed using the statistical software Minitab web app. The 

normality of the data was evaluated using the Kolmogorov–Smirnoff test. ANOVA test 
was completed. Fisher post-test was used to evaluate the temperature differences in the 
coronal, middle, and apical areas at 7 mm and 14 mm and at 20 s, 40 s, 60 s, 80 s, and 100 
s. Significance was set as p < 0.05. 

3. Results 
The temperature increased gradually during and after the preparation of the first and 

second osteotomies and reached peaks between 60 s and 100 s. The temperature accumu-
lation toward the centers of the inter-osteotomy areas was higher at 80 and 100 s (Figure 
3). 

 
Figure 3. Thermal camera recordings from 7 mm and 14 mm inter-osteotomy distances at 40 s, 60 
s, 80 s, and 100 s. This figure illustrates the live recording of the thermal behavior during the prep-
aration of the osteotomies. The red line represents the center between osteotomies. Along the red 

Figure 3. Thermal camera recordings from 7 mm and 14 mm inter-osteotomy distances at 40 s,
60 s, 80 s, and 100 s. This figure illustrates the live recording of the thermal behavior during the
preparation of the osteotomies. The red line represents the center between osteotomies. Along the
red line, three zones: coronal, middle, and apical. Higher temperatures were recorded at the 7 mm
distance compared to 14 mm. Each of the screenshots in the 14 mm recordings shows three letters:
C, M, A (coronal, middle, and apical). Each of the screenshots in the 14 mm recordings shows three
letters: C, M, A (coronal, middle, and apical). There are also red solid arrows illustrating the hottest
region and blue solid arrows illustrating the coldest regions within the zone of evaluation.

Table 1. Descriptive statistics of inter-implant bed temperature at distances of 7 mm and 14 mm in
the coronal area of the dense bone. D = distance, C = coronal, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s,
T4 = 80 s, T5 = 100 s).

Inter-Osteotomy
Distance and Time.

Coronal Area
Sample Size Mean Standard

Deviation 95% CI

D7CT0 15 21.133 0.713 (15.976, 26.290)
D7CT20 15 26.03 4.97 (20.87, 31.19)
D7CT40 15 39.08 11.90 (33.92, 44.23)
D7CT60 15 58.86 19.32 (53.70, 64.01)
D7CT80 15 59.74 18.51 (54.59, 64.90)

D7CT100 15 54.07 18.19 (48.91, 59.22)
D14CT0 15 22.040 1.679 (16.883, 27.197)

D14CT20 15 22.597 1.084 (17.440, 27.754)
D14CT40 15 22.655 0.835 (17.498, 27.812)
D14CT60 15 25.195 1.837 (20.038, 30.352)
D14CT80 15 25.692 2.034 (20.535, 30.849)
D14CT100 15 28.307 1.520 (23.150, 33.464)

3.2. Middle Temperature for 7 mm and 14 mm Inter-Osteotomy Separations

Higher temperatures were observed at the middle level for 7 mm compared to 14 mm
inter-osteotomy separations. Specifically, at 7 mm, the temperature reached the higher peak
values at 100 s (52.60 ◦C ± SD 17.39 ◦C) compared to the peak values for 14 mm distances
at 100 s (28.252 ◦C ± SD 1.972 ◦C), as shown in Table 2. Figure 5 demonstrates the mean
temperatures and standard deviations recorded at the middle region of the inter-osteotomy
area at each time point and distance (Table 2 and Figure 5).
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Figure 4. Temperature in the inter-osteotomy area. Measurements at the coronal level. The y axis 
shows the temperature reached during the preparation of the osteotomies. The x axis indicates the 
different test groups at 7 mm and 14 mm inter-osteotomy separations at the coronal level. Ascending 
temperatures were observed in both groups and were influenced by the time and separation be-
tween osteotomies. D = distance, C = crestal, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s, T4 = 80 s, T5 = 

Figure 4. Temperature in the inter-osteotomy area. Measurements at the coronal level. The y axis
shows the temperature reached during the preparation of the osteotomies. The x axis indicates the
different test groups at 7 mm and 14 mm inter-osteotomy separations at the coronal level. Ascending
temperatures were observed in both groups and were influenced by the time and separation between
osteotomies. D = distance, C = crestal, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s, T4 = 80 s, T5 = 100 s).
The blue dots represent the central mean value. The grey dots represent the distribution of upper and
lower temperatures (sometimes overlapping). The blue lines if present, represent standard deviations.

Table 2. Descriptive statistics of inter-implant bed temperature at distances of 7 mm and 14 mm in
the middle area of the dense bone. D = distance, M = middle, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s,
T4 = 80 s, T5 = 100 s).

Inter-Osteotomy
Distance and Time.

Middle Area
Sample Size Mean Standard

Deviation 95% CI

D7MT0 15 20.816 0.484 (17.158, 24.475)
D7M20 15 20.980 0.496 (17.322, 24.638)

D7MT40 15 26.90 4.91 (23.24, 30.55)
D7MT60 15 40.74 10.61 (37.08, 44.40)
D7MT80 15 43.42 13.13 (39.77, 47.08)

D7MT100 15 52.60 17.39 (48.94, 56.26)
D14MT0 15 21.223 0.450 (17.565, 24.881)

D14MT20 15 21.344 0.609 (17.686, 25.002)
D14MT40 15 21.376 0.452 (17.718, 25.034)
D14MT60 15 22.284 0.732 (18.626, 25.943)
D14MT80 15 22.524 0.707 (18.866, 26.182)

D14MT100 15 28.252 1.972 (24.594, 31.910)

3.3. Apical Temperatures for 7 mm and 14 mm Inter-Osteotomy Separations

Higher temperatures were observed at the apical level of the inter-osteotomy zone for
7 mm compared to 14 mm separations. Specifically, at 7 mm, the temperature reached the
higher peak values at 100 s (28.89 ◦C ± SD 5.34 ◦C). At the 14 mm inter-osteotomy distance,
peak values were lower at 100 s (23.025 ◦C ± SD 0.79 ◦C) (Table 3). Figure 5 demonstrates
the peak values of the 15 measurements recorded at each time point and distance (Table 3
and Figure 6).
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Figure 5. Temperature in the inter-osteotomy area. Measurements at the middle level. The y axis 
shows the temperature reached during the preparation of the osteotomies. The x axis indicates the 
different test groups at 7 mm and 14 mm inter-osteotomy separations at the middle level. Ascending 
temperatures were observed in both groups and influenced by the time and separation between 
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Figure 5. Temperature in the inter-osteotomy area. Measurements at the middle level. The y axis
shows the temperature reached during the preparation of the osteotomies. The x axis indicates the
different test groups at 7 mm and 14 mm inter-osteotomy separations at the middle level. Ascending
temperatures were observed in both groups and influenced by the time and separation between
osteotomies. D = distance, M = middle, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s, T4 = 80 s, T5 = 100 s).
The blue dots represent the central mean value. The grey dots represent the distribution of upper and
lower temperatures (sometimes overlapping). The blue lines if present, represent standard deviations.

Table 3. Descriptive statistics of inter-implant bed temperature at distances of 7 mm and 14 mm in
the apical area of the dense bone. D = distance, A = apical, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s,
T4 = 80 s, T5 = 100 s).

Inter-Osteotomy Distance
and Time. Apical Area Sample Size Mean Standard

Deviation 95% CI

D7AT0 15 20.740 0.523 (19.757, 21.723)
D7AT20 15 20.843 0.529 (19.860, 21.826)
D7AT40 15 21.132 0.658 (20.148, 22.115)
D7AT60 15 23.194 1.820 (22.211, 24.177)
D7AT80 15 24.131 3.247 (23.148, 25.114)

D7AT100 15 28.89 5.34 (27.91, 29.88)
D14AT0 15 21.092 0.387 (20.109, 22.075)

D14AT20 15 21.112 0.387 (20.128, 22.095)
D14AT40 15 21.148 0.392 (20.165, 22.131)

D14AT60 15 21.2436 0.3480 (20.2604,
22.2268)

D14AT80 15 21.2933 0.3576 (20.3101,
22.2765)

D14AT100 15 23.025 0.790 (22.041, 24.008)

3.4. Statistical Comparisons

Fisher tests showed higher temperatures in the inter-osteotomy area for 7 mm com-
pared to 14 mm separation at 40, 60, 80, and 100 s. (Table 4).
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Figure 6. Temperature in the inter-osteotomy area in adjacent osteotomies. Measurements at the 
apical level. The y axis shows the temperature reached during the preparation of the osteotomies. 
The x axis indicates the different test groups at 7 mm and 14 mm inter-osteotomy area separations 
at the apical level. Ascending temperatures were observed in both groups, influenced by the time. 
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Figure 6. Temperature in the inter-osteotomy area in adjacent osteotomies. Measurements at the
apical level. The y axis shows the temperature reached during the preparation of the osteotomies.
The x axis indicates the different test groups at 7 mm and 14 mm inter-osteotomy area separations
at the apical level. Ascending temperatures were observed in both groups, influenced by the time.
D = distance, A = apical, T = time (T1 = 20 s, T2 = 40 s, T3 = 60 s, T4 = 80 s, T5 = 100 s). The blue
dots represent the central mean value. The grey dots represent the distribution of upper and lower
temperatures (sometimes overlapping). The blue lines if present, represent standard deviations.

Table 4. Fisher test for 14 mm vs. 7 mm in the coronal area. * p < 0.05.

Coronal
Groups Comparison

Difference
of Means

SE of
Difference 95% CI T-Value Adjusted

p Value

D14CT0–D7CT0 0.91 3.69 (−6.39, 8.20) 0.25 0.806
D14CT20–D7CT20 −3.43 3.69 (−10.72, 3.86) −0.93 0.354
D14CT40–D7CT40 −16.42 3.69 (−23.72, −9.13) −4.45 0.000 *
D14CT60–D7CT60 −33.66 3.69 (−40.95, −26.37) −9.11 0.000 *
D14CT80–D7CT80 −34.05 3.69 (−41.34, −26.76) −9.22 0.000 *

D14CT100–D7CT100 −25.76 3.69 (−33.05, −18.47) −6.97 0.000 *

Similarly, the Fisher test showed higher temperatures in the middle region of the
inter-osteotomy zones for 7 mm compared to 14 mm separations (Table 5).

Table 5. Fisher test for 14 mm vs. 7 mm in the middle area. * p < 0.05.

Middle
Groups Comparison

Difference
of Means

SE of
Difference 95% CI T-Value Adjusted

p Value

D14MT0–D7MT0 0.41 2.62 (−4.77, 5.58) 0.16 0.877
D14MT20–D7M20 0.36 2.62 (−4.81, 5.54) 0.14 0.890

D14MT40–D7MT40 −5.52 2.62 (−10.69, −0.35) −2.11 0.037 *
D14MT40–D7MT60 −19.36 2.62 (−24.54, −14.19) −7.39 0.000 *
D14MT80–D7MT80 −20.90 2.62 (−26.07, −15.73) −7.98 0.000 *

D14MT100–D7MT100 −24.35 2.62 (−29.52, −19.17) −9.29 0.000 *

In the apical region of the inter-osteotomy zone, statistical differences between 7mm
and 14mm were observed at 60, 80, and 100 s (Table 6).
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Table 6. Fisher test for 14 mm vs. 7 mm in the apical area. * p < 0.05.

Apical
Groups Comparison

Difference
of Means

SE of
Difference 95% CI T-Value Adjusted

p Value

D14AT0–D7AT0 0.352 0.704 (−1.038, 1.743) 0.50 0.618
D14AT20–D7AT20 0.268 0.704 (−1.122, 1.659) 0.38 0.704
D14AT40–D7AT40 0.017 0.704 (−1.374, 1.407) 0.02 0.981
D14AT60–D7AT60 −1.950 0.704 (−3.341, −0.560) −2.77 0.006 *
D14AT80–D7AT80 −2.838 0.704 (−4.228, −1.447) −4.03 0.00 *

D14AT100–D7AT100 −5.869 0.704 (−7.260, −4.479) −8.33 0.00 *

4. Discussion

This study aimed to test the null hypothesis, stating there is no difference in tempera-
ture accumulation between adjacent implant osteotomies separated by 7 or 14 mm, against
the alternative hypothesis that there are differences in temperature accumulation between
adjacent implant osteotomies separated by 7 or 14 mm. The null hypothesis was rejected.
Higher temperature accumulation was observed in shorter separations (7 mm between
osteotomies), surpassing the threshold for thermal necrosis in the coronal and middle zones.
In implant dentistry, the thermal analysis of bone drilling is centered in the evaluation
of the temperature changes at the osteotomy sites, and existing evidence indicates that
frictional forces, drilling forces, drilling speed, and bone density all contribute to thermal
changes during implant osteotomy [24–26].

The direct consequences of the bone overheating are either bone necrosis, increased
bone resorption, or implant failure [27–29]. In addition, the effects of increased temperature
on bone can be influenced by the phenomena of temperature dissipation and temperature
accumulation [20,30–33]. Temperature dissipation in bone can be observed as the heat
transfer from one area to another, and temperature accumulation can be observed as the
summation of heat dissipated from more than one heat source [21,26]. When multiple adja-
cent implant osteotomies are required, the risk for thermal necrosis of the inter-osteotomy
area should be evaluated because this parameter could explain interproximal bone resorp-
tion. The results of the present study showed that 7 mm of separation produced higher
temperatures in the inter-osteotomy area than did a 14 mm separation.

This agrees with the studies in orthopedic surgery completed by Gholampour et al.,
2019 [34], who prepared adjacent osteotomies at 6 mm, 12 mm, and 16 mm separations in
femoral bone. Thermocouples and an infrared camera were used to evaluate the effects of a
coolant and separation on the temperature at the first osteotomy site. The results showed
that 6 mm separation resulted in higher temperatures, and increasing the time between
drilling and the use of coolant limited the temperature increase.

The results of the present study are also in agreement with Palmisano et al., 2015 [20],
who investigated the heat-accumulation phenomenon in sequential orthopedic drilling.
In their study, nine sequential osteotomies were prepared in a 3 × 3 array on cadaver
tibia, using three different drill types. Temperature changes were recorded at the center
of four adjacent osteotomies using thermocouples. Their findings demonstrated that the
temperatures were higher after the last osteotomy compared to the temperatures after the
first osteotomy, and they demonstrated that the heat accumulation and heat dispersion
increased when adjacent preparations were completed in dense bone.

In the present study, the results showed that the coronal and middle levels of the
inter-osteotomy area presented the highest temperatures at times T4 and T5. Meanwhile, a
minimal thermal increment was detected at the apical levels at all the evaluated times.

These findings can be explained by three factors. The first factor is the continued
contact of the drills with the cortical compared to the middle and apical. The second factor is
the tapered drill design toward the apex, and the third factor is the larger distance between
adjacent osteotomies at the apical. This agrees with the study by Heydari et al., [35], who
observed higher temperatures during drilling in dense bone due to increased fiction and
heat accumulation from the increased time that the drills were in contact with the bone.
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In the present study, the distances of 7 mm or 14 mm between the centers of the
osteotomies were used, assuming that either adjacent implants with regular diameters
(3.8 mm–4 mm) are inserted or adjacent implants are inserted but include a space for a
pontic for the fabrication of a bridge. It has been recommended to maintain a distance of
3 mm between adjacent implants because it can preserve the bone and gingival papilla
height. When the distance between adjacent implants is reduced to 2 mm or 1 mm, the
bone remodeling between implants increases, resulting in bone loss. In addition, when the
distance between adjacent implants is less than 3 mm, angiogenesis is reduced. Addition-
ally, the number of blood vessels decreases, and the bone formation is impaired [36–39].
Within the limitations of this study, it seems also reasonable to think that distances smaller
than 3 mm can also produce increased temperature accumulation and increased risk of
osteonecrosis in adjacent osteotomies.

Limitations of this study include: only one type of polyurethane block was used, and
given the homogeneous characteristic of the blocks, the results can be extrapolated only
to bone with similar conditions (dense bone); only one type of drill was used, and the
effect of other drill designs remains unknown; only two inter-osteotomy distances were
evaluated, and therefore, the information related to the thermal behavior when drilling
adjacent osteotomies with shorter or larger separations is missing.

The strengths of this study include: the use of a controlled experimental setup, cali-
brated operators, and the utilization of bone blocks with a well-known thermal coefficient
comparable to human dense bone. This study alerts clinicians to the thermal risks of drilling
adjacent dental implant osteotomies. In addition, potential methods for reducing thermal
accumulation in the inter-osteotomy zone require further investigation.

5. Conclusions

Preparing adjacent implant osteotomies in dense bone with a 7 mm separation between
their centers increases the temperature in the inter-osteotomy area, exceeding the threshold
for bone thermal necrosis; meanwhile, increasing the distance between osteotomies reduces
the thermal accumulation and the risk for thermal necrosis.
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Abstract: Remineralization of tooth enamel can be achieved by applying a complex of casein phos-
phopeptides and amorphous calcium phosphate (CPP-ACP). However, the efficacy and optimization
of this agent in molar–incisor hypomineralization (MIH) lacks evidence. The purpose of this study
is to evaluate the efficacy of CPP-ACP tooth mousse in remineralizing MIH-affected enamel in an
optimized 28-day protocol using polarized Raman microscopy and scanning electron microscopy.
The protocol was applied to two types of MIH opacities, white and yellow, and compared against
sound enamel specimens before and after treatment. Data was analyzed using a one-way ANOVA
and LSD post hoc multiple comparisons test (p < 0.05) for the Raman analysis. Hypomineralized
enamel showed an improvement of its structure after CPP-ACP supplementation. In addition, Raman
spectroscopy results showed a decrease in the depolarization ratio of the symmetric stretching band
of phosphate (p < 0.05 for both groups). In conclusion, there was an improvement in mineral density
and organization of the hypomineralized enamel after treatment with CPP-ACP tooth mousse.

Keywords: Raman spectroscopy; electron scanning microscopy; molar–incisor hypomineralization;
tooth remineralization; dental enamel; enamel; pediatric dentistry

1. Introduction

Molar–incisor hypomineralization (MIH) is described as the hypomineralization of
one to four permanent first molars frequently in combination with affected incisors [1]. This
hypomineralization occurs when systemic factors affect the ameloblastic function during
the maturation phase of amelogenesis [2]. The global and European prevalence of MIH
ranges from 13.1% to 14.2% [3] and 3.6 to 25% [1,4], respectively. Enamel from the MIH-
affected surface is characterized by a lower mineral concentration, lower organization of the
crystalline structure, and higher porosity, making those teeth more vulnerable to abrasion
and carious lesions [5]. The presence of chronic pulpal inflammation in MIH teeth may be
due to their increased enamel porosity and possible bacterial penetration through the large
dentinal tubules, making them extremely sensitive, arduous to hygiene, and difficult to
anesthetize [1,6]. In more severe cases, the porous enamel may even fracture after eruption
or under masticatory forces, creating post-eruptive enamel breakdowns (PEB) [1].

Clinically, MIH teeth present clearly demarcated opacities that vary in size, shape,
and color, from white to yellow/brownish [1,2]. Several studies showed that these defects
have increased carbon and carbonate concentrations and higher protein content when
compared to normal enamel [2,5,7–9]. To enhance the mechanical properties of MIH teeth,
remineralization is a good treatment option that can increase the mineral content of enamel
and prevent its post-eruptive enamel breakdowns [10]. The literature shows that fluoride
varnish can be effective in remineralizing MIH teeth [2]. Furthermore, in a recent study,
a novel remineralizing agent, a biomimetic hydroxyapatite, was successfully used in the
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improvement of the MIH condition [11]. The remineralization of tooth enamel can also
be achieved by applying a complex of casein phosphopeptides and amorphous calcium
phosphate (CPP-ACP), that acts as a reservoir of calcium and phosphate, stabilizing high
concentrations of these ions [12–14]. There is evidence that the application of CPP-ACP
cream decreases the loss of minerals, and the depth and width of lesions [14]. Several
studies demonstrated that the consistent use of CPP-ACP promotes an increase in mineral
density and inhibits demineralization [15,16]. In 2011, Baroni and Marchionni observed
an improvement in mineralization, morphology, and porosities of MIH-affected enamel
following a continued use of a cream containing 10% CPP-ACP [17]. However, there is still
a limited number of studies in the literature regarding the remineralizing efficacy of this
agent in MIH-affected teeth [7,13].

Raman spectroscopy has been used to evaluate the symmetric stretching mode of the
tetrahedral phosphate group (PO43-, with a Raman shift of ~959 cm−1) and infer upon
the mineral phase of enamel [18]. Fraser et al. evaluated changes in the intensity and
peak shape of this Raman band, together with the ratios to the amide I and carbonate, to
study teeth affected with MIH [5]. Raman spectroscopy was also used in combination
with SEM to evaluate MIH-affected permanent molars through the phosphate-to-carbonate
ratio [19]. Recent advances in Raman microscopy also showed the suitability, sensitivity,
and specificity of polarized Raman spectroscopy for the evaluation of demineralized
enamel [20]. Studies have also showed an increase in the depolarization ratio of this
band in demineralized enamel, prompting the use of this methodology for carious lesion
diagnosis [21,22]. Franco et al. used Raman microscopy to evaluate the effectiveness of CPP-
ACP tooth mousse on the remineralization of MIH opacities after a single application [23].

According to the recent literature, there is no study that has used polarized Raman
microscopy combined with SEM to evaluate the efficacy of remineralization protocols in
different MIH opacities.

The aim of the present study is to understand, through polarized Raman spectroscopy
analysis and SEM observation, if a 28-day protocol of application of CPP-ACP is effective
in remineralizing hypomineralized enamel in two types of MIH lesions (white and yellow).
The tested hypothesis was that the application of CPP-ACP did not increase the organization
of the enamel apatite crystals of MIH molars in vitro.

2. Materials and Methods

The sample size consisted of 20 severely hypomineralized maxillary and mandibular
molar teeth extracted due the presence of severe painful symptoms conditioning the
patient’s quality of life. The selection of severe hypomineralized teeth was based on the
EAPD diagnostic criteria of MIH [2]. An orthodontic consultation was performed, and
the extractions were adapted to the patient’s orthodontic treatment plan. Upon extraction
and verbal consent of the guardian of the patient, each tooth was stored and preserved in
accordance with ISO conditions (ISO/TS 11405) in a refrigerated 1% chloramine solution for
1 week, and then in Hank’s solution (BioWhittaker™, Lonza, MD, USA). A control group
was created using 12 sound molar teeth extracted mainly for orthodontic reasons. The
control teeth were sound teeth that presented no enamel defects, cracks, caries, or fractures.

2.1. Sample Description and Preparation

All teeth went through a prophylactic protocol using a polishing brush with pumice
paste in a low rotation handpiece (0.04 mg of pumice; 0.8 mL of water) for 60 s, before being
washed with distilled water for 60 s and submitted to an ultrasound bath in ethanol 100%
for 60 s using the Bransonic® M2800-E, Emerson, Danbury, CT, USA, electronic cleaning
device. Each tooth was encased in an acrylic block using a hot glue pistol and sectioned
parallel to the occlusal surface to split the root from the crown using a water-cooled
diamond-impregnated circular saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA).

The SEM analysis requires metallization that makes a before–after approach unfeasible;
however, Raman analyses are non-invasive and do not require specific sample preparation,
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so a before–after approach was undertaken. Twenty hypomineralized teeth were then
sectioned perpendicular to the occlusal surface to obtain the following: one enamel opacity
in sixteen teeth and two enamel opacities in four teeth. The 12 sound teeth were also
sectioned perpendicular to the occlusal surface.

2.1.1. Raman Spectroscopy

The 12 opacities from the MIH teeth and the 6 surfaces of the sound teeth were
allocated to one of the three groups: Group A—6 white hypomineralized opacities; Group
B—6 yellow hypomineralized opacities; Group C—6 sound teeth. Once prepared and whilst
awaiting testing, the samples were stored fully hydrated in Hank’s solution BioWhittaker ™
(Lonza, MD, USA).

2.1.2. Scanning Electron Microscopy (SEM)

The 12 opacities from the MIH teeth and the 6 surfaces of the sound teeth were al-
located to one of the following 6 groups: Group D—3 white hypomineralized opacities;
Group E—3 yellow hypomineralized opacities; Group F—3 sound teeth; Group G—3 white
hypomineralized opacities for CPP-ACP treatment protocol; Group H—3 yellow hypomin-
eralized opacities for CPP-ACP treatment protocol; Group I—3 sound teeth for CPP-ACP
treatment protocol. Once prepared and whilst awaiting testing, the samples were stored
fully hydrated in Hank’s solution (BioWhittaker™, Lonza, MD, USA). Figure 1 represents a
flowchart of the study design.
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Figure 1. Scheme of the study design.

2.2. Analysis and Treatment Protocol
2.2.1. Raman Spectroscopy Analysis

Each sample from groups A, B and C was removed from the Hanks’ solution (BioWhit-
taker™, Lonza, MD, USA), washed with distilled water for 5 s, dried with absorbent paper,
placed on a holder, and analyzed with Raman microscopy to determine the depolarization
ratio before and after the CPP-ACP treatment protocol.
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Polarized Raman spectra of samples were obtained using an XploRA Confocal Micro-
scope (Horiba, Palaiseau, France) with a 785 nm laser. Using an entrance slit of 200 µm, and
a confocal hole of 300 µm, the scattered light collected by the objective was dispersed onto
the air-cooled CCD array of an Andor iDus detector (Oxford instruments, Bristol, UK) with
a 1200 lines/mm grating. This way, the spectral range investigated was from 200 cm−1

to 1300 cm−1 with a spectral resolution of 4 cm−1. A 100× objective (N.A. = 0.9) was
used to focus on the surface of enamel, as well as a 50% neutral density filter rendering
an incident power on the sample of 4.8 ± 0.4 mW (Lasercheck®, Edmund Optics, Mainz,
Germany). Each spectrum was obtained by 3 accumulations of 20 s each and an average of
10 spot analyses were performed for each sample. In order to determine the depolarization
ratio (ρ959) of the symmetric stretching band of phosphate ions (ν1~959 cm−1), in each
spot, spectra were recorded with cross and parallel polarization to the polarization of the
incident laser. The depolarization ratio was then determined as follows:

ρ959 =
I959 ⊥
I959 ∥

where I959 II is the intensity of the Raman band at ~959 cm−1 using parallel polariza-
tion, and I959⊥ is the intensity of the Raman band at ~959 cm−1 using perpendicular
polarization.

2.2.2. SEM Analysis

Regarding the treatment groups (G, H, and I), the samples were removed from the
Hank’s solution and the treatment protocol with CPP-ACP was performed daily for a
period of 28 consecutive days. The samples of the control groups (D, E, and F) were
kept in a balanced Hanks solution for 28 days. On day 29, all specimens from all groups
were prepared according to the following protocol for debris removal and enamel prism
revealing (Figure 2):

(1) Conditioning with 2 mL of 5.25% sodium hypochlorite for 60 s;
(2) Washing with distilled water for 10 s;
(3) Ultrasound cleaning with 100% ethanol for 60 s;
(4) Washing with distilled water for 5 s;
(5) Drying with air syringe for 10 s;
(6) Conditioning with 2 mL of 10% phosphoric acid for 20 s;
(7) Washing with distilled water for 10 s;
(8) Ultrasound cleaning with 100% ethanol for 60 s;
(9) Washing with distilled water for 5 s;
(10) Drying with air syringe for 10 s.
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After debris removal protocol application, specimens were attached to metallic sup-
ports with double sided carbon tape (NemTape, Nisshin, Japan) and sputter-coated with
200 nm gold/palladium in an argon atmosphere (Jeol, Tokyo, Japan). Specimens’ surfaces
were examined using a Hitachi, SU3800 (Tokyo, Japan) scanning electron microscope.
Microphotographs of representative areas at 1000×, 2000×, 5000×, and 10,000× magnifica-
tions were obtained for each specimen using Esprit software (v1.8.2.2167, Bruker, MA, EUA).

2.2.3. CPP-ACP Treatment Protocol

The treatment procedure was adapted from the protocol used by Cardoso-Martins et al.
and Shetty et al. for in vitro studies with CPP-ACP [24,25]. The binding of ACP to CPP is
pH-dependent and decreases as the pH decreases [26]. Enamel remineralization by CPP-
ACP can occur over a range of pH values from 4.5 to 7 [27]. In this protocol, the decrease in
the pH by a demineralizing agent enables this remineralization process. Through the local
release of calcium and phosphate ions, this nanoaggregate allows the maintenance of a
supersaturated mineral state that suppresses demineralization and promotes mineralization.
The treatment procedure was carried out daily for a period of 28 days [24,25]. Each of
the enamel samples were treated with the remineralizing agent—10% CPP-ACP (GC
Tooth mousse™, GC, Leuven, Belgium)—for a period of 2 min, following which the
samples were individually immersed in 2 mL of a demineralizing solution (2.0 mMol/L
calcium, 2.0 mMol/L phosphate, 75 mMol/L acetic acid, pH 4.4) for a period of 3 h.
Afterwards, samples were re-treated with the remineralizing agent for 2 min. To finalize,
the enamel samples were individually immersed in 2 mL of Hank’s balanced salt solution
(BioWhittaker™, Lonza, MD, USA) for a period of 21 h.

The demineralizing agent was replaced every 5 days, and the Hank’s solution every 48 h.

2.3. Statistical Analysis

The sample size was calculated according to n = 1 + 2C (S/D)2 [28], which resulted
in n = 6. The sample size calculation was based on results of a pilot study and used
the following assumptions: the mean of differences (D = 0.0117), standard deviation
(S = 0.0057), and considering the degree of significance, a = 0.05 and 90% power.

Statistical analysis was performed with SPSS v26.0, (IBM, New York, NY, USA). A
Shapiro–Wilk test for normal distribution evaluation was performed. Levene’s test showed
that the values obtained have equal variances. Since data distribution was normal, a
one-way ANOVA and an LSD post hoc multiple comparisons test were performed. A
significance level of 0.05 was considered.

3. Results

The Raman band of interest corresponding to the symmetric stretching of phosphate
(ν1 PO43- ~959 cm−1) was identified. The spectra recorded for a sample presenting a
hypomineralized white opacity before (Figure 3) and after (Figure 4) treatment with GC
Tooth Mousse containing CPP-ACP is shown, before baseline correction.

There was an increase in the main band in the parallel mode concomitant with a
decrease in the same band in the perpendicular mode, after treatment. The results for the
mean depolarization ratio of the symmetric stretching band of phosphate for the three
studied groups (A, B, C) are presented in Table 1.

Table 1. Mean depolarization ratio and standard deviations (SD) of the symmetric stretching band of
phosphate values for the three groups.

Study Group
Depolarization Ratio

Pre-Treatment
(Mean± SD)

Depolarization Ratio
Post-Treatment
(Mean ± SD)

Significance Level (p)

A—White opacity teeth 0.029 ± 0.004 0.021 ± 0.003 0.004
B—Yellow opacity teeth 0.044 ± 0.004 0.037 ± 0.008 0.015

C—Sound teeth 0.019 ± 0.002 0.017 ± 0.003 0.5
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For group A, the hypomineralized teeth with white opacities, the mean values obtained
for the depolarization ratio before and after treatment were 0.029 ± 0.004 and 0.021 ± 0.003,
respectively. There was a statistically significant decrease (p < 0.05) in the mean values
of the depolarization ratio, which suggests an improvement in the enamel mineralization
after treatment.

Furthermore, in group B, comprising the teeth presenting yellow hypomineralized
opacities, there was a statistically significant decrease (p < 0.05) in the mean values of
the depolarization ratio after treatment, with values ranging from 0.044 ± 0.004 before to
0.037 ± 0.008 after treatment. Therefore, there was also an improvement in the enamel
mineralization with treatment in this group.

The mean values for the depolarization ratio for the sound teeth (C group) before
treatment was 0.019 ± 0.002, and after treatment it was 0.017 ± 0.003. There was no
statistically significant difference (p > 0.05) in the enamel mineralization of the sound
teeth group before and after treatment. The sound teeth enamel surface presents apatite
crystals methodically organized perpendicular to the surface, revealing a high anisotropy
of the symmetric stretching band of phosphate. Candido et al. and Ko et al., using Raman
spectroscopy, showed that the arrangement of apatite crystals is altered in demineralized
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enamel, since they present a more disordered structure. Accordingly, in demineralized
enamel, the depolarization ratio value is higher [18,20].

The SEM images of the white and yellow opacities (D and E groups) revealed deficient
or hollow rod cores. The crystals building up the enamel rods were disorganized, rock-
shaped, without a uniform orientation, and difficult to distinguish. In the white opacities
group, the borders of the enamel rods were dissolved with prominent inter-rod spaces,
and a structureless layer was partially covering the enamel prisms (Figure 5a). In the
yellow opacities group, the borders of the enamel rods were indistinct, with fewer visible
inter-rod areas (Figure 6a). White and yellow opacities submitted to CPP-ACP treatment
(G and H groups) showed filled rod cores with tighter packed and more well-organized
crystals when compared with hypomineralized teeth not submitted to the remineralization
CPP-ACP protocol, where wider inter-rod spaces were present (Figures 5b and 6b)
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Figure 6. MIHs specimens’ SEM photographs (5000×). (a) Group E—yellow hypomineralized
opacities; (b) Group H—yellow hypomineralized opacities after CPP-ACP protocol.

A normal prismatic surface without structural alterations was present for both sound
teeth groups. There were well-defined enamel rods with distinct borders and narrow
inter-rod areas. The crystals in the enamel rods were densely packed, well organized, and
presented a uniform orientation (F and I groups) (Figure 7).
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I—sound tooth after CPP-ACP protocol.

4. Discussion

The Raman spectroscopy analysis of this study demonstrated that the treatment pro-
tocol used for CPP-ACP application had a positive and a statistically significant effect in
reducing the depolarization ratio on enamel surfaces with either white or yellow hypomin-
eralized opacities.

The SEM study showed that hypomineralized enamel of white and yellow opacities
after CPP-ACP treatment protocol had an improvement on the enamel structure, that
exhibited filled rod cores with tighter packed and more well-organized crystals when
compared with hypomineralized teeth not submitted to remineralization protocol. The
SEM images of the sound teeth enamel opacities non-submitted and submitted to CPP-ACP
treatment (F and I groups) showed a normal prismatic surface.

Results from this study demonstrated that MIH opacities’ enamel structure in the
white and yellow opacities (D and E groups) is characterized by having hydroxyapatite
crystals more loosely and irregularly packed than in sound teeth (Figures 5a and 6a). This
is consistent with Raman results with a higher value of depolarization ratio for groups
A and B when compared with Group C. The literature also shows that hypomineralized
areas have a disordered, structureless configuration of hydroxyapatite crystals compared
with sound enamel [29]. Lygidakis et al., showed that the unorganized microstructure
of MIH teeth led to a reduction in mechanical properties, such as hardness and modules
of elasticity [2].

White and yellow opacities (G and H groups) showed an improvement in the enamel
structure after CPP-ACP treatment. Rods evolved a more mature and geometric structure,
showing filled cores with tighter packed and more well-organized crystals (Figures 5b and 6b).
This is corroborated by Raman spectroscopy results comparing the before and after in groups
A and B, which showed a decrease in depolarization ratio values and, therefore, an increase
in the organization of the enamel apatite crystals after CPP-ACP treatment. Cevc et al.
observed that there was a larger proportion of well-oriented microcrystals in caries-resistant
teeth, indicating that the degree of hydroxyapatite microcrystal alignment is a property that
may help determine their mechanical resistance [30]. The results obtained in this study are
suggestive of an increased mineralization of MIH teeth after CPP-ACP treatment that could
reflect an increased mechanical resistance. Baroni et al. also observed a marked improvement
in enamel morphology after the application of CPP-ACP on MIH molars [17]. Franco et al.
also showed an improvement in the degree of crystallite orientation in both white and yellow
enamel opacities after treatment with CPP-ACP tooth mousse [23].

According to the Raman data obtained, there was a greater improvement in the
organization of the enamel apatite crystals of MIH teeth after CPP-ACP treatment in the
white opacities group compared to the yellow group. This difference might be explained
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due to the higher porosity and larger prismatic cracks of the yellow lesions when compared
to the white ones [5].

The protocol with the CPP-ACP treatment was adapted from the protocol used by
Cardoso-Martins et al. in an in vitro study with the same remineralizing agent assessed over
28 days in MIH teeth [24]. As a result, it was possible to decrease the samples depolarization
ratio, which represents an improvement in the degree of crystallite orientation. The white
opacities’ depolarization ratio mean values reached the corresponding level of the healthy
teeth mean values before treatment.

A potential limitation of this study rests on the fact that it was based on an in vitro
environment. Moreover, a single remineralizing agent was used and, therefore, a control
group with another agent was lacking. Furthermore, a SEM–EDS (energy-dispersive X-ray
spectroscopy) could have been used, but in this study Raman spectroscopy was preferred
instead. There is extensive evidence that Raman spectroscopy is a very sensitive tool for
the evaluation of the demineralization of enamel and that it can be used to study slight
changes in the enamel structure, so we used this methodology for the evaluation of the
opposite process [23]. Furthermore, due to the metallization process, a direct comparison
of the Ca and P content and the depolarization ratio of phosphate would not be possible,
as the sample groups were different. The small sample size must also be considered, which
was due to the challenges in obtaining the specimens, since they relate to the extraction of
hypomineralized permanent molars in children.

The results of the present study support the rejection of the tested hypothesis, war-
ranting in vivo studies in MIH teeth with this remineralizing agent where administration
protocols can be adjusted. In future studies, this protocol should evolve, either by increas-
ing the number of applications or extending the duration, in order to improve the yellow
opacities’ depolarization ratio, mean values and to achieve values close to the healthy teeth.

This study highlights the importance of more research using this type of remineraliza-
tion protocols to improve MIH teeth properties, as well as the need for further clinical trials
to support the recommendation for the use of CPP-ACP to increase the mineral content of
hypomineralized teeth. In the future, it would be of interest to study new remineralizing
agents, such as a biomimetic nano-hydroxyapatite based on the integration of calcium
and phosphate, at the level of demineralized dental surfaces of MIH teeth [11]. Hence,
managing this condition appropriately could prevent its associated negative impacts on
the patient’s quality of life [2,7].

5. Conclusions

In this in vitro study, as determined through Raman spectroscopy analysis and SEM
evaluation, there were significant improvements in the organization of MIH enamel apatite
crystals after CPP-ACP treatment. In conclusion, there was a significant remineralization of
enamel after a consecutive daily application of CPP-ACP tooth mousse over 28 days.
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Abstract: Dental disorders are a serious health problem in equine medicine, their early recognition
benefits the long-term general health of the horse. Most of the initial signs of Equine Odontoclastic
Tooth Resorption and Hypercementosis (EOTRH) syndrome concern the alveolar aspect of the teeth,
thus, the need for early recognition radiographic imaging. This study is aimed to evaluate the applica-
bility of entropy measures to quantify the radiological signs of tooth resorption and hypercementosis
as well as to enhance radiographic image quality in order to facilitate the identification of the signs of
EOTRH syndrome. A detailed examination of the oral cavity was performed in eighty horses. Each
evaluated incisor tooth was assigned to one of four grade–related EOTRH groups (0–3). Radiographs
of the incisor teeth were taken and digitally processed. For each radiograph, two–dimensional sample
(SampEn2D), fuzzy (FuzzEn2D), permutation (PermEn2D), dispersion (DispEn2D), and distribu-
tion (DistEn2D) entropies were measured after image filtering was performed using Normalize,
Median, and LaplacianSharpening filters. Moreover, the similarities between entropy measures
and selected Gray–Level Co–occurrence Matrix (GLCM) texture features were investigated. Among
the 15 returned measures, DistEn2D was EOTRH grade–related. Moreover, DistEn2D extracted
after Normalize filtering was the most informative. The EOTRH grade–related similarity between
DistEn2D and Difference Entropy (GLCM) confirms the higher irregularity and complexity of incisor
teeth radiographs in advanced EOTRH syndrome, demonstrating the greatest sensitivity (0.50) and
specificity (0.95) of EOTRH 3 group detection. An application of DistEn2D to Normalize filtered
incisor teeth radiographs enables the identification of the radiological signs of advanced EOTRH
with higher accuracy than the previously used entropy–related GLCM texture features.

Keywords: radiographs; texture analysis; entropy–based approaches; equine odontoclastic tooth
resorption and hypercementosis; dental care

1. Introduction

Dental disorders, including complications related to cases of oral cavity disease,
constitute a serious health problem in equine medicine [1]. As equine hypsodont teeth
slowly erupt over most of the horse’s life [2], simple dental rasping is able to improve the
welfare and possibly food digestion as well as biting behaviour of more than 70% of horses
presenting dental disorders [3]. Thus, dental disorders are of major importance in equine
veterinary practice, with up to 10% of practice time involving dental–related work [1].
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The current standard of care in equine dentistry includes performing a complete visual
oral examination, including general and dental history taking, observation and general
physical examination, as well as comprehensive oral and dental examination [4]. However,
radiography and possibly other imaging of dental apices and reserve crowns is essential
in the evaluation of primary incisor and canine teeth disease affected by resorption and
hypercementosis of the reserve crown [5,6], secondary periodontal disease with remodelling
and lysis of the alveolar bone [1,7,8], traumatic disorders of teeth [1,9,10], as well as
apical infections such as cheek teeth apical abscessation [1,9]. The welfare of the horse
depends on skilled and knowledgeable veterinarians who can characterize normal and
abnormal findings relative to the oral cavity [4], including frequently occurring dental
disorders [1]. Therefore, the digital processing of dental radiographs is proposed here
to enhance the quality of the image so that the veterinarians can more easily identify
the radiographic signs of disease. As radiography is useful in the diagnosis of tooth
resorption and hypercementosis [5,6], bone remodelling and lysis [1,7,8], as well as tooth
fractures [1,9,10] and infections [1,9], these preliminary studies focus on the example of
Equine Odontoclastic Tooth Resorption and Hypercementosis (EOTRH) syndrome. EOTRH
requires radiographic imaging in the early stages to visualize the alveolar aspect of the
teeth, where the signs are typically more advanced than is suggestive by the external
appearance of the teeth [5,11]. Moreover, the radiographic signs of EOTRH appear earlier
than the clinical signs [12–14], as 88% of horses with no apparent clinical signs demonstrated
radiographic signs of incisor teeth resorption and 20% of horses demonstrated signs of
incisor teeth hypercementosis [5]. Resorption and hypercementosis are two ongoing
processes that progressively affect the structure of the tooth starting from the alveolar
aspect (root and the reserve crown) [15]. Both processes are radiographically well–defined,
as teeth demonstrate high radiodensity [16], where low radiopaque signs of resorption and
high radiopaque signs of hypercementosis are alternately visible, thus, presenting the high
irregularity and complexity of the image texture of radiographs [17].

The complete visual examination of the oral cavity allows the veterinarian to identify
and manage dental problems and diagnose early stages of disease, benefiting the long–term
general health of the horse and improving its quality of life [4], whereas the main aim
of using digital processing of digital radiographs is to enhance the automated detection
of early signs of EOTRH disease that might be missed by solely visual evaluation. Thus,
the introduction of digital processing to the equine dental radiographs aims to improve
the detection of specific signs of dental diseases which are not recognizable during the
preliminary visual examination. It has been shown that raw radiographs collected directly
from the X–ray scanner, which have not been digitally processed, are less effective in incisor
teeth radiographic texture quantification than those that have been digitally processed. Due
to the presence of noise, the radiographic filtering by filters improves the edge delimitation,
such as Normalize or Bilateral filters, which increases the recognition of the radiographic
signs of EOTRH syndrome [17]. However, the specific detection of grade 1, grade 2, and
grade 3 EOTRH radiological signs remains challenging.

With the rapid advances in diagnostic imaging in equine dentistry [17–19],
high–resolution detailed digital images [20] as well as a vast and ever–growing amount
of data [17] are more readily available. Digital image processing is increasingly used to
select and provide diagnostically important data [21] to avoid information noise that is
difficult to evaluate. As the development of the computer–aided detection of image dif-
ferences is a multi–stage process [22,23], the first two steps towards achieving the main
goal have already been attained. The first step, concerning the preliminary demonstration
of the possibility of quantifying the texture features of horses’ incisor radiographs, has
been previously published [17]. The second step is presented in this study. This second
step concerns the advancement in image regularity evaluation, comparison of the novel
and recent image regularity indicators, and demonstration of the detection accuracy of
radiographic signs of teeth resorption and hypercementosis in both novel and recent ex-
periments. To achieve this intermediate goal, the two–dimensional entropy measures [24],
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which are relatively recent methods of image irregularity and complexity quantification,
have been proposed to obtain relevant and insightful data from equine dental radiographs,
which could be applied in early EOTRH diagnosis. As entropy–based measurements
represent a new class of easy–to–implement methods [25], their evaluation in different
types of clinical applications [26] is advisable. In equine medicine, the entropy–based
measurements have been successfully applied for the analysis of the texture of equine
thermal images in pregnancy determination [27] and the rider:horse body weight ratio
detection in horseback riding [28]. In the study examining the pregnancy model, four
entropy–based measurements were used [27], however, in the horses’ back load assess-
ment model, a fifth measurement was added [28]. These five entropy–based measure-
ments included: two–dimensional sample entropy (SampEn2D) [29], two–dimensional
fuzzy entropy (FuzzEn2D) [30], two–dimensional permutation entropy (PermEn2D) [31],
two–dimensional dispersion entropy (DispEn2D) [32], and two–dimensional distribution
entropy (DistEn2D) [33]. These five aforementioned entropy–based measurements have
been implemented in the current study. We hypothesize that the quantitative description of
incisor tooth radiographs, by using filtrations and entropy measurement extraction, imply
the specific detection of the radiological signs of grade 1, grade 2, and grade 3 EOTRH
syndrome, which could be used in the future development of the automated detector of
early signs of the disease.

Therefore, the study aimed to evaluate the applicability of entropy measures to quan-
tify the radiological signs of tooth resorption and hypercementosis and to enhance the
quality of the radiograph to improve the identification of the radiographic signs of EOTRH
syndrome. To achieve this goal, the measures of five entropy–based measurements were
extracted from radiographs of equine incisor teeth. Then, combinations of measures and
filters were used to identify changes associated with the EOTRH grades. Next, the selected
entropy measures and filters were compared with recently reported features of gray–level
matrices texture analysis approaches to find similarities. Finally, for the selected mea-
sures and features, the detection accuracy of the radiographic signs of EOTRH syndrome
was calculated.

2. Materials and Methods
2.1. Horses

Eighty privately owned horses (n = 80) (age mean ± SD: 16.9 ± 7.0; 37 geldings,
43 mares; 30 Polish Halfbred horses, 13 Arabian horses, 10 Schlesisches Warmblood horses,
8 Wielkopolska breed horses, 7 Dutch Warmblood horses, 5 Thoroughbred horses, 4 Polish
coldblooded horses, and 3 Malopolska breed horses) were enrolled in the current study. The
owners presented their horses for the standard veterinary diagnostic procedure including
a basic clinical examination [34], a detailed examination of the oral cavity [35], and an
additional examination [5]. In the current study, examination data collected from July 2021
to December 2021 were used.

A basic clinical examination was conducted following standard protocol [34], which
allowed for the collection of the internal temperature, heart rate, respiratory rate, mu-
cous membranes, capillary refill time, and lymph node evaluation. After a basic clini-
cal examination–based qualification prior to the sedation procedure, the horses received
a dose of detomidine hydrochloride (Domosedan; Orion Corporation, Espoo, Finland;
0.01 mg/kg bwt i.v.), xylazine hydrochloride (Xylapan; Vetoquinol Biowet Sp. z o.o.,
Gorzów Wielkopolski, Poland; 0.4 mg/kg bwt i.v.), or a combination of both. In some cases,
the additional dose of butorphanol tartrate (Torbugesic; Zoetis Polska Sp. z o.o., Warsaw,
Poland.; 0.01 mg/kg bwt i.v.) was required. No clinical contraindication to the sedation
procedure was found in any of the examined horses.

A detailed examination of the oral cavity was conducted following standard protocol
and included a visual examination and digital palpation of the teeth [35]. The Haussmann’s
mouth speculum was used to ensure the safety of the horse and veterinarian during a
detailed examination. A 400 mL syringe was used to flush the oral cavity in order to remove
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any food which remained on, around, and between teeth. The periodontal probe was used
for the evaluation of the interdental spaces. All clinical signs, including the condition of
teeth, interdental spaces, gums, and mucosa of the cheeks and tongue, were documented
on the equine dental chart [15] (Figure 1A).
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Figure 1. Scheme of radiographic–based detection of the signs of the Equine Odontoclastic Tooth
Resorption and Hypercementosis (EOTRH) syndrome. A detailed dental examination (A); a stan-
dard radiography (B); segmentation of input radiographs with regions of interest (ROIs) of the
first upper right incisor tooth (101) and the first upper left incisor tooth (201) marked with yellow
lines (C); filtering of input radiographs by three filters—Normalize, Median, and Laplacian Sharp-
ening (D); a texture analysis of output radiographs after filtering using entropy–based measures
(five measures: SampEn2D—two–dimensional sample entropy, FuzzEn2D—two–dimensional fuzzy
entropy, PermEn2D—two–dimensional permutation entropy, DispEn2D—two–dimensional disper-
sion entropy, DistEn2D—two–dimensional distribution entropy) and Gray–Level Co–occurrence
Matrix (six selected features: Cluster Prominence, Contrast, Difference Average, Difference Entropy,
Difference Variance, Inverse Variance) (E).

An additional examination allowed for radiography of the incisor teeth [5]. The radio-
graphs were obtained by intraoral presentation, which required insertion of the protected
radiographic cassette into the opened oral cavity of the horse, following the guidelines of
the bisecting angle technique [13]. The dorsoventral projection for the maxillary teeth [15]
was achieved by using the following settings: 2.5 mAs; 65 kV; of the x–ray tube (Orange
9020HF, Ecoray Co., Ltd.; 3F, Urbanlight B/D, 630, Eonju–ro, Gangnam–gu, Seoul, Korea)
and the same distance (80 cm) to the radiographic cassette (Saturn 8000, Vievorks Co.,
Ltd., 41–3, Burim–ro, 170beon–gil, Dongan–gu, Anyang–si, Gyeonggi–do, 14055 Korea.
The radiographs were acquired on HP portable computer (HP Inc UK Ltd., Earley West,
300 Thames Valley Park Drive, UK) using DxWorks software (Vievorks Co., Ltd., 41–3,
Burim–ro, 170beon–gil, Dongan–gu, Anyang–si, Gyeonggi–do, 14055 Korea) and saved as
.jpg files (Figure 1B).

The study was approved by the II Local Ethical Committee on Animal Testing in War-
saw on behalf of the National Ethical Committees on Animal Testing (No WAW2/091/2020
approved on 29 July 2020). The owners agreed to use the horses’ data in the current study.
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2.2. Radiographs Classification

Based on the clinical and radiological signs achieved from the standard veterinary
diagnostic procedure, four grade–related EOTRH groups (0–3) were annotated. The radio-
logical classification system introduced by Hüls et al. [36] and modified by Rehl et al. [5]
was used. This classification system includes the evaluation of shape, surface structure,
contour, and consistency of incisor teeth as well as contour, radiodensity, and delineation of
the periodontal space of incisor teeth. As the preliminary application of two–dimensional
entropy measures in the radiographic–based detection of the signs of EOTRH syndrome
was tested, the central maxillary incisor teeth showing the best presentation in the radio-
graphs obtained in the dorsoventral projection and the lowest superimposition of rounding
tissues, were selected for testing. Following the modified Triadan system for equine dental
nomenclature [37], the test incisor teeth were numbered as 101 (the first upper right incisor
tooth) and 201 (the first upper left incisor tooth). On each selected incisor tooth, the repre-
sentative rectangular region of interest (ROI) was manually annotated. Each ROI covers
the largest possible area of the tooth crown and the largest possible area of the tooth root.
Each ROI was individually fitted to the consecutive, separate teeth as shown on Figure 1C.
Each ROI was edged by four high–radiodensity lines representing: (i) the occlusal side of
the incisor tooth, (ii) the medial side of the incisor tooth, (iii) the apical side of the incisor
tooth, and (iv) the lateral side of the incisor tooth, respectively. The ROIs were annotated
using the ImageJ software version 1.46r (Wayne Rasband, National Institutes of Mental
Health, Bethesda, MD, USA) and saved as .png files.

Based on above criteria, 101 and 201 maxillary incisor teeth were classified to grade 0
(normal teeth; n = 37), grade 1 (mildly EOTRH affected teeth; n = 94), grade 2 (moderately
EOTRH affected teeth; n = 20), and grade 3 (severely EOTRH affected teeth; n = 8). The total
number of incisors for all groups was 159; as 1 incisor was excluded due to tooth fractures.

2.3. Digital Radiograph Processing

Radiographs were digitally processed in two steps including input image filter-
ing (Figure 1D) and output image texture analysis (Figure 1E). For the image filtering,
three filtering algorithms were chosen: Normalize, Median, and Laplacian Sharpening
based on the previously described findings of equine incisor teeth radiographs evalu-
ation [17]. For the image texture analysis, five entropy–based texture measures were
considered: two–dimensional sample entropy (SampEn2D), two–dimensional fuzzy en-
tropy (FuzzEn2D), two–dimensional permutation entropy (PermEn2D), two–dimensional
dispersion entropy (DispEn2D), and two–dimensional distribution entropy (DistEn2D),
based on the previously described applicability in the equine image evaluation [27,28].
Both processing steps were conducted one after the other for the annotated ROIs, so that
for each ROI, fifteen filtering–entropy combinations were returned. Each ROI was con-
sidered separately. Additionally, the currently presented entropy–based texture measures
were compared with the selected, previously reported Gray–Level Co–occurrence Matrix
data [17].

One may observe in Górski et al. [17] that the data from the combination of nine filter-
ing algorithms (Mean, Median, Normalize, Bilateral, Binomial, Curvature Flow, Laplacian
Sharpening, Discrete Gaussian, and Smoothing Recursive Gaussian) and six texture analysis
approaches (First Order Statistics (FOS), Gray–Level Co–occurrence Matrix (GLCM), Neigh-
bouring Gray Tone Difference Matrix (NGTDM), Gray–Level Dependence Matrix (GLDM),
Gray–Level Run Length Matrix (GLRLM), and Gray–Level Size Zone Matrix (GLSZM)
were returned using PyRadiomics—an open–source python package for the extraction of
features from radiographic images [38]—and presented in relation to the radiological signs
of EOTRH syndrome grades. The raw data of six selected GLCM features selected in a
previous study [17] (Cluster Prominence, Contrast, Difference Average, Difference Entropy,
Difference Variance, Inverse Variance) were used in the current study to find similarities
with the current raw data of entropy–based texture measures. For the details of the protocol
of GLCM features extraction, see Górski et al. [17].
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2.3.1. Filtering

Three filtering algorithms were implemented to reduce the noise in the radiographs
using SimpleITK toolkit in Python language [39,40]. The used filtering algorithms differ
depending on the linearity of the filter, type of output image, and result of filtering, as
shown in Table 1.

Table 1. The comparison of details (linearity of the filter, type of output image, and result of filtering)
of three filtering algorithms (Normalize filter, Median filter, and Laplacian Sharpening filter) used in
the study.

Filter Linearity Output Image Result

Normalize
filter [41] Linear filter A rescaled image in which the pixels have

zero mean and unit variance An increase in the contrast of the image

Median
filter [41] Non–linear filter

A recalculated image in which the pixels are
represented by the medians of the pixels in
the neighbourhood of the input pixel

A reduction in the noise

Laplacian
Sharpening
filter [42]

Non–linear filter A produced image in which the pixels are
convoluted with a Laplacian operator

A change of the regions of rapid intensity
and highlights the edges

2.3.2. Extraction of the Entropy–Based Measures

The five entropy–based texture analyses were conducted separately, returning five entropy
measures, using Python, version 3.8.5 64–bit using package EntopyHub [43]. The ex-
tracted entropy measures differed depending, i.e., on the definition, relations between
the values and the irregularity/complexity of the image, and application of measures, as
shown in Table 2. For more details and equations of the entropy measures extraction, see
Domino et al. [28].

2.4. Statistical Analysis

Five entropy measures (SampEn2D, FuzzEn2D, PermEn2D, DispEn2D, DistEn2D) and
six selected GLCM features (Cluster Prominence, Contrast, Difference Average, Difference
Entropy, Difference Variance, Inverse Variance) were presented as a data series, where each
tooth of each horse represented one realization. The entire data set was divided into four
EOTRH grade–related groups, thus, four EOTRH grade–labelled data series were extracted.
The extracted data series were tested independently for univariate distributions using a
Shapiro–Wilk normality test.

EOTRH grade–labelled data series were then compared between EOTRH grades using
the ordinary one–way ANOVA followed by Tukey’s multiple comparisons test for Gaussian
data and the Kruskal–Wallis test, followed by the Dunn’s multiple comparisons test for
non–Gaussian data, and for each entropy measure and GLCM feature independently. The
alpha value was established as α = 0.05. On the respective plot, when a measure value
was found to significantly increase with the EOTRH grades, the red line was additionally
marked. The entropy measures and GLCM features were presented on scatter plots with
bars using mean ± SD and dots representing each realization, where lower case letters
indicate differences between EOTRH grades.

EOTRH grade–labelled data series were then compared between used filtering algo-
rithms using the ordinary one–way ANOVA followed, by Tukey’s multiple comparisons
test for Gaussian data and the Kruskal–Wallis test, followed by the Dunn’s multiple com-
parisons test for non–Gaussian data, and for each entropy measure and GLCM feature
independently. The alpha value was established as α = 0.05. The entropy measures
and GLCM features were presented on scatter plots with bars using mean ± SD and
dots representing each realization, where lower case letters indicate differences between
filtering algorithms.
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Based on the received differences, only for the most EOTRH–related entropy measures
and GLCM features were linear regressions calculated. On regression plots, two regression
equations were displayed, including one selected entropy measure and one for Cluster
Prominence, Contrast, Difference Average, Difference Entropy, Difference Variance, or
Inverse Variance. Equations were supported with the measure of the difference of linearity.
All the slopes were significantly non–zero (p < 0.0001). For non–significant differences be-
tween the slopes (p > 0.05), one slope was calculated and the intercepts were compared. For
non–significant differences between the intercepts (p > 0.05), one intercept was calculated.
When the slope value of the entropy measure was higher than the slope value of the GLCM
features, the plot was additionally marked by dashed frames. GraphPad Prism6 software
(GraphPad Software Inc., San Diego, CA, USA) was used for all statistical analyses.

Based on the received differences, for the most EOTRH–related entropy measures and
GLCM features only, the detection accuracy of EOTRH 0 and EOTRH 3 was calculated
using three thresholds for gradually increasing measures (mean, mean + SD, mean + 2SD).
The radiograph was annotated as EOTRH 0 when the individually measured value was
above the threshold and annotated as EOTRH 3 when below it. The same annotation was
carried out for the both EOTRH grade–related groups. The sensitivity (Se), specificity (Sp),
positive predictive value (PPV), and negative predictive value (NPV) were estimated. The
values of Se, Sp, PPV, and NPV were calculated across the range from 0.1 to 1.0 using
standard formulae [48].

3. Results

Among the 15 returned combinations of entropy measures (n = 5) and filtering algo-
rithms (n = 3), three entropy measures for Normalize filtering output radiographs, four
entropy measures for Median filtering output radiographs, and two entropy measures
for Laplacian Sharpening filtering output radiographs differed significantly between the
EOTRH grades (Figure 2). Although some EOTRH grade–related differences were noted
for SampEn2D (Normalize filtering, p = 0.0009, Figure 2A and Median filtering, p < 0.0001,
Figure 2F), FuzzEn2D (Normalize filtering, p = 0.002, Figure 2B; Median filtering, p < 0.0001,
Figure 2G; and Laplacian Sharpening filtering, p = 0.0014, Figure 2L), and PermEn2D
(Median filtering, p = 0.005, Figure 2H), only DistEn2D significantly increased with the
EOTRH grades. DistEn2D extracted from the Normalize filtering output radiographs was
the lowest in the EOTRH 0 group, higher in the EOTRH 1 and 2 groups, and the highest in
the EOTRH 3 group, with no differences between the EOTRH 1 and 2 groups (p < 0.0001,
Figure 2E). DistEn2D extracted from the Median filtering output radiographs was lower
in the EOTRH 0 group compared to the EOTRH 3 group, with no differences between the
EOTRH 0–2 groups and EOTRH 2–3 groups (p < 0.0001, Figure 2J). DistEn2D extracted from
Laplacian Sharpening filtering output radiographs was lower in the EOTRH 0 group com-
pared to EOTRH 1–3 groups with no differences between EOTRH 1–3 groups (p < 0.0001,
Figure 2O). The significance of this step was to extract entropy–based measurements from
the radiographs of equine incisor teeth, and select those combinations of measures and
filters that changed with the EOTRH grades.

When comparing entropy measures between the filtering algorithms, the same differ-
ences in consecutive EOTRH groups were noted for SampEn2D (p < 0.0001, Figure 3A,F,K,P),
FuzzEn2D (p < 0.0001, Figure 3B,G,L,Q), PermEn2D (p < 0.0001, Figure 3C,H,M,R), and
DistEn2D (p < 0.0001, Figure 3E,J,O,T), respectively, but not for DispEn2D (p > 0.05,
Figure 3D,I,N,S). In each EOTRH group, SampEn2D and FuzzEn2D were always the
lowest after Median filtering, higher after Normalize filtering, and the highest after Lapla-
cian Sharpening filtering. Similarly, in each EOTRH group, PermEn2D was higher after
Median filtering than after Normalize and Laplacian Sharpening filtering, whereas Dis-
tEn2D was higher after Laplacian Sharpening filtering than after Normalize and Median
filtering. This step demonstrates how the use of filtering algorithms affects the values of
the entropy–based measurements received from the consecutive EOTRH groups.
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Figure 2. The comparison of the entropy measures between the EOTRH grades (0–3). The following
entropy measures are considered: SampEn2D—two–dimensional sample entropy (A,F,K),
FuzzEn2D—two–dimensional fuzzy entropy (B,G,L), PermEn2D—two–dimensional per-
mutation entropy (C,H,M), DispEn2D—two–dimensional dispersion entropy (D,I,N),
DistEn2D—two–dimensional distribution entropy (E,J,O). The output radiographs filtered
by Normalize (A–E), Median (F–J), and Laplacian Sharpening (K–O) filtering algorithms are
separated by dashed horizontal lines. Lower case letters (a–c) indicate differences between groups
for p < 0.05 independently for each measure. The significant increase with the EOTRH grades is
marked with a red line. Single realizations are marked with dots.

Among the 18 returned combinations of selected GLCM features (n = 6) and filtering
algorithms (n = 3), all combinations differed significantly between the EOTRH grades
and significantly increased with the EOTRH grades (Figure 4). Although some EOTRH
grade–related increases were found between EOTRH 0 and 1 groups (Difference Variance
after Median filtering, p < 0.0001, Figure 4K), between EOTRH 2 and 3 groups (Cluster
Prominence after Median filtering, p < 0.0001, Figure 4G and Laplacian Sharpening filtering,
p < 0.0001, Figure 4M; Contrast after Laplacian Sharpening filtering, p = 0.010, Figure 4N;
Difference Average after Median filtering, p = 0.004, Figure 4I and Laplacian Sharpening
filtering, p = 0.029, Figure 4O; Difference Entropy after Laplacian Sharpening filtering,
p = 0.006, Figure 4P; Difference Variance after Laplacian Sharpening filtering, p = 0.0009,
Figure 4Q; Inverse Variance after Median filtering, p = 0.018, Figure 4L and Laplacian
Sharpening filtering, p = 0.002, Figure 4R), and EOTRH 1 and 3 groups (Contrast after
Median filtering, p = 0.0009, Figure 4H; Difference Entropy after Median filtering, p = 0.0002,
Figure 4J), all GLCM features significantly increased with the EOTRH grades from EOTRH
0 to 3 after Normalize filtering (p < 0.0001, Figure 4A–F). All examined GLCM features
extracted from Normalize filtering output radiographs were the lowest in the EOTRH 0
group, higher in the EOTRH 1 and 2 groups, and the highest in the EOTRH 3 group, with
no differences between the EOTRH 1 and 2 groups (p < 0.0001, Figure 4A–F). This step
extracted the GLCM features from the radiographs of equine incisor teeth, and selected
those combinations of features and filters that changed with each EOTRH grade.
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Figure 3. The comparison of the entropy measures between the filtering algorithms. The follow-
ing entropy measures are considered: SampEn2D—two–dimensional sample entropy (A,F,K,P),
FuzzEn2D—two–dimensional fuzzy entropy (B,G,L,Q), PermEn2D—two–dimensional per-
mutation entropy (C,H,M,R), DispEn2D—two–dimensional dispersion entropy (D,I,N,S),
DistEn2D—two–dimensional distribution entropy (E,J,O,T). The radiographs classified to EOTRH 0
grade (A–E), EOTRH 1 grade (F–J), EOTRH 2 grade (K–O), and EOTRH 3 grade (P–T) are separated
by dashed horizontal lines. Lower case letters (a–c) indicate differences between groups for p < 0.05
independently for each measure. Single realizations are marked with dots.
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When comparing selected GLCM features between the filtering algorithms, the same
differences in consecutive EOTRH groups were noted for Cluster Prominence (p < 0.0001,
Figure 5A,G,M,S), Contrast (p < 0.0001, Figure 5B,H,N,T), Difference Average (p < 0.0001,
Figure 5C,I,O,U), Difference Entropy (p < 0.0001, Figure 5D,J,P,V), Difference Variance
(p < 0.0001, Figure 5E,K,Q,W), and Inverse Variance (p < 0.0001, Figure 5F,L,R,X), respec-
tively. In each EOTRH group, Cluster Prominence, Contrast, Difference Average, Difference
Entropy, and Difference Variance were always the lowest after Normalize filtering, higher
after Median filtering, and highest after Laplacian Sharpening filtering. Similarly, in each
EOTRH group, Inverse Variance was higher after Median and Laplacian Sharpening filter-
ing than after Normalize filtering. This demonstrated the effects that the filtering algorithms
had on the select GLCM features received from the consecutive EOTRH groups.
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Figure 5. The comparison of the selected Gray–Level Co–occurrence Matrix (GLCM) features between
the filtering algorithms. The following GLCM features are considered: Cluster Prominence (A,G,M,S),
Contrast (B,H,N,T), Difference Average (C,I,O,U), Difference Entropy (D,J,P,V), Difference Variance
(E,K,Q,W), Inverse Variance (F,L,R,X). The radiographs classified to EOTRH 0 grade (A–F), EOTRH 1
grade (G–L), EOTRH 2 grade (M–R), and EOTRH 3 grade (S–X) are separated by dashed horizontal
lines. Lower case letters (a–c) indicate differences between groups for p < 0.05 independently for each
measure. Single realizations are marked with dots.

Based on the received differences, the similarities were tested for DistEn2D and all
six GLCM features, of which were only extracted from Normalize filtering output radio-
graphs. The slope of the linear regression equations for DistEn2D compared to the slopes of
GLCM features were not significantly different, and one slope measurement was calculated
only for Difference Entropy (p = 0.578; one slope = 0.033; Figure 6D). The intercept within
this data pair was compared and considered significant (p < 0.0001), thus, one intercept was
not calculated. For all the other compared data pairs, the slopes were significantly different
(p < 0.05; Figure 6A–C,E,F). The slope value of DistEn2D (slope = 0.028) was higher than the
slope value of GLCM features for Cluster Prominence (slope = 0.009; Figure 6A), Contrast
(slope = 0.007; Figure 6B), Difference Average (slope = 0.007; Figure 6C), Difference Entropy
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(slope = 0.006; Figure 6E), and Inverse Variance (slope = 0.007; Figure 6F); but not for Differ-
ence Entropy (slope = 0.034; Figure 6D). Here, similarities between the selected entropy
measures and GLCM features after subsequent selected types of filtering can be observed.
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Based on the received differences, the detection accuracy of EOTRH 0 and EOTRH
3 was tested for DistEn2D and all six GLCM features extracted from Normalize filtering
output radiographs (Table 3). For DistEn2D and all six GLCM features, a salient observa-
tion was made, identifying that the Se and NPV decreased with higher threshold values
(mean > mean + SD > mean + 2SD) and the Sp and PPV increased with higher threshold
values (mean > mean + SD > mean + 2SD). For the first threshold (mean), Se ranged from
0.50 for DistEn2D; 0.27 for Difference Entropy; to 0.25 for the remaining five GLCM features.
Additionally, Sp ranged from 0.95 for DistEn2D to 0.99 for all GLCM features. For the
second threshold (mean + SD), Se ranged from 0.13 for DistEn2D; to 0.22 for Difference En-
tropy; through 0.17 for the remaining five GLCM features. Moreover, Sp ranged from 1.00
for DistEn2D; to 0.98 for Difference Entropy; through to 0.99 for the remaining five GLCM
features. For the third threshold (mean + SD), Se ranged from 0.00 for DistEn2D; 0.03 for
Cluster Prominence; to 0.07 for the remaining five GLCM features. Furthermore, Sp ranged
from 0.99 for Cluster Prominence to 1.00 for DistEn2D and the remaining five GLCM fea-
tures. This step allowed for the summarization of the detection accuracy of the radiographic
signs of EOTRH syndrome based on the selected entropy measures and GLCM features.
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Table 3. The accuracy (Se—sensitivity; Sp—specificity; PPV—positive predictive value;
NPV—negative predictive value) of the detection of EOTRH 0 and EOTRH 3 based on the selected
entropy measure (DistEn2D—two–dimensional distribution entropy) and the selected Gray–Level
Co–occurrence Matrix (GLCM) features (ClusterProminence; Contrast; DifferenceAverage; Differ-
enceEntropy; DifferenceVariance; Inverse Variance) extracted from the output images filtered by
Normalize filter. Three thresholds (mean; mean + SD; mean + 2SD) were used.

Measures DistEn2D Cluster
Prominence Contrast Difference

Average
Difference

Entropy
Difference
Variance

Inverse
Variance

Threshold mean
Se 0.50 0.25 0.25 0.25 0.27 0.25 0.25
Sp 0.95 0.99 0.99 0.99 0.99 0.99 0.99

PPV 0.67 0.94 0.94 0.94 0.94 0.94 0.94
NPV 0.90 0.70 0.70 0.70 0.70 0.70 0.70

Threshold mean + SD
Se 0.13 0.17 0.17 0.17 0.22 0.17 0.17
Sp 1.00 0.99 0.99 0.99 0.98 0.99 0.99

PPV 1.00 0.91 0.91 0.91 0.93 0.91 0.91
NPV 0.84 0.68 0.68 0.68 0.58 0.68 0.68

Threshold mean + 2SD
Se 0.00 0.03 0.07 0.07 0.07 0.07 0.07
Sp 1.00 0.99 1.00 1.00 1.00 1.00 1.00

PPV - 0.67 1.00 1.00 1.00 1.00 1.00
NPV 0.82 0.65 0.66 0.66 0.66 0.66 0.66

4. Discussion

The benefit of using imaging processing in the radiological assessment of EOTRH will
come from the enhanced automated detection of early signs of the disease that might be
missed by a mere personal evaluation. As the formation of the computed–aided detector
is a multi–stage process requiring extensive basic research, the current study presents
the second step towards achieving this main goal. In this paper, the novel quantitative
description of incisor tooth radiographs was used to enhance the quality of the radiograph
to make identifying the radiographic signs of EOTRH syndrome easier, and if possible, to
enhance the specific detection of the radiological signs of grade 1, grade 2, and grade 3
EOTRH syndrome.

Recently, filtering algorithms and texture analysis based on the first– and second–
order statistics have been successfully used in the digital processing of the equine maxillary
incisor teeth radiographs [17]. As the recent report was focused only on maxillary, not
maxillary and mandibulary incisor teeth, the current study was focused similarly to provide
the appropriate data sets required for the evaluation of similarities. In the previous study,
the GLCM application—supported by filtering by the Normalize filter—improved edge
delimitation, and was concluded to be the most advisable for the quantification of radio-
graphic signs of EOTRH syndrome [17]. In the current study, the EOTRH grade–related
increase level and accuracy of the EOTRH grade differentiation were compared between
the previous digital processing approach and the new one, showing a higher slope of
the linear regression equations and a higher sensitivity of radiographic sign detection for
entropy–based measures than gray–level matrix–based features. As the same radiographs
were used in both approaches, one may uphold the current hypothesis, that digital radio-
graph processing, including filtering and entropy measures extraction, may be considered
as the enhancement of the quantitative description of incisor teeth radiographs and the
advancement of field dental radiography. The research undertaken meets Zarychta’s [26]
statement that the applicability of entropy measures should be evaluated for various spec-
imens and should highlight advances in the development, testing, and application of
radiograph–processing algorithms to standard veterinary dental radiography.

In the case of EOTRH syndrome, two opposing pathological processes, resorption and
hypercementosis, affect the incisor teeth [5,11]. In both processes, a variable grade of tooth
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resorption and mild–to–severe hypercementosis were radiographically recognized in most pub-
lications devoted to the radiological diagnosis of EOTRH syndrome [5,6,15,49,50]—resorption
shows low radiopaque signs, whereas hypercementosis shows high radiopaque signs on
the background of the high radiodensity tooth structure [16,17]. Both processes may in-
volve the whole tooth structure, although resorption signs mainly appear in the enamel,
cementum, dentine, and pulp cavity [11], whereas hypercementosis is most commonly
found in the apex of the tooth, with bulbous enlargements of cement accumulation [51].
The alternating occurrence of radiological signs of resorption and hypercementosis gives
a mosaic pattern of the tooth structure that is separable visually [5,6,15] and quantifiable
with second–order descriptive statistics [17]. This quantification, based on the Gray–Level
Co–occurrence Matrix evaluation, counts the randomness in the radiograph using the differ-
ences in the intensity value of the respective pixels or their surroundings [17]. Precisely, the
irregularity of pixels in a given window and the likelihood of similarity of these pixels and
the pixels of the next window are the basis of the creation of a matrix where the occurrence
of a given pixel is counted [52,53]. Contrarily, all currently used entropy measures are
calculated directly on the image [24], returning the repeatability of pixel patterns of the
image, which in this application, is related to the texture properties of the radiograph [25].
In a currently considered type of application, the values returned from the radiographs are
directly related to the predictability or uncertainty of the radiograph’s spatial patterns and
are directly related to the radiograph’s irregularity or complexity [29–32]. Therefore, one
may observe that the approaches based on calculating features from the matrix obtained
from the processing step applied to the image, such as GLCM, represent the disorder of
the intermediate matrix rather than the irregularity of the image [54], whereas, in the case
of the EOTRH radiological signs, measures of irregularity and complexity [29–32] rather
than features of disorder [52] of radiograph texture may be extracted as more relevant
and insightful. This hypothesis is supported by the current results, which indicate that
measures of irregularity and complexity, such as DispEn2D, are more accurate in the differ-
entiation of the EOTRH radiological signs than the features of the disorder, such as Cluster
Prominence, Contrast, Difference Average, Difference Entropy, Difference Variance, and
Inverse Variance. It should be highlighted that DispEn2D, rather than GLCM features,
may be considered in further automated detection developments, which ultimately aim to
improve EOTRH detection.

In the current study, the ROIs annotated on the incisor teeth pass the criterion of
being a small size image, thus, one may suspect DispEn2D and DistEn2D rather than
SampEn2D, FuzzEn2D, and PermEn2D to be effective in this type of application, especially
considering that both DispEn2D and DistEn2D have been shown to be the most suitable for
the entropy–based texture analysis of small ROIs which were extracted from thermographs
in the equine applications of pregnancy [27] and back load [28] detection. Interestingly, in
the current study, only DistEn2D, not DispEn2D, demonstrated the most favourable EOTRH
grade–related differences. DistEn2D extracted from Normalize filtering output radiographs
was the lowest in the EOTRH 0 group, higher in the EOTRH 1 and 2 groups, and the
highest in the EOTRH 3 group. One may observe that the concept of counting the amount
of similarity between two windows by measuring the distance between the corresponding
windows, used in DistEn2D [33,47], is more suitable for the texture analysis of small regions
of the radiographs of equine incisor teeth than the concept of using the sigmoid function, as
used in DispEn2D [32,45]. The DistEn2D algorithm is invariant to rotation [33,44], whereas
the DispEn2D algorithm is the least sensitive to rotation, translation, and image size, out of
the five currently studied measures of entropy [45]. Thus, it appears that the concept of
a measure, and not the rotation, is essential to the usefulness of the DistEn2D algorithm
in this application. These findings justified the choice to use the DispEn2D for further
automated detection development.

One may note that the DistEn2D value was lower after Normalize and Median filtering
than after Laplacian Sharpening filtering, and the DispEn2D algorithm was the least
sensitive to filtering out of the five currently studied measures of entropy [29–32]. This
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can be considered a benefit over the GLCM approach. All GLCM features considered in
the current study differed between EOTRH grades 0–3 after filtering by the Normalize
filter but not after Median and Laplacian Sharpening filtration. The Laplacian Sharpening
filter returns the output radiographs with a sharper quality than the input radiograph [55],
and has been considered more suitable for the first–order than the second–order statistic
extracted from equine radiographs [17]. The Normalize filter increases the contrast of the
radiographs [56], which seems to be more favourable for the GLCM approaches than other
filtering algorithms [17]. As the GLCM approach returns the spatial distribution of the pixel
disorder [57], the output radiograph, after filtering by the contrast–improved algorithm,
demonstrates a greater grade of differentiation [58,59]. Contrarily, as the DispEn2D measure
returns a quantitative description of the irregularities of the images [33], both the contrast
improvement by Normalize filter and the noise reduction by Median [48] may provide a
good grade of differentiation for EOTRH radiological signs. One may also observe that for
the Normalize filtering output radiograph, the slope value of DistEn2D was higher than
the slope value of five from six compared GLCM features. These differences in the slopes
of the regression curves indicate a greater increase in the value of the entropy measure than
GLCM features with regard to the severity of the radiological signs of EOTRH, and suggest
a greater usefulness of DistEn2D than GLCM, which was confirmed by the detection
accuracy of EOTRH 0 and EOTRH 3. These findings justified the choice of the Normalize
and Median filtering for the further automated detection development.

Finally, one may discern that the proposed method of digital processing of radiographs
allows to detect the radiological signs of all grades of EOTRH syndrome, although it does
not adequately support the differentiation between EOTRH 0 and 1, EOTRH 1 and 2, as
well as EOTRH 2 and 3. Although the DistEn2D–based differentiation between EOTRH
0 and 3 was more accurate than GLCM–based differentiation, further studies on a bigger
data set are required to verify the applicability of the proposed algorithms. Within the
benefit of using imaging processing in the radiological assessment of EOTRH in horses, the
enhancement of the quality of the radiograph to facilitate the identification of identifying
the radiographic signs of EOTRH syndrome should be highlighted.

5. Conclusions

From the entropy measures recently applied in the equine image analysis, only Dis-
tEn2D showed the EOTRH grade–related differences which could be introduced to the
advanced veterinary diagnostic procedure for incisor teeth disorders. These observed
differences were the least susceptible to the use of radiograph filtering algorithms, return-
ing the same values after Normalize and Median filtering. As the EOTRH grade–related
differences were the most favourable for DistEn2D extraction from the Normalize filtering
output radiographs, this combination of digital radiograph processing may be carefully
advised in equine incisor teeth radiography. Interestingly, the considered GLCM features
demonstrated a higher susceptibility for filtering than the entropy measures, showing, sim-
ilar to DistEn2D, the most favourable differences after Normalize filtering. Moreover, both
the evidence of similarity and the highest EOTRH grade–related increase level were noted
for DistEn2D and Difference Entropy after Normalize filtering. As these two measures also
demonstrated the highest accuracy of the EOTRH grade differentiation, one may suggest
that they could be introduced as advancements into the field equine dentistry.
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Abstract: The materials available today allow for extensive oral rehabilitations in a non-invasive
way, and often an orthodontic preparation is useful and, thanks to the use of clear aligners, is
predictable and comfortable. A preliminary study of the wax-up, mock-up, and set-up allow the
clinician to plan every aspect of the treatment in detail. Furthermore, the procedure offers the
patient an intuitive and understandable view of the expected final result. The new proposed method,
called “speed up therapy”, allows for the integration of the orthodontic set-up with the mock-up
technique, simulating the occlusal and aesthetic components of the planned restoration, in all details.
The clinical case presented, demonstrates step by step the predictability and clinical reliability of
the proposed procedure. The final clinical result coincides exactly with the initial mock-up and
demonstrates that the proposed method is predictable and reliable. The correct execution of the
technique is rigorously customized, and its success is operator dependent, both for the clinical aspects
and for the dental laboratory. Thus, the visualization of the objectives of the treatment constitutes a
decisive support for the clinician and provides the patient with the possibility of benefiting from an
immediate improvement by making it easier for them to accept a treatment plan. The visualization
also includes an orthodontic phase that potentially lengthens the treatment but makes the realization
more conservative and predictable.

Keywords: speed-up therapy; set-up; mock-up; clear aligners; smile aesthetics; orthodontics; full
mouth rehabilitation

1. Introduction

Dentists are often called upon to care for adult patients who, not conscious of the
complexity of their problems, wish to improve their appearance. The causes of smile
imperfections are manifold and are associated with each other [1]. Some of these causes
are, for example, the evolution of untreated malocclusions at a suitable age, tooth loss
not replaced by prostheses, tooth movement secondary to loss of periodontal support,
occlusal changes due to inadequate conservative or prosthetic therapies, and tooth wear
due to erosion and parafunctions. Dental erosion is a constantly increasing phenomenon,
related to both environmental factors (mainly dietary and/or volitional) and organic
factors of intrinsic origin (gastro-esophageal reflux) [2–5]. Due to the overlapping of hard
tissue lesions of different etiology and the lack of homogeneous and universally accepted
classification criteria, it is often difficult to diagnose [6,7]. Instead, its destructive potential
is evident, in the most severe cases it can cause vertical dimension collapse, resulting in the
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occurrence of aesthetic impairment and functional alterations that require multidisciplinary
interventions [8]. The traditional therapeutic approach involves the preparation of damaged
dental elements and their prosthetic recovery, sacrificing parts of intact dental tissue and
resorting not infrequently to endodontic therapy.

Thanks to adhesive techniques, vertical dimension and the correct occlusal mor-
phology can be restored by minimally invasive techniques (direct or indirect additive
approaches) that allow for a significant savings in biological tissue [8]. In many cases,
preliminary orthodontic treatment can help to resolve various types of dental incongruities
and correct irregularities in arch shape and occlusal plane or loss of vertical dimension,
reducing the need for compromise solutions that could have negative repercussions on
prosthetic work prognosis and customer satisfaction [9,10].

In orthodontics, it can be considered “adult” when the patient has completed the
permutation of teeth and, above all, their skeletal growth potential, in relation to both sex
and individual variables. Tissue modifications that occur at the end of growth and slow
the biological response to orthodontic forces are characterized by the numerical reduction
of connective cells in the ligament and alveolar bone, which acquires a more compact
appearance due to the reduction of medullary spaces and vascular network [11,12]. The end
of growth coincides with the inactivation and progressive synostosis of the sutures [13,14];
thus, the orthodontic approach of the adult can only contemplate dento-alveolar problems,
without being able to address skeletal discrepancies; in cases of severity, these must be
corrected surgically [15].

The choice of therapeutic devices is largely conditioned by the treatment goals and the
requirements of performing complex root movements. The ideal ones should accomplish
the required movements in a short time and with the best possible aesthetics. They should
also have a simple structure to ensure the best comfort and predict the absence of pain
to allow for easy management of orthodontic forces as well as accurate hygiene [16]. To
perform orthodontic treatment, the cooperation of the adult patient is important: First,
they must accept the equipment used, which can lead to aesthetic and social problems. In
addition, they must have acquired complete control of the bacterial plaque and gingival
inflammation before starting the treatment by carefully observing hygiene rules [17].

In response to these multiple needs, the usual choice is clear aligners that, thanks to
today’s customized technologies, allow for a high three-dimensional control of the teeth
that is adequate for the treatment of most cases [18–20]. In the presence of an important
cross-sectional deficit of the palate, dental alignment will normally be preceded by a
dental-alveolar expansion, by devices producing light and constant force [21,22].

From the point of view of the prosthetic treatment plan, the preliminary orthodontic
preparation can reduce the spacing present in the arch and/or convey them in a single
district (preferably in the posterior areas of the arch) in order to reduce the size of the restora-
tions, optimize the shape of the coronal reconstruction, and allow a more conservative
approach, with reduction of the subtractive preparation and therefore saving the biological
heritage of the patient. In other words, the correct positioning of the teeth can facilitate the
morphology of the conservative-prosthetic restoration and reduce the invasiveness of the
preparation, while respecting the biological heritage of the patient [23–25].

The aim of this report was to present a new orthodontic-conservative integrated
method for the minimally invasive rehabilitation of the full mouth, considering the most
recent method reported in the scientific literature, and in terms of etiology, diagnosis, and
treatment of lesions of erosive origin.

2. Case Report

A 54-year-old man came to the dental clinic reporting functional and aesthetic com-
plications in relation to the numerous erosive lesions present in the upper and lower arch
(Figure 1). At the clinical examination, the patient’s dentition showed extensive erosions at
the palatal surfaces of the frontal elements and wear on the occlusal surface of the posterior
sectors, resulting in loss of vertical dimension and tilting of the occlusal plane to the right.
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In addition, posterior cross bite and misalignment of the anterior sector were present in the
upper arch, while in the lower arch, there was anterior crowding. Moreover, incongruous
conservative and prosthetic treatments were visible at the occlusal surface of the posterior
sectors (Figure 2). It was also observed that occlusal changes that occurred because of the
extensive tooth erosions compromised the physiological occlusal dynamics in protrusion
and lateral movements (Figure 3).
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Clinical and radiographic examinations revealed a good status of the periodontal
tissue (Figures 4 and 5).
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2.1. Therapeutic Plan

In complex cases requiring an initial phase of pre-prosthetic orthodontics, it is useful to
perform a set-up that, by simulating the outcome of orthodontic therapy, allows the dentist
and orthodontist to plan together the final position of individual teeth and the distribution
of spaces in the arches. Three-dimensional visualization of the result makes the treatment
goals immediately understandable even to the patient, who can thus clearly understand
the expected result and thus become more aware and cooperative. The shortcoming of
the conventional orthodontic set-up is that it only visualizes the final position of the teeth
without reference to other aspects that are fundamental to esthetic recovery, especially
shape and color.

Our contribution to solving this problem is drawn from the already well-known
“three-step technique” of Vailati et al. [26–28], but differs from it in materials and operative
protocols. The most significant feature consists in integrating the diagnostic wax-up (wax-
up) and mock-up with the orthodontic set-up, thus offering an anticipation of the result,
complete with all details, through the close coordination of the dental team with the
dental laboratory.

Step I: the diagnostic wax-up or wax-up: The first step is diagnostic wax-up, per-
formed on the patient’s models for preliminary visualization of the final result regarding
tooth position, crown morphology, and occlusion characteristics. Treatment simulation facil-
itates interdisciplinary communication and planning the timing of the different treatments
required [27].
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Step II: the mock-up: In the second step, on the basis of the wax-up, the composite
mock-up is created directly in the mouth, which also allows for the aesthetic and functional
components of the planned restoration to be accurately simulated, on the basis of individual
anatomical and functional parameters [29,30]. According to the literature, if the vertical
dimension loss is less than 0.5 mm, it is possible to intervene with direct restorations to
protect the exposed dentin; if the loss is less than 2 mm, the choice will fall on direct
composite restoration of both the occlusal surface of posterior elements and the palatal
and vestibular surface of anterior elements; for defects greater than 2 mm, the prevailing
indication suggests indirect restorations; finally, if the loss is more than 4 mm, the classical
choice fell on conventional fixed prosthesis, but today it can also be achieved through the
use of partial restorations [31].

The practitioner’s sensitivity will guide them in transferring the patient’s expectations
into solutions of immediate understanding. The expectations of the dentist must also find
a place in this phase, and the dentist will be able to make the patient aware of the details
of the morphological customization. This phase ends when the functional and aesthetic
feedback of the provisional solution reaches the full satisfaction of both parties.

Step III: the set-up: In the third step, the orthodontic set-up is performed. It aims to
realize the mock-up that has already been evaluated and approved, changing the position of
the teeth from a pre-prosthetic and not abstractly orthodontic perspective. In other words,
in speed up therapy, the purpose of the set-up is to bring the natural teeth into the most
favorable positions to minimize the final prosthetic preparation required by the realization
of the mock-up. For example, in II/II malocclusion with proclined lateral incisors and
retroinclined central incisors, an alignment with veneers would require very aggressive
preparations that can be significantly reduced by preliminary orthodontic treatment of the
mispositioned and abraded teeth. The mock-up represents the goal of the treatment, while
the orthodontic set-up aims to bring the teeth (underlying the mock-up) into the optimal
position for the purposes of ensuring the best biological sparing of the tissues that are to
be reconstructed by prosthetic intervention and will therefore have to take on peculiar
characteristics by design and clinical implementation. In essence, the orthodontic laboratory
performs a series of aligners, of which one will impart a small movement to the affected
teeth, programmed in consultation with the orthodontist. Individual teeth’s movements
are broken down into fractions of 0.20 mm, and then aligners will be produced in the
number necessary to achieve the programmed result [18]. The design of each aligner will
be developed as if working on natural dentition, but the clinician will have to provide for
the retouches of the mock-up-coated surfaces that will be necessary progressively, because
of the change in position/relation of the teeth caused by the programmed orthodontic
movements. During the creation of set-up, therefore, the vestibular aspect of the mock-up
is considered as the final reference point for orthodontic correction.

Step IV: the orthodontic treatment: The special feature is that, during orthodontic
movement, the initial provisional alignment obtained by mock-up will tend to become
incongruous. It follows that any change of aligner will have to be accompanied by a
modification of the mock-up equal to the planned movement. Perfecting the position of the
natural tooth will ensure that the need for reconstruction/preparation is finally minimized
and made perfectly predictable. A special aspect of the orthodontic phase, which is highly
appreciated by patients, is that the teeth are moved without removing the mock-up, thus
maintaining the esthetic benefit gained already at the beginning of treatment.

Step V: prosthetic finalization: At the end of orthodontic treatment, the alignment
of the teeth will be optimal while the morphology of the mock-up will be significantly
reworked, because of the retouching required to accommodate tooth movement. With the
introduction of new materials available for modern conservative dentistry, it is possible to
rehabilitate with direct or indirect technique elements affected by blemishes, discoloration,
and wear with a satisfactory functional and esthetic result [8,9,26]. At this point, the
clinician proceeds with the removal of the residual mock-up and performs the definitive
reconstruction, choosing the technique that they prefer and taking care to reproduce the
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clinical, functional, and esthetic outcome, which is liked by the patient, even before the
start of therapy.

Thus, the steps involved in our proposed technique follow the following order: diag-
nostic wax-up, mock-up, orthodontic set-up based on the mock-up, orthodontic treatment
with clear aligners (without removing the mockup), and prosthetic finalization (possibly
preceded by sectional temporaries).

2.2. Clinical Example

To describe the details of the proposed method, regarding the treatment of the frontal
sectors of both arches, we report below a demonstration clinical case. The treatment plan pro-
posed in this clinical case perfectly mirrors the procedure proposed in the previous paragraph
(Steps I-II): treatment planning by wax-up, mock-up, and set-up: the performance of wax-up
and mock-up allows for the visualization of the final result and three-dimensional assessment
of the orthodontic movements required for the purpose of optimal use of the available dental
structures, minimizing the invasiveness of the final restoration (Figures 6 and 7).
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Set-up and orthodontics (Steps III-IV): The orthodontic step is the next step after mock-
up creation and the creation of a clinical validity of vertical dimension elevation. Each
new aligner will exert different pressure on individual teeth, programmed with the digital
set-up. It will be the clinician’s job to perform stripping and occlusal retouching of the
mock-up to allow the teeth to move in the predetermined direction and amount (Figure 8).
After 6 months of aligners, the goals of orthodontic treatment have been achieved, and the
case is ready for finalization (Figure 9).
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Figure 9. Result after 6 months of aligners.

Prosthetic finalization (Step V): This phase involves the aesthetic and functional re-
construction of the arches through the placement of definitive restorations by employing
adhesive techniques. The choice of materials for reconstruction is a point of fundamental
importance, in order to be evaluated according to the needs of the individual patient, favor-
ing an attitude as conservative as possible. If the technique has been correctly performed
in each step, the exact correspondence with the functionalized mock-up will be verified
(Figure 10).
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Figure 10. Adhesive cementation of prosthetic artifacts (overlays, onlays, and veneers) using an
adhesive technique, dry field.

2.3. Outcome Achieved

With the aim of objectively evaluating the achieved results, we used as a reference
a checklist that reports the anatomo-functional and aesthetic conditions that most fre-
quently induce the adult patient to undergo more or less complex rehabilitative treatment
(Tables 1 and 2). The correct execution of the orthodontic-conservative procedure allowed
us to achieve, with excellent approximation, the planned result, both from the functional
point of view and from the point of view of smile aesthetics (Figures 9–11).

Table 1. Summary objective examination of the patient before and after treatment.

Before After

Disharmonious smile Yes No
Dyschromia, dysmorphia, abrasions, and erosions of teeth Yes No

Anterior crowding in the upper arch Yes No
Anterior crowding in the lower arch Yes No

Upper transverse discrepancy Yes No
Presence of buccal corridors or black tunnels Yes No

Curve of Spee alteration Yes No
Curve of Wilson alteration Yes No

Functional movements with altered guides Yes No
Pain and/or noise ATM Yes No
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Table 2. Smile aesthetic parameters.

Parameter Examined Clinical Significance Result Obtained

Smile symmetry

Smile symmetry refers to the mirror
agreement between the two sides of the

mouth but can also consider the
bi-pupillary line, the incisal line, and the

labial commissure.

YES

Horizontal symmetry

It originates from the presence of similar
elements placed in a regular sequence, as

verified in a dentition with teeth well
aligned in the horizontal plane.

YES

Vertical symmetry Recall the same principle as above,
referring to the vertical direction. YES

Repeated report

It indicates the division of space into
portions that may not be identical in

shape and size but arranged to generate a
harmonious connection between them.

This is what is verified between opposing
hemiarches with well-arranged teeth,

inspiring a sense of order and balance.

YES

Prospective effect

The contour of the buccal surface and the
alignment of the inclined planes of the
teeth is decisive in generating a correct

perspective effect. The different length or
strong color difference of even one

element can impair the perspective effect
and compromise the sense of harmony of

the whole.

YES

Lip height

Useful distinction in static and dynamic
harmony. The average height of the

upper vermilion is 7.1 mm in the male
and 7.7 mm in the female. The lower
vermilion is normally more extensive,

about 10 mm on average; these are
statistical values, with wide

individual variations.

YES

Lip line

The height of the upper lip, relative to the
upper central incisors, can be classified as
low, medium, or high, on the basis of the

amount of crown exposure.

YES

Smile line

Smile line is a curved line passing
through the incisal margin of the upper
incisors, parallel to the inner margin of

the lower lip.

YES

Curvature of the upper lip

With superior convexity, it extends from
the center toward the lateral triangular
spaces. When rectilinear or worse with
inverted convexity, it gives the subject a

sad and unattractive expression.

YES

Frontal axial alignment
The smooth slope of the long axis of the

front elements helps generate a sense
of regularity.

YES
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Table 2. Cont.

Parameter Examined Clinical Significance Result Obtained

Tooth alignment in the arch
Recalls the anatomical harmony

represented by the correct positioning of
teeth in the center of the alveolar ridge.

YES

Contact point alignment
In the anterior sectors, the contact points
are located near the incisal third and their

sequence defines a curvilinear pattern.
YES

Color

Color is one of the cardinal elements of
dental aesthetic recovery. It must always
be evaluated in a much broader context,

involving many other periodontal, labial,
and skin parameters of the patient.

YES

Gingival
scalloping

Gingival parabolas are decisive for the
aesthetic effect of the frontal group.

Orthodontic treatment can contribute to
their harmonization.

YES

Negative space

A restrained smile enhances the
characteristics of the teeth, while an

excessive smile imparts an unattractive
sense of emptiness.

YES

Arch geometry

There are several types of arch form
related to individual craniofacial

conformation that must be recreated or
respected by orthodontic treatment.

YES

Buccal corridors o
black tunnels

A restrained smile enhances the
characteristics of the teeth, while an

excessive smile imparts an unattractive
sense of emptiness.

YES

Fibonacci golden proportion

It evaluates proportions by relating
harmony to numerical values. In the

dental field, it can find application in the
evaluation of various dental and facial

morphological parameters.

YES
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Orthodontic treatment and anatomical reconstruction of eroded teeth allowed us to 
create the reconstitution of physiological occlusal dynamics (Figure 12-13). 

Figure 11. Comparison of the initial and final situation.

Orthodontic treatment and anatomical reconstruction of eroded teeth allowed us to
create the reconstitution of physiological occlusal dynamics (Figures 12 and 13).
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Figure 13. Details of posterior quadrant reconstruction with recovery of the vertical dimension,
chewing efficiency, and aesthetics.

The correct execution of the orthodontic-conservative procedure allowed us to achieve,
with excellent approximation, all the planned goals (Figure 14). Stability of outcome was
confirmed by a clinical and radiographical follow-up at 2 years after the finish of therapy
(Figures 15 and 16).
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3. Discussion

Several authors have proposed different criteria to define the aesthetic canons of
a harmonious smile [1,29]. The ideal smile is an individual datum, generated by the
integration of numerous components capable of stimulating a wide range of emotional
reactions. Our case provides us the opportunity to summarize the most well-known ones,
in order to be able to identify whether the correct dento-labial ratios have been achieved.
We therefore obtained some of the best-known esthetic parameters from the literature and
then subjected our results to verification (see Table 2—Aesthetic parameters of the smile).
The presented clinical case, considering the parameters listed in Table 1, demonstrated that
the planned goals were achieved. In particular, the final clinical image coincides with the
initial mock-up, demonstrating that the proposed method proved to be predictable and
reliable [30,32].
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One of the greatest advantages in such particular case is that the “eroded” teeth with
exposed dentin do not suffer any more sensitivity and possible worse degenerations due to
the application of the segmented full mock-up at the beginning of the treatment [4,33,34].
Every mock-up/set-up modification was tested and functionalized directly in the mouth
using the same reversible approach: sandblast of the existence surfaces, bonding appli-
cation, and self-curing/light curing resin application without the need to anesthetize the
patient, which were very helpful in regulating the occlusal contacts differently from what
occurs in a classical prosthodontics approach. From the patient’s point of view, the most
appreciated aspects were the aesthetics and the comfort during the provisional phase, so
we could say that the immediate aesthetic improvement and the possibility to be additive
and not subtractive were the real benefits given by this combination of treatments. The
choice of the transparent aligners was the perfect integration of the orthodontic treatment,
given the same concept: additive appliances, soft forces, preview of the final result, and
more comfort for the patient. Moreover, the choice to use clear aligners stems from the fact
that they do not significantly affect the periodontal and microbiological conditions of the
oral cavity. The literature reported that the use of clear aligners should be considered as
a valuable therapeutic option that has no significant impact on oral and microbiological
parameters if compared with untreated patients [35–37].

The proper execution of the technique is rigorously customized, and its success is
certainly operator dependent, both for the clinical aspects and for the dental laboratory.
The present case report allows us to emphasize the importance of the treatment plan, which
must be planned in detail for procedures and timing, being aimed at achieving therapeutic
objectives in the shortest possible time. It is also very important that the orthodontic
phase involves the use of simple appliances to minimize patient discomfort and difficulties
in maintaining oral hygiene, which must always be kept impeccable. The particularity
of this type of patient, characterized by great variability in individual clinical photos,
makes it effectively impossible to have homogeneous samples on which to base statistically
significant studies for the purposes of evidence-based medicine. Rather, the evidence of
reference will be based on clinical observations and customer satisfaction.

Our patients are increasingly exigent about medical and dental care in general, with
particular regard to treatments with significant esthetic implications. Preliminary visu-
alization of treatment goals, detailed and immediately understandable, introduces an
extraordinary new communication instrument that brings significant added value into
our relationships with our patients. From a marketing point of view, such a concrete
visualization of the planned result facilitates acceptance by patients, who show that they
greatly appreciate the realistic and rapid response to their aesthetic requests. Moreover, of
note is the full respect for individual biological characteristics and the preventive aspects
towards possible iatrogenic damage inherent in the technique [38]. The additive approach
is today the first option to be considered when treating serious problems of dental wear.
The adhesive prosthesis characterized using partial restorations, such as onlays, overlays,
and veneers, is now preferred and sought not only by professionals, but also by patients.
Exploiting the variation of the vertical dimension of the occlusion allows for operations to
occur whilst preserving the residual dental structures to the maximum and reducing the
subtractive procedures to a minimum. Whatever gnathological philosophy the clinician
may prefer, the idea “to test” the project in a totally reversible way, using complete mockups,
represents a reliable, dynamic, cost-effective, and comfortable method for patients.

4. Conclusions

In conclusion, the correct execution of the present orthodontic-conservative approach
allowed us to obtain, with excellent approximation, the planned results, both from the
aesthetics and functional point of view. The collaboration between dental office and
laboratory plays a key role in the planning and achievement of the rehabilitation process.
The comparison between the needs of the clinician and those of the dental technician allows
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for a rationalization for situations where it is preferable to segment the realization of final
restorations, rather than proceed with the simultaneous realization of complete arches.

The development of new hybrid materials and digital workflow procedures allows
us today to make completely adhesive rehabilitations, pushing the limit of the additive
approach beyond what seemed impossible only few years ago. The challenge for the
coming years will be to obtain therapeutic results that can come as close as possible to the
patient’s expectations.
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